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Preface

171.

This is the second of two volumes of the first Five-
Year Outlook on Science and Technology, prepared by
the National Science Foundation (NSF) in response to
the requirement of the National Science and Technology
Policy, Organization, and Priorities Act of 1976 (Public
Law 94-282). Voltime II consists of source materials in
three sections: (1) a report prepared by the National
Academy of Sciences which focuses on current and
emerging opportunities- and problems in selected areas
of science and technology; (2) reports ,prepared by 21
selected U.S. Government agencies which discuss near-
term problems and opportunities related to science, tech-
nology and public policy from the peioectSve of their
individual missions; and (3) papers,prepared by individ-
ual specialists that provide their views on some near-

4

a

termxelationships between science and technology, and
public administration, individual welfare, and service
activities. While the views expressed by the contriburcirs

to the flint and third components of this volume are their
own an do not necessarily reflect the views of the Na-
tional Science Foundation or U.S. Government, they
do provide an interesting though obviouiy incomplete
range of perspectives on hear-term opportunities and
problems in the relationships of science, technology and
other areas of public cQncern,

Volume I of the FiVe-Year Outlook consists of an
analysis, summary and synopsis of the materials in Vol-

ume II, and an analytical index to both volumes. All
components of Volume I were prepared by NSF.
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Science and technology continue to transform' our
world. Oil'r view of the universe about us now ranges
outward to the galaxies, baCk in time to the origin of
life and of the universe, and inward into the nucleus of
the atom and the molecular basis of heredity.
. Science today is ripe with discoveries 'and new
explorations. On the grandest scale, that of the
cosmos, it is revealing an array of new objects; X -ray

-bursters, for example, flashing like a million suns for a
second and quiet 10 seconds later._The ConfusiOns and
blind alleys that marked the search for the Veirbeart
of matter now seem to be giving way to clarity.
Peimutations of only a very few particles, the quarks,
rather an of hundreds may\account for the structure

, of partic composing the, nucleus of the atom. And
through the prism of plate tectonics, we now see 'a.
planet whose oceans are growing, larger or smaller,
whose continents shift, and whose sealloors are youn-
ger than its continental masses.

The enormous. transformation of biology triggered
by the discovery Of the nature of thegenetic material.
DNA continues. In neurobiology, powerful instruments
and techniques now make it possible to examine the
electrical activity of single ells in the brain and to
understand in moleculat detail ,how impulses are
transmitted among nerve cells, by contact and by
newly discovered neiirohotmones.

The new capabilities and understanding from sci.

ence and technology cimtinue to mesh with the goals
and needs of our society. The pkeValence of chronic,

. illnesses such as cancer and cardiovascular disease
:calls for bbtter understanding of their nature and,
causes. Pressures ' energy, ,sungliesiere driving

. investigation Of the cheiniitty of different cal of the
relative hazards of different 'fuels, 'and of the possible
shapeS of a more electricity-dependent, society. GoV-
ernment Sprograms-7-fipin allocation of funds for
tvastewiter treatment plants to estimating the future
number of annuitants of the Soda] Security 4stem----
demand continual' refinement of demographic tech-
niques and analyses.,

Some of the links between science and, societal.,"
. concerns are more subtle. The carbon dioxide issue is

ctive. Its science is concerned with long-term
measurem is at remote stationsat Point Barrow,
Alaska; at Mauna Loa, Hawaii; at the South Pole; at
American Samoawith analysis of factors affecting

`the rate at which' 'the oc..ans and, the' biospleie
produce, absorb, and release carbon dioxide; and wiik.

, complex ,mathematiCal models' demanding 'the most
powerful' computers available. The societal-issue is
whether the increased release of carbon dioxide from
burning fossil fuels7ihich. may lead to higher average
Climatic temperatures throughont the globe, is . an
acceptable risk.'

Science and technology ate, of course, done within

1



paservaiions

institutionsuniversitieqindustrial and governmental
laboratories, and various organizations for interna-
tional cooperation, The United States does a large part
of its basic research in the universities, whose faculties
are both researchers and teachers.

This productive intertwining of research and educa-
tion has given U.S. science its vigor and also some of
its problems. For example, with the present system,
the'cohtinued high quality of U.S. science depends on
the ability of.the universities to sustain excellence in
basic research while accommodating to several
changes. These include' the sharp decline in the
research growth rate of the 1960's to the more gradual
level of the 1970's, the dtcrease in the potential college
population as a result of the decline in birth rates from
the .early 1960's on, and a diminution in available
faculty positions.

Developing new technology into commercial prod-
ucts or processesinnovationis an even more com-
plex matter than assuring the health of basic research
in the United States. One reason is the interaction of
economic and technical concerns, invalidating simple
analysesThe belief that scientific preeminence goes
hand in land with technological leadership is clearly
false. While Japan's scientific stature was until recent-

..1y not comparable to that, of the United States, that
country itrievertMess challenging us intnany areas of
high technology. Scientific excellence is important, but
not sufficient for the, effective support and introduction

----ofnewTtechnology.*
There is now more emphasis on international

collaboration iri science; occasioned sometimes by the
scale of particular research projects, sometimes by the
desire to share the costs of major new instruments, by
the need for global observations in. areas of
science, and to some extent by the recogniton of the
scientific maturity of other nations.
-Spacetechnology and computers, haveanacie possi-

ble great Multinational programs- of observation and
research in oceanography, meteorology, and geophy-
sics. A vivid example is the Global Weather Experi-
ment, an effort. by 140 countries, the World Meteoro-
logical Organization of the ,United Nations, and the
International Council of Scientific Unions to observe
the world's 'weather at one time in unprecedented
'detail and to analyze the data with unprecedented
speed. Its goals include reliable weather forecasts over
longer periods and better understanding of the dynarn-

.
ics of seasonal climatic change.

Scientific work on an international scale extends

While the complex issue of the reliticinship of science and
technology to industrial innovation is not treated in this report, a
very broad analysis by the Department of ComMerce of federal .

policy and inilustrial innovation is presented in its 1979 report
entitled Domestic Policy Review on inclUstriahrtmovatiott. "

-.-
beyond basic research. Efforts td improve the econom-
ic status and quality of life in developing nations and
to strengthen theft scientific and technological bases
occupy the time and concern of many scientists. Such

'efforts incl large international centers of agricul-
tural reseafth,. employing 8,000, people and having an
annual budget of $1001nillion. High-yielding wheat
and rice created at these international centers now
comprise a third of the worldwide acreage sown 'with
these grains.

. This country's involvement in international science
and technology is inecitably affected by the, changing

" position of U.S. science. The United States for three
decadeS clearly has been a world leader in almosl'all
areas of science. This is changing as other countries,
building pn strong economic. bases, mount research
efforts that in some areas_ equal and in some surpass.
our own.

The changing status of American science. ,vis-a-vis
\ that of other countries will continue to prompt

examinations of how the United States can best assure
\the continued vitality of its basic researchwhether,
its investments are properly allocated and of sufficient
.amount, whethen.its system for conducting its research
principally through the4iniversities is theoptimal one,
and so forth. Some of that questioning is evident in
this report.

Instmmentation is a recurring theme. Electron
be am microscopes open a different world than do
optical ones. New accelerators are new windows into
the, ultimate structure of the nucleus "of the atom.
Electromagnetic sensors, operating at wavelengths we
cannot see, reveal new events in the cosmos. And
always more is demanded of these tools as we eXplore

b ever more distant celestial objects, chemical reactions
on the time scale of their actual-mechanisms, more
subtle and complex genetic controls, and new clues to
the forces transforming the face of the earth.

As the contents of this report have been shaped
largely by the instruments available, so will the subject
matter of future Outlook reports depend on new tools

for scientific research and Jechnological development.
Computations that once required hours and now take

minutes may be reducible to seconds.'The large space
telescope, the multiple mirror telescope, and the Very

Large Array radio observatory will further probe
cosmic. mysteries, Tools foi reading the properties of
surfacis will continue .to develop, enabling further

-understandmg of corrosion, catalysis, the growth of
cfystal,srand other surface phenomena. The already
exquisite methods of studying very fast, minute events
among nerve cells will becomeeven more sophisticat-

ed.
As we move farther away from the direct perception

of our senses in most areas of science, the tools become

12-



more complex, often going beyond what can reason-
ably be built or used by an ir"gtidual or the typical
small university research team. Of course, the very
large, extremely expensive instrumentssuch as particle
accelerators are already shared internationally. Ar-
rangements for sharing -more, modest instruments,
growing beyond the reach of individual investigators
because of their rising costs and complekity, are also
needed to sustain first-class research. Some of these
arrangements are already in placer and it is likely that
new modes of sharing costly 'instruments regionally
and nationally llevolve as universities seek to adjust
from the exuberant growth of the 1960's to'the more
gradual growth cif the 1970's., 1

Regulation is also an issue pfrtinent to the nation's
scientific effort, regulation both of hazardous actions
knd of possibly hazardous knowledge, The isstc
appears in different ways, depending on -whether it
involves automobile emissions, possible intrusions into
privacy and confidentiality through the ubiquitous
spread ofnew computer and communications technol-
ogy, or the problems of nuclear power. The regulation
of actions that may be harmful is a proper and
necessary function of society. Quite a different issue is
raised, however, by the assertion that the creation of

V
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Observations 3

knowledge should also be Controlled because knowl-
edge in itself is societally destructi,e or subject to
abuse. Bagic knowledge can be used for both good and
ill. The 'possible applications o;new knowledge are so
varied and unpredictable as to preclude tr,e capacity to
foresee net harm. Our historical expenence tends to
support the view that knowledge is better than
ignorance and that it is better to regulate applications
than knowledge.

A final observation relates to ignorance and to the
limits of science. Scientific knowledge is systematic,
enormous in its extent, povVerful; but it is slight
compared to what is not knoVin.- Thus, science has
contributed precise knowledge such seemingly
esoteric matters as the electronic structure of atoms,
knowlxlge that has been used to create new technolo-
gies and indeed new industries. However, we remain
uncertain about seemingly common-sense questions,
such as the effects of different air pollutants on huimn
health. These uncertainties simply indicate questions
whose answers are not yet part of the cote of agreed-
on science. That core will expand, but it will always be
smaller than needed to answer unambiguously tiall
questions asked by .society.

i3
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1 Planet Earth

INTRODUCTION

We live on a restless earth. The evidence is ever-y-

where. Changing ocean tides and the passage of
storms confront our senses as part of our daily
existence. We are unaware of the imperceptible
movements within the earth except when they. are
manifested by earthquakes and volcanoes. Movements
on and within our dynamic planet take place on, many
scales of time and space, from circulations within the
earth's interior over millions of years, to oceanic
motions over centuries, to atmospheric storms over
hours or minutes.

Our understanding of the planet has changed in
recent years. We now believe that the outer shell of the
earth is composed of large plates that move like rafts
at sea,' but only a few centimeters per year. The
cumulative effects of these impercc: lble motions over
7/pions of years have shaped our planet's surface. The
recognition of these plates and the reconstruction of
the history of their motions is one of the profound
achievements of modern earth science.

We also better understand the complexity of oceanic
motions, the fine structure of the great global currents
such as the Gulf Stream, and the importance of the
slowly moving deep waters of the world's oceans for

marine ecosystems and the chemistry of our environ-
ment. We are beginning to comprehend the basis of
our changing climate, forces that bring on ice ages,
and the droughts and floods that plague us.

Our new understanding resulti from the application
of a rapidly changing technology to scientific inquiry.
Space technology has given us a finer view of the
planet's surface, its oceans, its enveloping atmosphere,'
and the atmospheres of other planets. Submarine
sediments have been sampled at great depths with
modern drilling teChniqtas and the earth's interior has
been explored remotely with ,tew arrays of seismic
instruments.

Finally, we are learning to intespret the new data
with the help of modern communication, display, and
computer devices. With these, we can compare obsier-

vations with hypotheses. We can, for example, nova
electronically simulate probable conditions within the
earth, sea, and air; and we can test concepts in a
manner beyond the reach of an army of earlier
experimenters. We can simulate the intricate, compet-
ing chemical reactions occurring within the upper
atmosphere, estimate the effect on climate of more
COB, assess the effects of the oceans on the weather, or

test ideas about motions within the solid earth.
We are witnessing a new age ofdiscovery about the

7



8 SCIENCE
earth, and conceptions of the world about us are being
altered.

THE CRUST IN MOTION

THEORY OF PLATE TECTONICS

Not since Copernicus displaded the earth from the
center of the universe has there been such a revolution
in scientists' concept of the planet as plate tectonics.
Plate tectonics touches many, of the most critical
problems of our time--finding new mineral resources
and new sites to search for offshore oil and gas
deposits, predicting earthquakes, understanding cli-
mate changes, and selecting areas for disposing of
nuclear wastes.

The concept of plate tectonics is essentially that the
rigid surface of the earth is actually divided into
separate plates some 100 km in thickness that, in some
places, move relative to one another at a rate of several
centimeters a year A plastic semisolid layer beneath
the rigid surface lubricates the movements of the
overlying plates and may transport them. Some plates,
such as that which forms the northein part of the
Pacific Ocean, are vast. Others, like those within the
Mediterranean region, are smaller fragments wedged

between larger plates such as the gargantuan Eurasian
and African plates (Figure 1).

We are directly affected. As the Pacific plate slowly
moves northwest, it carries with it the rim of North
America from Baja California in Mexico to the
seaward edge of San Francisco, causing earthquakes
along the San Andreas Fault in California.

The Pacific is thought to be a shrinking ocean, and
the Atlantic an expanding one. Much of the rim of the
Pacific floor dives beneath chains of islandsthe
Aleutians, Japan, the Philippines, etc.causing earth-
quakes. Part of the descending seafloor melts a few
hundred kilometers down and resurfaces through the
overlying crust to feed volcanoes.

The American and EuropeanAfrican sides of the
Atlantic are parted by movements beneath the plates
that include the ocean's eastern and western halves.
New seafloor is constantly created within a rift valley
down the ocean's center, a boundary of the two plates.
This rift is in the Mid-Atlantic Ridge, which is part of
a global ridge system that extends some 80,000
kilometers over much of the earth.

The ocean basins are geologically young. New ocean
crust is continually forming along diverging bound-
aries between plates. Some continental rocks are more,
than 3 billion years old; but to date, all rocks
recovered from the ocean crust by deep-sea drilling

a
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FIGURE 1 The principal plates of the lithosphere, the rigid outer shell of the earth. The paired arrows indicate whether a plate
boundary is convergent or divergent. (From "Plate Tectonics and Mineral Resources," by Peter A. Rona, 0July 1973, Scientific

American, Inc.)
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'indicate an age of no more than about 200 million
/ears--barely older than the earliest mammals.

A record of plate motion for the last 180 million
years is preserved in the magnetized rocks of the ocean
crust. Plate motions can be tracked back 600 million
years, into the dawn of the Paleozoic era, by using
dder plate materials that are part of today's continen-
tal interior and mountain systems. What happened
before 600. million years is uncertain. Our best
Opportunity to draw inferences about the early history
of the earth may well come from comparative plane-
tologystudies of the "terrestrial" planets such as
Mars, Venus, and the moon, which have had evolu-
tioni significantly different from the earth's.

A UNIFYING CONCirT

The plate tectonics concept, in providing a logical
framework for understanding and linking other earth
processes, has helped to unify the earth sciences. For
example, the widespread flooding of continents during
the Cretaceous period, ending about 100 million years
ago, may have been part of the breakup of the
supercontinent, Pangea, the primordial landmass from
which all present continents were formed. This associ-
ation is of interest to stratigraphers and petroleum
geologists concerned with .thedistribution or character
of marine sediments through time, to paleontologists
studying the evolution and distribution of marine
organisms, to geomorphologists involved with the
effects of sea-level change, and to geodesists, who are
interested in sea level itself. .

Many ore deposits are related to volcanic activity.
The plate tectonics model has provided new clues on
the role of subduction, melting and assimilation in
concentrating metals, giving economic geologists a
new tool to use in identifying promising resource-
areas. The opening of an ocean, from the first rifting to
a fully mature ocean basin, produces a predictable
sequence of sedimentsimportant to petroleum geolo-
gists investigating offshore areas. Changes in the
juxtaposition of the continents have major conse-
quences for both oceanic and atmospheric circulation
and are important to paleoclimatologists. Also, the
global distribution of vertebrate animals is a puzzle
until viewed in terms of moving continents. For
example, fossil ,remains of the ancestral horse, Eohip-
pus, are found in North. America, but the modern
horse evolved outside of North America and did not
appear again on this continent until the age ofSpanish
exploration.

NEW INSIGHTS, ..NEW''PROBLEMS

The plate tectonics model, gives us important clues
about what is happening, where it may happen, and.,

:
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why'it should happen. But its clues are only sugges-
tive. It tells us where earthquakes and volcanic
activity are likely, but not when. It indicates several
processes that should concentrate mineral deposits,
but doesn't tell exactly where. It accounts for the
history of a continental margin where hydrocarbons
may be concentrated, but doesn't guarantee that they
are actually there. .

The ability of the model to reveal the nature of the
ocean crust, its age, the nature and thickness of ocean
sediments,.. and the relationship of the depth of the
ocean to its age is remarkable. In contrast, it says little
about the continents; for example, their history or
structure; information important for the safe disposal
of radioactive and other wastes on land, or for
predicting earthquakes far from the plate boundaries.
The model does provide a geological structure into
which the continents fit, and, as such, may be looked
upon as a starting point for learning more about the
continental crust, the lithosphere, and how the surface
of the earih forms and is changed.

But puzzles remain. Sorne postaates of -plate'
tectonics theory remain to be tested, especially the
rigidity of plates and their continuous motion. We are
still unclear about what moves or deforms the plates.
We have only poor explanations of the origin, evolu-
tion, structure, and dynamics of the continents and
their oceanic margins. The study of the continents,
and particularly the deeper, older rocks of the
continents, will be of critical importance, in under-
standing the dynamics of the earth. We lack adequate
understanding of the early history of the earth; there is
no record of the first 800, million years. We need to
know more about how chemical elements migrate
through the crust and how'they become concentrated
into economically useful mineral deposits: Informs-

-tion-is-needed-about-climates of-tens:of thousands- to-
millions of years ago, information 'that may be culled
and pieced together from the geological record.

IMPLICATIONS FOR THE FUTURE

The development of the theory of plate tectonics is an
excellent example of consolidating information from
separate scientific endeavors into a new concept of our
planet. Observations over the past decade have yielded
a new body of intellectual capital that is now available
for rn a wide. variety of 'applications. Our knowledge
about the processes of the solid earth, the formation of
the continents, and structures of basin sediments and
the deep seabed provides a framework for exploring?:
resources and obtaining data about past environments.

The earth does not easily reveal its secrets. Acquir-
ing our present knowledge has required significant
national Eivestments in efforts such as deep-sea
geological and geophysical research and drilling pro-

1
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grams. What we know now is the product of a long,
sustained investment of the nation's funds and -scien-
tists. We face decisions about the degree and nature of
similar commitments in the future.

We probe the earth for many purposessome
unrelated to scienceat very great expense. Maximiz-

_ lag., the scientific utility of these efforts will be a
challenge to our organizational abilities. Drilling
programs illustrate the issue. Drilling is one of the
important technologies used to study the solid earth.
While industry has drilled on continents for many
years for mineral,and energy resources, its drill-holes
are concentrated in areas where lesources are likely to
be found. More recently, federal agencies started a
range of drilling programs costing over a half billion
dollars a year. These include holes drilled for scientific

and resource assessment purposes by the U.S. Geolog-
ical Survey- for geothermal prospecting and develop-/
ment exploitation technology and for the National
Uranium Inventory Project by the Department of
Energy; and for military purposes by the Department
of Defense. Such extensive drilling efforts afford many
scientific opportunities and,- conversely, can benefit
gieatly from participation of the scientific community.

Drilling is one approach to increasing our under-
standing of the solid earth, but one that must be used
in conjunction with others. A broad range of surface
and subsurface geophysical research on the structure
of the earth's crust, and the -layer beneath it will
depend on the availability of new types of seismic and
other geophysical data' and new forms of remote
sensing frdm space.

Nor is the understanding we seek about the solid
earth a task for the United States alone, but rather, a
cooperative task for all nations. This exploration has,

led to remarkable forms of international collaboration:
____the_Deep_Sea_Drilling_project, for example, which

used the drillship, Glomar Challenger..to verify the
,plate tectonics concept, and the International Geody-

-panties Project, which is aimed at understanding the
-climamics of the earth's interior. The research oppor-
tunities of the next decade should foster even greater

..;;:international..collaboration. Over the next few years,
we will have to decide how this collaboration is to be

accomplished.

EARTHQUAKES.

Our relatively recent understanding of plate tectonics
explains .much- that was 'previously obscure about

earthquakes.
The cost of earthquakes can be enormous. In just.

the4past decade, for example, China lost approximate-
ly. 700,000 people to earthquakes; Guatemala, 25,000;

the Philippines, 10,000; Peru, 70,000; and Iran,
20,000. The United States has been fortunate so far; a
densely populated, modern city such as Los Angeles
has been spared a great earthquake. Although the
death rate in such a modern city should be much
lower, costs of damage ..would be astronomical. In
1971, the San Fernando earthquake,- -releasing only
1/1,000 the energy of the 1964 Alaskan earthquake,
caused nearly three quarters of a billion dollars in
damage.

However, new results indicate that we may no
longer be so helpless. At least three major earthquakes
in various countries have been predicted, saving

thousands of lives. At the same time, we are gradually
learning how to reduce future losses by building

earthquake-resistant structures.
-

CAUSES OF EARTHQUAKES

Most earthquakes occur as plates of the earth's crust
slide past or under one another. Built-up stresses are
released suddenly. Plates may jump 10 meters, accom-
plishing in a few minutes what would ordinarily take
decades of steady motion. Earthquakes along plate
boundaries include those in San Francisco, in 1906;
Tokyo in 1923; Chile in 1960;Alaska in 1964; Peru in
1966, 1968, and 1970; and Guatemala in 1976. A

rupture as long as 1,000 kilometers' may occur along
opposite sides of .a segment of a boundary.

Enormous quantities of mechanical energy are
released when plates lurch past one another. Some of
that energy is converted to local heating along the
fault, and ,some is Tropagated as elastic waves that
produce intense shaking of the ground for as much as
a minute. Motions my be violent enough near the
fault to throw cars and other objects into the air.
Structures may be heavily damaged. Farther away, the
shaking may be less severe but its duration and penods
may be longer. The consequence is a potential for
more severe damage to tall buildings when they are
farther away. The longer the Periods of wave motion,
the taller the building that may be set into Motion by

being shaken.
Large earthquakes occur within plates as well as

along their bOundarieff. In 1811 and 1812, earthquakes
in southeastern Missouri changed the course of the
Mississippi River and were felt on the eastern sea-
board. Boston, Masiachusetts, and Charleston, South
Carolina, have suffered damaging earthquakes; and
many of the devastating earthquakes of China are not
along recognized plate boundaries. The tentative
conclusion is that stresses within the plates are
normally high and that large quakes occur because of

a weak spot, a fault, in the plate. No evidence suggests
that such earthquakes within -plates recur on a regular

Q
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cycle. Our understanding of these kinds of earth-
quakes needs to b4mproved.

EARTHQUAKE PREDICTION

A massive failure of the earth's crust that generates
great earthquakes is such a momentous event that it
seems unlikely that it should occur without warning
signals. Yet, often, as in the disastrous earthquake at
Tangshan, China, in 1976, no obvibus warnings such
as foreshocks are observed. Fortunately, observations
over the past decade indicate that warning signals
sometimes do precede large earthquakes, even though
some may be so weak that they can be detected only
by instruments. Scientists have begun to systematically
gather data to define classes of premonitory events in
order to draw a picture of what happens just prior to
an earthquake. Research is underway in China, Japan,
the Soviet Union, and the United States.

The Chinese Experience

The earliest indications that earthquakes might be
predictable came from ancient China, where farmers
noted unusual changes in the level or quality of water
in their wells prior to large'earthquakes. The Chinese
began a systematic program of research in 1968,
'combining observations by peasant volunteers with
measurements of more subtle changes by scientists.

Their approach has been largely. empirical, involv-
ing extensive observational networks that measure
many phenomena. Using simple instruments, tens of
thousands of volunteers observe water wells, anitnal
behavior, and electrical currents ;n the ground. The
scientists measure deformation of the land surface,
detect and analyze microearthquake patterns, and
measure the earth's gravitational, electrical, and mag-

---netic-fields.--The-chief-success-of-lhe-Chinese-has been--
in the public prediction of the Haicheng earthquake of
magnitude 7.3 about five hours before it occurred in
February 1975. The subsequent evacuation of the
populace probably saved tens of thousands of lives.

Many early warnings, precursory phenomena, ac-
company earthquakes of magnitude 5 or greater, The
best documented of these involve distortions of the
land surface, foreshock activity, and local magnetic
and electrical field variations. Variations in the rate of
emanation of radon gas in water wells and a slowing of
seismic-wave velocities that typically. .return to normal
just .before the quake have also been identified.'
Geodetic' meastirementa of crustal .moviments are the
most widely used techniques for earthquake prediction
in China, the Soviet Union, and Japan.

Occasionally, faults slip and surfaces tilt at the same
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time. Indeed, strains recorded before modern earth-
quakes are consistent with a fault having begun to slip
at great depths days or weeks before die event. The
data are still insufficient for scientists to confirm this
deep slippage prior to an earthquake as a general
phenomenon. Laboratory experiments, field sampling,
and on-site measurements of major fault zones are
under way to help develop a better physical under-
standing of the events that cause earthquakes. Without
this knowledge, science will progress only < slowly
beybnd the present empirical stage and prediction will
remain an uncertain art.

Monitoring Earthquakes

Although all earthquakes do not give the same
warnings, there is general agreement on the data
needed to predict them. To_monitor_ the stresses and
strains along the San Andreas Fault- in California, for
example, arrays of telemetering sensors measuring
strain, seismicity, magnetic field, and perhaps electric
field should be installed along active faults. Instrument
spacing would depend on the signal-to-noise ratio and
on the scale of the precursory phenomena being
monitored. Analysis of the collected data would be
performed automatically by digital computers. Geo-
detic measurements made over distances of hundreds
of meters, which can determine rate, orientation, and
spatial character of deformation fields, are well suited

'to these purposes. Prototype systems Are in place in ,.
California. How soon an operational system can be
designed and emplaced depends on acquiring,. more
observations on precursors of moderate-to-large earth-
Oakes.

Moderate-to-large earthquakes now are too infre-
quent in well-instrumented areas of California for
sufficient observations. Only rarely have more than

_one or two _monitoring_clevices_bem located_near_the_
region of recent large earthquakes, even in China and
Japan. Until many more such observations are made,
possibly by concentrating effort in seismically active
parts of the world, the prediction of moderate-to-large
earthquakes will be unsystematic and probably unreli-
able.

EARTHQUAKE HAZARDS

Damages caused by- earthquakes are of several types.
Ground shaking may break up buildings, bridges,
highways, and other >structuresthe damage depend-
ing on the stiucture; its interaction with the soil
beneath it, and the intensity and duration of shaking.
Modern, design, particularly in California, has mini-
mized the potential for complete structural collapse
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and consequent loss of life. However, even when
obvious damage seeihs slight and injuries few, the
structure's integrity may be vitiated and rephicement
therefOre necessary. In the 19/1 San Fernando earth-
quake, for example, property losses could have been
considerably reduced had better structural design
practices been applied uniformly. Masonry structures
in California and the rest of the United States may be

vulnerable because of poor reinforcement, weak mor-
tar, or inadequate rigidity. Possibly as many as 40,000
buildings would collapse or be damaged so badly as to

be unsafe in any future magnitude-8 earthquakes
striking near Los Angeles.'

Also,' subsurface materials can act like liquids and
lose their frictional bearing strength because of seismic
shaking. Ahartificial fill near San Franciso Bay in the
1906 earthquake caused severe damage because of this
phenomenon. It is confined to areas where subsurface
layers are poorly packed and water. saturated. Such

areas are widespread in the low-lying lands near San
Francisco Bay, and planning for their best
detailed study_of construction sites.

Earthquake Shaking has triggered landslides, espe-
cially, as in 1906, when Winter rains saturated the soil.
Of the 70,000 lives lost in the Peruvian earthquake in
197b, nearly half were people inundated-by-gigantic
ice and rock avalanches.

F4tilt displacements in great earthquakes may shift
the earth's surface. The San Andreas Fault laterally
displaced roads, fences, and culverts by as much as
seven meters in the 1906 earthquake. Active faults in
some geologic provinces have well-defined surface
manifestations and can be avoided as building sites,

provided they are adequately mapped.
Great offshore. earthquakes can produce tsunamis,

the seismic sea waves that caused such devastation on
the Hawaiian Islands and in Alaska. The arrival of the .

____wave,_which_is_generated by a sudden vertical dis-
placement of the seafloor near the fault, can be timed
with moderate accuracy, but a tsunami's height as it
hits shoie can be predicted only poorly.

Fires or flooding may be the most costly effects of
earthquakes. The potential for serious fire damage is
perhaps less now than in 1906, when fire accounted for
80 percent of the losses, but it is .still substantial. In
some places, for. -example, fire trucks are kept in
garages prone tercollapse in great earthquakes. Water
supplies may be disrupted by pipeline failure. Loss of
electrical` power, nearly certain in a severe eaithqiiake,
would shut down 40 percent of Los Angeles' water
services and all of its gasoline pumps.. Los Angeles'
wide streets would probably confine fires, but a general
conflagration could occur under certain weather
conditions.

Response
-

Large cities require pipelines for fuel-and water, dams

for water storage, and, possibly, nuclear reactors for.
pbwer. The failure of such critical facilities after an
earthquake can be devastating. Schools, hospitals, or

power reactors, however, can be sited and constructed
to minimize the chance of damage. Little flexibility is
available for the siting of dams and pipelines. Pipeline
failures should be expected where they cross the

rupture of a faUlt.
A special problem is that of older, earthen. dams

constructed by hydraulic filling. Because of entrapped
water, the core of a dam may liquefy and slump
during seismic shaking. Had- the water level been 4 ft

higher when the Van Norman Dam f2..-.1 in this
manner in the 1971 San Fernandoeartliquake, the
overtopping of the dam and subsequent flooding of the

valley would have caused large tosses of life and
property. Since that earthquake, the state of California

has accelerated its program of rehabilitating or remov-

ing its 25 remaining earthen dams. Modern dams are
much less likely to fail because of seismic shaking.
Nevertheless, the risk is still high in densely populated

areas within a potentha floodplain. Federal dam
builders are reviewing seismic safety criteria because

of this risk.

REDUCING

We now know how tbecinstruct_or rehabilitate
structures to.make theni earthquake resiite-rit;but-who
will pay the cost? The. added cost for new. structures
5-10 percent, Which could add about $2 billion per
year, to construction costs in the more seismic areas of
the United States. To rehabilitate or replace possibly

. unsafe buildings .would cost seyeralbillions of dollars
in Los Angeles alone. We could assess the value if we
knew with some certainty that a great earthquake.

wou/d-occur-within-the-next-710-years-In-20-or_30
yeirs, however: attrition would take care of at least
half of the Problem;. within 50 years,- very few., of the

suspect structures would still stand. .

gecurrence intervals for damaging earthquakes' are
now poorly known; for example, the intervals between
San.Andreas earthquakes in Sbuthern California now
range between- 275 and 105 years:. Since the last great
earthquake on ...the San Andreas _Fault . near Los

Angeles 'occurred in 1857, we can only say.,qhat a
major_qualce could occur there any time during the
next century: However; for Charleston, Memphis,
Boston, Salt take City, and Seattle, where damaging
earthqUakes have also occurred, there is yet no basis
for gueSsing when; or even if, they will occur again.

Faults and fault motions are not'observable in some of

0 t4
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these areas by any present technique, and an under-
standing of these earthquakes is needed.

A timely forecast of a large earthquake could save
many lives. If clear warning signals were observed a
few days in advarice, emergency preparations-could be
made. UnSafe buildings, if identified, could be evacu-
ated. Fire fighting equipment and standby power
sources could fie augmented; water levels in reservoirs
reduced; and nuclear power reactors shut down to
protect against fire, floods, and nuclear contamination.
People could move to safe places and take precautions
against fires with even a few hours' warning.

The effects of earthquake prediction on local econo-
mies and social structures are being assessed.2 It
appears that under certain social conditions, predic-
tions issued one or more years prior to an expected
earthquake could hurt the local economy, principally
by reducing new construction, but a short-term
prediction is not likely to provoke panic.

The uncertainty about when an earthquake may
strike contributes to Iack of preparation for it. Because
the cost .of preparedness is high, communities may
understandably plead that other matters take-higher
priority. Since the federal government will be expected
to compensate' for ranch of any earthquake damage,
federal encouragement of adequate preparation to
mitigate the effects of a disaster is appropriate.

The amount of preparation, however, must be based
on the severity of the risk. Without knowing when the
next earthquake will occur or even approximately-the
interval between earthquakes, the uncertainty in the
degree of risk is so large that only limited measures for
preparedness can be taken. Studies of earthquake
recurrence are, therefore,. critical. The Earthquake
Hazards Reduction Act of 1977 (PL 95-124) requested
that the President prepare aplair for reducing earth-
quake hazards by _community preparedness, land use
planning, insurance, building design, and prediction.
To do that, we must. develop the techniques and

`knowledge needed to predict the occurrence of earth-
quakes. National plans to accomplish .this objective
are being implemented.

GOVERNMENT POLICY ISSUES

Policy issues need Ntobe- addressed at the same time
that research on prediction proceeds. Improved con-

_
tingency- planning to enable effective community
response to earthquakes is needed. Long-range plans
to lessen the social and econoMik effects of an
earthquake predictioa need to be fOrmnled. Policies
for reducing hazards and planning reconstruction
immediately after. an earthquake should be adopted. In
short, we must seek ,a, better undetatanding of hat

_communities will do if we can predict with precision
that an earthquake will occur.
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OUR. MINERAL FUTURE.

In time, the demand for some mineral resources in'
addition to fossil fuels will far exceed supply, creating
shortages throughout the world.3 Forecasts of supply
and demand are uncertain because accurate estimates
of potential reserves do not exist. Also, the mining of
lower-grade ores will be greatly dependent on econom-
ic conditions that are as yet unknown. Nor is it certain
that energy will be available at costs needed to make
some deposits economically exploitable. 1-

,,"There are several reasons for potential shortages in
the United States: Consumption is increasing; there is
a geochemical limit to economically accessible and
extractable world mineral resources; current markets
do not encourage more active exploration and devel-
opment of domestic sources; and U.S. access to world.
supplies may be curtailed. (See Table 4 for U.S:
imports.)

UNDERSTANDING MINERAL FORMATION

The principles of mineral concentration are still poorly
understood. Events that concentrate elements into
deposits are rare: They result from infrequent and
fortuitous combinations of rr any different chemical,
physical, and biological processes that, for the most
part, are also poorly understood (Figure 2).

Important concepts of element concentration re-
main untested in either laboiatory or field. For
example; one concept is that many .ore deposits. are
associated with ancient molten rock intrusions; yet
rarely are they identified with modem volcanoes. Do
modern volcanoes have ore deposits at depths equiva-
lent to eroded levels of old magma intrusions? Or do
ore depcisits develop with time as magma cools, and
hot, circplating groundwaters extract and concentrate
elements from surrounding rock? Or are additional as
yet ?mrecognized factors responsible for the fact that
only a small fraction- of all-intrusions -are mineralized,
that is; harbor concentrations of various elements?

Ore deposits appear to be related to hydrothermal
waters; yet active hot springs and brines=the Salton

Sea. and Red Sea are examples only rarely have
commercially exploitable concentrations of metals.
Are hot springs, the end result of .an extensive hot-
water plumbing system depleted of its minerals by
mineral deposition at greater, depths? Is there a
predictable sequence of elements with increasing
temperature and depth? ,Such concepts of ore zoning
have been suggested, but they have not as yet been
proven.

Ancient sediments are the most frequent sources of
ores. Yet, the source regioriS and the factors that lad
to the Concentration of _elements are imprecisely
efined for these sediments and even for modern
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sediments. Some' investigator& believe that the metals
dispersed in sediments may be the next major area for

resource developMent.
Biological agents may be responsible for the selec-

tivity and specificity of some concentrations in sedi-

ments, yet the relationship of organisms to inorganic
mineral deposition is known for only a few living
organisms. Can selected organisms be used on a large

scale to concentrate specific elements under controlled

conditions?
Hypotheses of transport.t concentrate elements

during rock metamorphism, weathering, groundwater
circulations, and evaporation have been formulated.

Few have been:verified or demonstrated either in
nature or in the laboratory.

In short, the major concepts on which efficient
exploration must be based have not yet been demon-

strated.

THE STATE OF RESEARCH

The federal government, the mining industry, and
universities have only 'limited programs of basic
research for understanding how ores forrn.4

The mining industry has neither the capacity nor
the tradition for basic research and there is no
cooperative research program for the entire industry
similar to those supported in the past by, for example,

the steel and cement industries. There may be
insufficient proprietary advantage for a single corpora-

Pacific Plate

tion to do the basic research necessary for exploration..
Mining companies tend to resolve local problems only

within thbse properties in which they are directly

interested.
The, U.S. Geological Survey performs' regional

studies, defines potential resource regions, and makes

resource assessments. It also undertakes some limited
research on; the origins of ore deposits and :on
exploratiaa rtipthOds. The Bureau of Mines is con-
cerned mainly with methods of ore extraction and
beneficiation essential for economic evaluation. Sub-

stantial improvements in these procesSes will be made

when results are forthcoming from the recently
established mining and mineral research institutes that

now exist at universities in each of 22 states, as
mandated under Title III -a the Surface Mining
Control and Reclamation Act of 1977.

University research programs are limited in number
and scope. A typical effort by a university consists of
one or two staff members and their students. The

reason is a weak demand for highly trained economic

geologists, with universities apparently supplying

them at a rate just adequate for present industrial

needs.

SOME 'NEW DEPARTURES

There is a need to determine whether the ib ope of this

researchin universities, industry,_and government .

o
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FIGURE 2 Tectonics and mineral formation. The 'diagram provides one hypothesis of the relationship of plate motion to the forma-

tion of mineral deposits. In this view, the spreading of the seafloor,odtward from the Mid-Atlantic Ridge widens the Atlantic and rafts

South Anieriaa over a trendh, or convergent plate boundary. The resulting deformation forms the Andean mountains. Metal's also accu-
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Fri is commensurate with the need for new approaches to
mineral resource development. For example, many
fundamental properties of rocks should be studied in
order to understand ore deposition. Such properties
include mineral solubilities, permeability of rocks, flow
rates of fluids under various conditions, electrical
conductivity, and geochemical changes required for
selective mineral deposition. Because These properties
are closely related, it is essential that they be measured
on the sane materials. Mathematical modeling of the
many factors ',affecting mineral economies may be a
useful approach to evaluating feasibility of mining, yet
little is being done.

Research programs are essential to developing
unconventional sources of critical elements. For exam--

ple, aluminum ore, which is almost entirely imported,
could beobtained from the large deposits of dawson-
ite, alunite, kaolinite, or feldspar in the United States,
none of which are now 'mined for their alutninpm
content- Other examples include gallium from coal
and underclays, nickel from residual laterites, rhenium
from molybdenite- bearing deposits, iron from non-
magnetic tac othfes, manganese from silicates and
<deep-sea nodules, metals from seawater trapped in
sedimentary formations, and copper and uranium
from black shales. Often, A is not economically
attractive for industry to do research on unconven-
tional sources of critical elements, since economic
evaluation for such sources requires building pilot and
demonstration plants.

American Plate

Petroleum
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THE STATE OF MINERAL EXPLORON,

Of greatest immediate concern is the present state of
exploration techniques, many of which are still primi-
tive and developing only slowly. Exploration seems to
be going in two directions. First, because, the hittoric
economic practice of basing a profitable mine on a
single element may no longer be practical, thultiple-
eletnent yields are sought in relatively shallow but
large-volume deposits, even if the element concentra -.
tions are low. Some relitiVely metal-rich but otherwise
ordinary rocks, if widely distributed in an area, can be'
mined for several elements simultaneously on a ldge
scale; but the environmental impacts are potentially
large. Second, some, exploration is emphasizing high-
erlgracle deposits at great depths under consideyable
overburden. Some theories of ore zoning, predict
higher-grade ores with increasing depth. Geophysical-
techniques will itim at detecting these buried deposits,
which are now prohibitively expensive to drill and
excavate.

New geochemieal techniques- for exploration are
appearing slowly. Geophysical techniques are advanc-
ing, but only indirectly as the result of other concerns.
Thus, the study of rock mechanics has identified
properties of rocks that bear on ore deposition, and
structural studies outline potential fluid pathways and
traps for ore deposition. Radiometric surveys serve to
correlate rock units with ore deposits.

C
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mutate about the Mid - Atlantic Ridge. Salt originating in the sediments of the continental Margins rises to form large, dome - shaped

masses thit then trap the okandgis generated from organic matter: (From "Plate Tectonicsand Mineral liesources,".by Peter A.

Rona,'T July 1913, Scientific American, Inc.)



16 SCIENCE

Finally, geological mapping is one of the'cprimary
,methods for finding ore deposits. Only 40-45 `percent
of the United States has been geologically mapped on
a reconnaissance scale (one inch four miles).
Further, increasing portions of the nation's land are
not accessible to private exploration. Geological map--
ping of the United States and its adjacent ocean areas
is necessary to dver major ore - producing, regions
at a rate adequate to meet anticipated demand and to
gain a comprehensive inventory of mineral resources.
In addition, there is a continuing need for comprehen-
sive regional studies of mining districts and their
surroundings.

ECONOMIC AND LEGAL IMPEDIMENTS TO

MINERAL DEVELOPMENT

There are many nontechnical restraints on exploration
by private enterprise. For example, taxation of proven
reserves constrains owners of a mine to verify only
those ores that can be mined within a given -year.

Another constraint is the withdrawal of federal lands,
or the reluctance of companies to develop acquired
properiieS for economic reasons. Lack of milling and
processing capacity, impedes exploration. The 'poten-

.tial for adverse environmental impact dampens enthu-
siasm to explore many potentially economically attrac-
tive areas. Finally, capital requirements are high and
economic risks are great, tending ,to 'exceed the limits
of private enterprises involved in developing major
new ore deposits.

The eifensive lead time required for developing an
operating mine is a significant contributing factor to-
the .potential mineral shortages. After liicovery
through geological exploration anti\ mapping, and
before extensive drilling, sampling, and laboratory
study can begin, business must obtain land rights to
secure tenure. Only if the environmental impact
assessment is favorable can "access-road and housing
construction begin and development work proceed.
Only then can mining begin. The total_elal time for

-these steps is approximately 15-20 years for an
underground mine and 6-10 years fora surfacepine.

ENSURING OUR MINERAL FUTURE

A prudent nation should develop its domestie supplies
and make provisions for a flexible program of imports
from alternative sources and stibstitutes. Although the
question of imports is a matter of how this nation will
interact with other; nations in assuring- sources of
essential minerals, the first step is a matter for national
action. A systematic pt'ogram in which both conven-

c\iional and nonconventional resources in the United
'States are explored would seem a wise long-range
national investment.. There is a clear need for funda-

mental knowledge about ore deposits and their distri-
bution, as well as for the development of technologies
necessary to locate and identify them. These invest-
ments, however, will pay off only if the policies and
regulatory and legal structures withf,n which mining
enterprises must operate encourage vigorous explom-

\ tory efforts.

PROMISE OF THE OCEANS

The arrangements among nations governing the use of
the oceans aret changing rapidly. Through the U.N.

Conference, nations are seeking toLai, of the
define their rights to the ocean's use and their
obligations for its protection. A new body of dothestic
law enacted \ during the past decade frames our
national usages The era of freedom of the seas is
becoming an era, of the managed ocean. Stakes are
high as nations evolve ocean policies for developing
ocean minerals, Managing fisheries, protecting the
oceans against pollution, performing ocean science

-research, and protecting, coastal areas against
conflicting economic interests .of other nations. Ocean
science has much to contribute in providing the
scientific basis for evolving national policies.

THE POTENTIAL FOR MINERAL `RESOURCES

The oceans are a source of a few important mineral
resources, espeCially petroleum and gas, sulfur, mag-
nesium, and sand and gravel. For example, the United
.States obtains 20 percent of its total 1 and gas
supplies from offshore sources. But it is the\potential
of mineral resources fronbthe oceans that is intriguing.
Cores drilled - through deep accumulations of, seafloor
sediments and into underlying basement rocks\over
the past 10 years by the drillship Glomar Challenger,
-combined with other geophysical information, have
yielded new data about the processes of oceaniC\
mineral concentration. Signs of- minerals ofc.-Many `.\\
different kinds have been found in various parts of the
oceans.' For example, a few hundred miles off New
Ycirk City, beneath 240 m of sediment, cores have
revealed layers containing copper, iron, and zinc laid

down a short- distance above basement rock and
volcanic- debris formed millions of years ago.

Deep dives by U.S. and -French research-submersi-
bles . have collected rocks that are .newly ,formed by
volcanic activity in the valleys of the Mid-Atlantic
.Ridge, and that are often heavily coated with manga-
nese-bearing minerals. in' resting prospects for future

" exploration for petroleum resources may. occur in .the
deep-otean sediments off the continental shelf-of the
United States. Such petroleum and other resources are
beyond current commercial development, but they
signal that-on and beneath certain parts-of the seafloor

2. 4.



may lie deposits of minerals that might one day be
accessible.

Exploration and test-mining of the potato-shaped
manganese nodules scattered across vast areas in low
latitudes of the Pacific Ocean have been under way for
many years. Many of these nodules are rich in nickel,
copper, manganese, and cobalt. Mining equipment is
being' tested aboard the Glomar Explorer and other
vessels and metallurgical problems of nodules are
being investigated. Howthese mineral resources will
be develoixxl and under whose aegis is being intensely
debated by the U.S. Congress and the U.N. Law of the
Sea Conference.

New technological capabilities and a better under-
standing of basic oceanic and geological processes are
needed to explore and develop nonliving ocean re-
sources. Improved. knowledge of the forces affecting
the oceans crust and in active and passive continental
margins is needed. The technology for doing this'is at
hand in the form of Unproved geophysical techniques
such as modern multichannel seismic reflection sys-
tems, submersibles, and drilling tech' Stogy that can
safely penetrate to greater depths in deeper waters.

MANAGING LIVING RESOURCES

Realizing the promise of the ocean's living resources
means solving different kinds of problems. These,

nonliving resources, are renewable; they are
also fragile. Fishery and marine mammal stocks have
been destroyed by overfishing and changes in environ-
ments and habitats. The collapse of the New England
haddock fishery is associated with massive foreign and
domestic overfishing in the 1960's. The collapse of the
'sardine fishery off California wife the anchovy fishery
off Peru have been caused partly by -overfishing and
partly by environmental changes.' Uncontrolled com-
mercial hunting of whales has endangered five of the
eight species of great 'whales. The destruction of
coastal fishery habitats, as in Chesapeake Bay, has
compounded these effects, since a significant fraction
of the ocean fish stocks of the United States spend at
least part of their life cycles in .die waters and
marshlands of coastal areas. Many of these habitats
have been destroyed by construction and polluted by
human activities.

But we have learned. Our improved understanding
of ocean ecosystems has provided a basis for establish-
ing new management policies to maintain the health of
our' fisheries. The passage of the Fishery Management
and Conservation Act of 1976, extending the fisheries
jurisdiction of the United States to 200 miles, marked
a major. turning point. Criteria that priwide for a
sustained high level of fisheries yield were written into
law as a basis for fisheries management, and the law
further requires that the best-available scientific infor-

,
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mation be considered in formulating fisheries manage-
ment policies and plans. Segments of the fishing
industry, in economic straits just a few year ago, are
making a comeback. The restoration *of depleted
marine mammal'populations and'their protection have
been advanced through the passage of the Marine
Mam'mal and Endangered Species Acts, and the
International Whaling Commission has introduced
new management procedures to protect the world's
whales.

Still, wise management of the living resources of the
Sea has only begun. Many species of fish and crustace-
ans that abound in the oceans are hardly used to meet
human needs; for example, the shiimplike krill of the.
Antarctic could sustain a harvest of perhaps as nitieh,
as 50 million tons per year. However, before the
development of such resources is begun and other
underused fishery resources exploited, it is essential to
understand the marine ecosystems that sustain them.
The, study of marine ecosystems, and biological
oceanography in general, should yield practical man-
agement tools that will enable us to Conserve and
maintain our fisheries and other living resources.

UNDERSTANDING OCEANIC PHENOMENA

The influence of oceans extends far beyond their
resources. Oceans determine weather and climate. ,7
They are the final sink for many wastes. All uses of the
seas and their protection against pollution and other
insults are advanced an improved understanding of
oceanic' phenomena.

TREND TO BIGGER SCIENCE

While field oceanographic research has traditionally
required the deployment of ships and other expensive
facilities, during the past decade it haS become evident
that many of the vital problems requiring investigation
are so large and require such extensive facilities that
they can be carried out only as multi institutional
efforts. To acquire observations of processes involved
in ocean- atmosphere' interactions, changes in major
ocean current° systems, circulation of the southern
oceans, and coastal upwelling, it has become necessary
to mount comprehensively planned, long-term investi-
gations Using the ships and facilities of many institi7
tions.

For example, in the North Pacific Experiment
(NORPAX), kientists have attempted to examine the
nature of the seasonal changes in averages temperatures
at the sea surface:- Large patches of warm surface
water covering several hundred kildineters and persist-.
ing fot many months, and sometimes for years, have
been irvestigated. Scientists believe that these patches,'
penetrating about 100 meters below the surface, are

. -
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related to seasonal fluctuations in global wmther
patterns. Other Projects; such as the Mid-Ocean
Dynamics ent (MODE) in the Atlantic and itswerun
U.S./IJ.S. . extension known as POI-WC:ODE, are
examining the nature of the Gulf 'Stream. These
investigations have revealed a complex structure
composed of continuously Palming and dissipating

. smaller oceanic eddies. These eddies have been, found
to resemble in some ways atmospheric dislurbances
that form along the jet streams of the preyailing

westerlies.
k:14'

Oceanic Research and New Technology

New technology may. provide new kinds of data on the
oceans. Global synoptic observations of surface ocean
conditions are now possible by remote sensing from
satellites. These obszrvations will also be useful in
providing global information-on surface currents and
temperatures, wave conditions, surface pollutants, and
biological productivity.. Another new source of data'
will be satellite altimeters, which may mea*re
changes in sea level with time and, in association with
gravimetric surveys, will indicate changes in the mean
sea level. .

Although the study of what occurs beneath the
surface of-the oceans is naturally more difficult, it is
critical to understanding three-dimensional move-
ments and the nature of vertical mixing among ocean
laYersinforniation important to assessing ocean
pollution -and ocean- climate relcionships. With ocean
buoys that sink to set depths, we can obtain informa-
tion about 41A-dimensional flows within the oceans..

One. of the promising approaches is the wide deploy-
ment of instrumented buoys that can be interrogated
via earth-orbiting satellites.

We need ,to proceed in new ways, however, and,
possibly, developments in theoretical' oceanography
will eventually help -us interpret the internal structure
of the oceans in terms ')f what we see from the surface.
Thus, internal waves at moderate depths in the oceans
are visible in satellite optical photography. Baekscatter
radar can detect surface shears. It also should be

possible to esemateinternal heat flow trom direct
measurements of temperature' gradients near file

surface of the oceans.
'An additional remote-sensing technology is avail-

able using low-frequency, long-distance acoustic rang-

ing. Considerable information about the propagation
of sound waves in the oceanand the technology to
generate, detect, and'interpret themhas come from
the nation's neid for more information about suboce-

an acoustics for national defense pur,poses. By using'
our knowledge of acoustic propagaticin in the oceans,
it might be possible, with appropriate installations, to

a

.

map remotely the variability of ocean properties. Such
measurements might immediately provide information
abouthe, ocean thermocline,-4 probable value to
ocean and weather forecasting. These acoustic tech-
niques have major potential.

OCEANS AND CLIMATE

The oceans affect climate in many different ways. A
basic uncertainty in estimating the effects of incrcased

CO2 in the atmosphere is the fraction of CO2 that
enters the oceans in various forms. This problem will
be an important concern'of ocean science in the years 4*

ahead.
To make reasonable estimates of the amount of CO2

that can and actually would be absorTa. by the
oceans, we peed better knowledge of the extent of
oceanic carbonates and bicarbonates, oceanic alkalini-
ty, and related physical and, chemical factors. The
extent to which the oceans are a reseryoira, for carbon

'depend on the rate at which surface s and deeper
waters mix. The mixing rate is not well known, but
efforts such as the Geochemical Sections PrOgrani
(GEosEcs) should determine that. The Mixing rate
.may be determined by using radioactive tracers such
as tritium from nuclear-weapons test

'Carbon levels cannot-now be measured in the
oceans with the precision achieved in the atmosphere,
and this technology must be improved. Particularly
serious is the lack of information concerning the
nature and extent of Organic Compounds in the oceans.
The total oceanic living matter: is only about,, 04.
percent of the living matter on land, and,qogica*,

. no significant role id the carbon cycle. However,
'amount of distolved organic Carbon 'is comparable to

. the Carbon existing on- land. Therefore, .dissolved
carhOn-Lits origin, turnover rate; and fate-,-becoMes a
major factor in estimating 'the ocean's role as a \
reservoir for CO2. .

Carbon is but one substance whose fate in the
Oceans is of concern.. Growing' pollution of coastal
areas, including oil spills, has spurred new studies of
the impacts of pollution on marine ecosystemsin the
New :York Bight and Puget- Sound,, for example.
Legislation has authoriied major research efforts on

ocean pollution. Protection of the seas includes 'the
wise management of. coastal zones, ,and adjacent
waters; and knowledge of the fate andeffeets of any
different substances in the ocens becomes essential..

IMPROVING OCEAN MANAGEMENT

Problems of conflicting use are-inherent to the oceans.
What happens in one part of the-ocean affects
conditions in another. Some fish migrate from one part



of the ocean to another, and habitat destruction in one
place, therefore, can damage fisheries in another.
Development of oil and gas resources may conflict
with access to important fishing grounds. Refinery
construction or routes of oil tankers may threaten the
oceanic environment.

The united States .has established a set of ocean-
management policies over the past several years. Laws
have been enacted for managing fisheries, developing
oil and gas resources at sea, siting deep-water ports,
managing coastal zones, and conserving marine mam-
mals. Ifsuch policies are to work, they will require an
improved base of scientific knowledge about the
oceans to illuminate the consequences of various-
management options.

Finally, a major scientific, political, and internation-
al issue of great concern to, ocean scientists is that
access to ocean areas for research is being increasingly
restricted as nations begin to exercise jurisdiction over
the oceans within 200 miles from their shores.5 This
issue, being debated in the U.N. Law of the Sea
Conference, poses major questions for the Congress of
the United States and international bodies. For the
continued vigor of the national ocean research effort,
we need to ensure maximum freedom for ocean
science research.

THE CHANGING CLIMATE

,Like the oceans, climate has its own rhythms
rhythms that influence the ebb and flow of civilization.
During the warm climates of the Middle Ages,
between 900 and 1350, Arctic sea ice diminished, the

'Norse colonized Greenland, and cultivated grains to
6011 latitude in. Norway. During the little ice age,
from about 1450 to 1750, the climate became colder
and more severe, at least in Northern Europe: glaciers
expanded, Arctic sea ice returned, and human settle-
ments in Greenland collapsed.

A fluctuating climate has been evident in our own
century as a general warming early in the century
seems to have shifted toward cooling from the 1940's
to the late 1960's. From a geological perspective,
however, the climate has been unusually warm for the
past 10,000 years.- The peak of the last major ice age

_occurred about 18,000 years ago, when average global
temperatures were about 6°C colder and -the oceans
100 meters lower.

Evidence about ancient climate comes from deep-
Sea sediments, fossil records, and other sources. From
time to time over geological history, our planet has
been subject to major shifts from ice age to warm,
largely ice-free periods, such as the present, and back
to ice age. Over the last million years, these shifts have
taken place at intervals of tens of thousands of years.

`'7
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CLIMATE AND THE ENERGY( CYCLE

-Climate is the cumulative product of more familiar
weather phenomenapatterrii of rainfall, cloud cover,
daily and weekly temperattu'e changes, and so forth.
Scientists generally consider climate to be the aggre-
gate of weather phenomena for time periods in excess
of those for which daily weather prediction is-possi-
blebetween one and three weeks. As a practical
matter, the statistics of weather conditions for periods
of a month or greater can be considered as climate. Its
character is determined by the interplay between parts
of the planet, including the atmosphere, oceans, lakes
and rivers, snow and ice, the solid crust of the earth,
and plant and animal life.

A global energy cycle links these elements to other
parts of the planet and to the sun. Through this cycle,
energy can be delivered, extracted, and transformed in
the atmosphere. The cycle starts with the sun's energy.
This radiated energy creates ozone from molecular
oxygen in the high stratosphere and the ozone then
absorbs almost all the ultraviolet radiation. Most of
the remaining solar energy passes through the atmo-
sphere where it can be absorbed by water vapor or
scattered or absorbed by clouds and dust: About 40
percent of the sun's energy is absorbed- at the earth's
surface, mainly in the oceans. About 30 percent is
reaected back into the atmosphere and space.

The energy cycle has only begun. The oceans and
the atmosphere become working elements of a global
energy transfer system. Ocean currents move energy
to other parts of the planet. Energy is injected into the
atmosphere when water vapor is evaporated from
oceans, lakes, and rivers. The vapor is transported by
winds and released in other parts of the atmosphere
when it condenses as clouds and rain. Storms in the,
atmosphere transform potential energy from heating
and cooling to the kinetic energy cif the winds, which
in turn transfers energy from the tropics to polar
latitudes.

Anything interfering with or modifying the chan-
nels by which energy is moved and changed may in
turn change the climate. There are many possibilities.
Dust from plowed land, cleared forests, or volcaniz
explosions can significantly affect the transmission of
solar energy.. Gases produced by. industry or by
natural biological, and physical processes selectively
absorb transmitted solar or earth radiation. Changes
in ocean temperatures or varying snow and ice cover
affect the global distribution of energy.

We need to find out how these and other perturba-
tions interact and what their effects are on the global
circulations that determine climate. Fortunately, sci-
ence and technology are developing ways to measure
and understand the consequences of these interactions.
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GROWING VULNERABILITY TO CLIMATE CHANGES

Natural fluctuations'. of climate frequently and, often,
severely,disrupt society. Moreover, pressures of grow-
ing population, demand for greater food supplies, and
deterioration of land intensify the impact of climatic
fluctuationS. Recent examples include the drought in
the Sahelian countries of Africa in the late 1960's and
early. 1970's, which caused famine and death on a
continental scale; the 1972 and 1975 droughts in the
Soviet Union, which affected the world grain markets;
the failure of the Indian monsoons in 1974, which
caused a food crisis in that subcontinent; and the
abnormally cold winters of 1977 and 1978 in the
eastern and midwestern United States, which closed
schools and industries and caused widespread tempo-
rary unemployment. Of course, changing climates can
benefit society: Bountiful grain harvests during the
past two years have produced the grain surplus the
world now enjoys.

Human Impact on Climate

We have growing evidence that not only nature but
also hummis may alter the climate; that industrial and
agricultural practices may be causing climatic fluctua-
tions not only on local but also on global scales.6 We
have inadvertently learned to alter the basic energy
processes that control the climate in: ways that are
subtle but may have large effects. Humanity -is not
only vulnerable to climate, but climate now appears to
be vulnerable to humanity. We must confront the
fundamental question: Are we changing the climate of
the earth?

How can we change it? A straightforward way is to
dump great amounts of heat into the atmosphere. We

already have done this on an- urban scale. Cities are
concentrated heat islands; in some cases, the amount
of heat energy released in the city is equal to or greater
than the average amount of energy absorbed from the
sun. But since only within cities does the heat released
approach a level comparable to that received from the

sun, we mil discount direct heat addition as a global
concern, at least for the next several centuries.

There are, however, more subtle influences. Gas-

eous wastes from industry and agriculture selectively
absorb different wavelengths of radiated energy. In
some important instances, these gases are transparent
to incoming shortwave solar energy but opaque to
longwave infrared radiation from the earth's surface.

Tlit wastes thus trap energy, much like greenhouses
do, hence the "greenhouse effect." The net result, in
the absence of other processes, is a warming of the
lower atmosphere.

28

The CO2 Problem

Carbon dioxide, which absorbs infrared radiation, is
released to the atmosphere when we burn fossil fuels.
More. is added when we 'clear forests and either burn
tie debris or allow it or the soil humus to decay. The
CO2 content of the atmosphere has been recorded at a
network of Observatories extending from Point Bar-
row, Alaska, through Mauna Loa, Hawaii, and
American Samoa to the South Pole. Everywhere, the
record is similar: The CO2 content in the atmosphere
indicates a systematic increase over the globe.'

The amount of CO2 in the atmosphere seems to
have increased about 10 percent in the past 50 years,

or from about 300-335 parts per million. Projections
of fossil fuel use suggest that the amount of CO2 will
reach about 380-390 parts per million by the end of
the century. By the middle of the next century, the
present level of CO2 would be double, and,'by 2100,
quadruple current levels.

Mathematical models of climate indicate that global
surface temperatures will increase as CO2 levels
increase. For each doubling of CO2, the models
project a 2-3°C average global temperature rise. The
inference is that a global surface temperature increase
of 4-6 °C would occur by the end of the nextdeitury.-
Such temperature differences are characteristic of
major climatic shifts to and from ice ages.

It is important. to distinguish clearly between
observed facts and projections based upon calcula-
tions. That CO2 -is increasing is a fact established by
measurements. All else is calculation and projection.
There are major uncertainties. For example, the
observed increase in CO2 is only about 50 percent of
the amount estimated to have been introduced into the
atmosphere during the first half of this century by

burning fossil fuels. While it is likely that much of the
remaining expected CO2 has entered the world's
oceans, we have no 'verification; and we are uncertain
about the rble of plant and animal life in the CO2
balance.

Other Problems

Although CO2 levels have been increasing since the
beginning of the industrial age, there are more recent
insults. The chlorofluoromethanes (cFm's) used as
propellants in spray cans and as refrigerants absorb
long-wave infrared radiation from the earth, as does
CO2, and are transparent ,to shortwave solar radiation.
Over the next several decades, a. continuation of past
production rates of cFm's could result in a global
surface temperature rise of up to 1°C as early as the

year 2000. This projected temperature increase would



be in addition to that caused by CO2. There is also
nitrous oxide, another infrared-absorbing gas released,
when green plants convert- nitrogen'to their use. The
atmosphere has long since adjustetito natural releases
of this gas; but increasing use of commercial nitrogen
fertilizers may significantly increase the amount of
nitrous oxide released into the atmosphere. A dou-
bling of the use of nitrogen fertilizer would sig-
nificantly add to the warming caused by other gases.

Other human practices may pose problems for
climate, though none so far reaching as those that add
infrared-absorbing gases to the atmosphere. Anyone
who has observed smog in Los Angeles, the dust
raised by g plow, or the smoke plumes of factories can
appreciate that particles can obscure sunlight. Parti-
cles both scatter and absorb sunlight; and scientists are
still not sure 'whether the net effect of aerosols is to
increase the temperature of the lower atmosphere
because they absorb sunlight or decrease it because
they scatter sunlight back to space.

Changing patterns of human .habitation, and more
significantly, agriculture, may also affect climate.
Generally, cleared areas reflect more sunlight; and
when trees are replaced by crops and grassland, the
amount of sunlight reflected from that land increases,
especially when covered with snow. The consequences
of this for the energy balance of the atmosphere are
not well known.

Acid rains acre of increasing concern. While not
directly a climate problem, the location of acid rains
and their duration is controlled by the climatically
determined wind and rain patterns in relation to the
source regions of the industrial effluents that cause
them. These rains, extremely dilute acids, form from
the entry into solution of sulfur Amides and other
industrial pollutants. They are deleterious to crops,
forests, and natural ecosystems. Fish populations in
lakes in the eastern United States and Canada and in
Scandinavia have been affected.

The Stratosphere Problem

There recently has been increasing concern about the
effects of contaminants within the stratosphere.

Temperatures tend to drop with increasing elevation
in the lowest layer of the atmosphere, the troposphere,
leading to vertical air movements that mix air masses.
And tropOspheric precipitation tends to -wash out
pollutants. In the stratosphere, however, temperature
increases with height, suppressing vertical mixing.
There is no precipitation. Substances injected into the
stratosphere remain there for a long time. Therefore,
that region is particularly sensitive to the cumulative
effects of small amounts of contaminants.
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The stratosphere contains small concentrations of
the gas ozone, maintained by photochemical pro-
cesses. Ozone, while a minor constituent of the
stratosphere, nevertheless is important to life on earth,
for it absorbs those wavelengths of solar ultraviolet
radiation that are destructive to life and that can, for
example, induce skin cancer. Any long-term change in
average abundance of ozone will also affect the
temperature structure of the stratosphere. Because of
the interaction between the stratosphere and tropo-
sphere, such a temperature change could affect the
circulation of the lower atmosphere and, therefore, the
climate.

The balance between ozone formation and destruc-
tion can be shifted by the addition of chemicals such
as oxides of chlorine and nitrogen. The oxides of
chlorine come mainly from chlorofluoromethanes and
the oxides of nitrogen mainly from nitrous oxide
flowing from metabolism in plants and from the
effluents of stratospheric aircraft or rockets.

These chemicals can catalytically reduce the
amount of ozone in the stratosphere. If one assumes
1973 rates of production of CFM's, calculations indi-
cate_a possible future reduction of from 7-15 percent
in total ozone. Observations do not yet show such a
reduction since the normal variability of ozone is large
enough to obscure it. The effects of an ozone reduction
upon global surface temperature would be slight, but
those on the stratosphere, human health, and global
e_ cology would be significant.

The history of predicting the effects of nitrogen
oxides 01) tl-e ozone layer illustrates the need for
caution in advising the government. It was suggested
in 1970 and 1971 that nitrogen oxide might reduce
ozone.8'9 Calculations indicated that reductions up to
23 percent might result from operating a fleet of
supersonic transports. The Department of Transporta-
tion, at the request of Congress in 1971, initiated its
Climatic Impact Assessment Programl° to determine
the effect of SST operations on ozone. In 1975, after
several years of investigation, that study and a parallel
one by the National Academy of Sciences, supported
such projections and indicated that ozone reductions
of about 10 percent were likely from a large fleet of
supersonic transports.1'

Deep concern about these effects led to expanded
investigations of the critical photochemical reaction
rates in the stratosphere. The original assumptions
about chemical rate constants in the stratosphere were
modified by improved laboratory and field measure-
ments. The new evidence, although not yet definitive,
now suggests that nitrous oxide additions to the lower
stratosphere by SST's might increase the amount of
ozone, reversing earlier projections. But in the case:of
chlorofluoromethanes, the effects have not only been
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confirmed but also found to be twice as destructive of
ozone.

If, as it now appears, we will have to address the
climatic impact of CO2, the oxides of nitrogen, cmes,
and as yet unknown substances in the future, we will
need a more systematic approach to understanding the
processes that control their atmospheric concentra-
tiOns' .12 This means understanding how they are
cycled among the ocean,. atmosphere, biosphere, and
solid earth. The emphasis now is on the biogeochemi-
cal cycles of carbon, nitrogen, and chlorine. We are
most likely to influence climatic processes through
these cycles.

IMPACT OF NATURAL CLIMATE FLUCTUATIONS

Our vulnerability to natural climatic changes will
continue and intensify. Natural seasonal and interan-
nual fluctuations of..climate will continue both to
plague and to benefit us. Because of increasing world
demand for food and energy in the face of limited
supplies, the impact of natural climatic changes will
beccime of greater concern to all nations, including our
own.

Since the 1930's, we have been fortunate to have
experienced, generally good growing weather in the
major grain-producing regions of the United States
with only occasional, short-hyed dry periods. In some
years, as in 1972, the world depended on U.$: grain to
make up shortages. At other t" es, 1977 and 1978, for
example, the world as a hole, experienced good
growing conditions. Fluctu tions between world
shortages and surpluses pro ably will be more fre-
quent as world food supplies tighten in the future.

Improved warning systems and pre- and postdisast-
er planning and assistance cat help us deal with the
impacts of climatic change. Food reserves, water
storage facilities, and postdisaster financial aid are
prudent options for governments until, predictions are
improved.

The very long-term cycles of climatic change, .

marked by the beginning and 'nd of ice ages are now
widely thought to result from hanger in solar energy
reaching the earth .due to cha, ging orbital relation-
ships between the sun and earth. There is evidence
that the long-term (thousands of years) trend is a
return to a colder climate. Some scientists have
suggested that the projected warming of the global
climate from it _easing CO2 is a short-teim counter to
this trend. The long-term changes in climate due to
the variations in the amount of (solar energy reaching
the earth will probably be gradhal, althoUgh there is
much uncertainty about the suddenness of the termi-
nation of an interglacial period and the beginning of a

new ice age.

IMPACT OF CLIMATIC CHANGES CAUSED BY
HUMAN ACTIVITIES

The most difficult policy choices arise from climatic
fluctuations that occur over decades to centuries.
Evidence already recounted on the effects of infrared-
absorbing gases suggests a warming of the earth's
atmosphere over the next several centuries. But, to
repeat, this is a very uncertain projection.

What would a warmer or cooler earth be like? What
changes in storm tracks may occur?, How will patterns
of rainfall and the variability of temperature be
affected? What changes might occur in the planetary
circulations that determine climatic belts, or the
location of deserts-and rain forests? How wir., such
changes affect polar ice caps and sea ice? W. can now
only speculate about such questions; mathematical
models have given us some insight. But if we were wise
enough to read nature's.record more exactly, we might
be able to say more, because nature has provided past
examples of climates warmer or cooler than the
present one. Global temperature increases of nearly.:
the same magnitude now projected, due to more CO2,
actually occurred 4,000-8,000 years ago. Paleoclima-
tologists and geologists have attempted to portray past
climates from -ocean sediments, pollen and lake
sediments, histories of lake conditions, records of
mountain glaciers, and other sources. Our knowledge
is sketchy; but evidence is strong that several thousand
years ago present subtropical deserts were wetter than
they are today. North Africa was' probably more
favorable for agriculture; parts of Europe and western
North America were wetter, and eastern North
America drier.

The lesson of the past and our knowledge of
climatic processes -suggest that the largest effects on
agriculture will be felt in the arid and semiarid
regions, where rainfall is impeded by descending air
motions that are associated with semipermanent high-
pressure circulations. Such belts of descending air
motion would likely move poleward and perhaps
widen. On the other hand, with more CO2 in the air,
there is experimental evidence that crops, grasslands,
and forests may grow at a faster rate.

The effects of a warmer atmosphere might be most
noticeable in the polar regions of the world, possibly
through a reduction in the amount of sea ice. The
projected warming may eventually cause sea ice to
melt, leaving an ice-free Arctic Ocean. Many scientists
consider the West Antarctic ice sheet to be unstable to
modest changes in temperature; there are some signs
that this ice sheet is already retreating. During .a
significant warming, it might retreat much faster,
leading to global rises in sea level of several meters.°
In general, however, the effects on sea level are not
expected to be large over the next century.



TASK FOR SCIENCE AND TECHNOLOGY

Given the unprecedented stakes, the task fOr science
and technology during the next several decades is tc
reduce the uncertainties in our knowledge of climatic
change. National and international scientific and
technological efforts are under way. The first task is to
monitor climatic variations and their causes. The
technology for many aspects of this monitoring is
available: for , example, the global monitoring plat-
forms provided by space technology. Earth-m-onitor-
ing satellitesthe weather satellites, Landsats, and
Seasatlet us monitor the earth's radiation budget
trace gases, changes in the' biosphere, the extent of
snow, ice, and cloud cover, sea-surface conditions, and
other important processes and features. More conven-
tional land- ar sea-based observations will also be
needed, such as those already made at stations that
monitor climatic change and CO2 levels. There is no
longer a technological bar to making many necessary
observations.

Mathematical Models and Climate Predictions

The tentral problem is to understand the dynamics of
climate: the forces that shape it.. The mathematical
model, which, with computers, can simulate the
climate' system, is one key to understanding these
dynamics. With such models, we can study the
probable causes of climate variationsand the sensitivi-
ty of climate to human activities. Mathematical
models have already been used successfully to simu-
late the first-order effects of COD, volcanic eruptions
and stratospheric changes. However, many potentially
interactive. processes were neglected in those simula-
tions, and there is currently no model that fully
represents the interactions among the atmosphere,
oceans, and cryosphere. Only with such complex
models can we understand and simulate important
feedback mechanisms among the various parts of the
climate system.

There is a more fundamental question. Is climate
predictable? We know that our ability to forecast the
daily p--pgression of storms and other, weather events
decays with time to a point where forecasts are no
better than guesses. The reason is that we can neither
precisely specify the initial conditions Of the earth-
atmosphere system as a whole nor preciselmlescribe
all of the physical processes involved in the day-to-day
evolution of weather. Small errors due to our lack of
knowledge of the state of the atmosphere or in
approximating physical processes inevitably become
magnified until they limit our ability to forecast
weather. The theoretical limitation to our ability to
predict daily weather events is somewhere between
one and three weeks. We need to know the extent to
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which climate is predictable. This question. remains
unresolved.

SOME SOCIOECONOMIC ISSUES

Societal issues raised by the prospects of human
influences on climate could not be more- pervasive.
Energy policy is an example. Best estimates today
indicate that demand for oil will outrun supply, and
we will turn to coal as one of our basic fuels until new
and renewable souttes of energy can take over. The
primary limiting factor in energy production from
fossil fuels in the next few centuries may turn out to be
the climatic effects of the release of CO2. How will we
balance our energy needs, usage, and allocations
against possible impacts of a changed climate?

Food and agriculture policy issues are equally
grave. , The specific effects of climate variability or
changes on agricultural productivity and a knowledge
of where specific shifts of climate will take place are
uncertain; but it is not too early to apply existing
knowledge about variability and to begin thinking
about adjustments that might be fleet:spry in food
supply systems. What changes will be needed, in water
conservation, storage, and irrigation methods to ac-
commodate a different climate? Should we step up
development of drought-resistant crop strains? The
time when the amount of CO2 will have doubled,
about a century from now, is also the "time when a
'tripling of,world food production will, be needed to
meet the demand of increased population. Since the
world's best agricultural land is already under cultiva-
tion, special attention will have to be given to raising
productivity on existing cultivated lands and reducing
the vulnerability of more marginal lands to climate.
How will the United States assist in doing this?

Many aspects of the problem have been recognized.
The U.S. Climate Program Act of 1978 provides for
the necessary study of climate, its changes, and its`
impacts. The World Meteorological Organization
(wMo), other U.N. agencies, and the International
'Council of Scientific Unions have joined to mount a
World Climate Program.14.15 Steps already.taken in
planning this program are the first toward a common
basis of understanding climate processes and their
possible consequences. Such a common base is needed
for any international measures to mitigate the adverse
impacts of climatic variability or changes. Our con-
cerns can stimulate a new appreciation among nations
that climate is a common resource essential to all and
its protection a common responsibility.

VIEW FROM SPACE

The advent of the space age two decades ago put the
earth's landmass, oceans, and atmosphere in a new



perspective. What earth-borne. sensors- were piecing
together as a puzzle, space-borne sensors began to

-integrate as a whole. The view from space, whether of
the earth or of other planets, has contributed' to our
understanding of the physical processes of our planet,
Our philosophical cancept of the earth as our habitat,
and is beginning to help .us to monitol the state of
certain earth resources and the earth's environment.

The technology for remote sensing of the earth and
other planets from space is evolving rapidly. During
the next decade, the Space Shuttle will help to advance
this technology; and new earth- applidation satellites
will expand the range, diversity, and utility of data
from space. Science missions to other planets will offer
additional prospects for new understanding of the
earth.

LOOKING AT THE EARTH

The events and features of the earth we wish to
monitor occur on many scales of time and space.
Tornadoes and squalls have lifetimes of minutes and
hours, and continuous observation is necessary- Large-
scale storm's ME be monitored with observations taken
only once or twice a day; ocean currents and tempera-
tures, once a week; crops, once every two or three
weeks; and some geological processes, from months to
decades.

Designing a space-monitoring system to detect
specific events is a difficult technological and scientific:
task. The system includes sensors ranging from a
simple camera to advanced electro-optical scanning
devices or radar systems to collect data; satellite
platforms with support functions such as power and
thermal control and communication links to send data
to ground-receiving terminals; data-processing sys-
tems, either on the satellite or on the ground or both,
to convert sensed information into usable forM; and
data-dissemination devices to provide useful informa-
tion to specific users. Each system is a chain from
observation to use of information; and it is essential
that all links be planned and implemented in concert if
the observations are to be of practical use.

Types of Satellites

Frequency of observation fro_ m satellites depends on
orbital conditions such as altitude, eccentricity of
orbit, inclination to the equator, and the local times at
which the satellites pass over a point on the earth. The
orbit depends on the specific mission. For example,
geosynchronous satellites are enormously valuable for
tracking global weather patterns continuously. These
satellites, when placed at an altitude of approximately
35,000 kilometers over the equator, appear to hover at
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a fixed point above the earth. Such a sptellite can
continuously monitor about one-fourth of the earth's
surface but cannot adequately view high latitudes.
Four geosynchronous satellites can continuously cover
most of the earth but, because of their high altitude,'
may not provide the detail required for many applica-

tions.
Low-altitude satellites can reveal small-scale fea-

tures, but cover a particular area on earth less
frequently.1637 For example, Landsat has a circular,
near-polar orbit-at 'an. altitude of approximately 915
kilometers. It completes 14 orbits per day, and
observes a given area at the same local time every 18
days (Figure 3). For some uses, such as forest and
range inventories, observations every'18 days may be
adequate. More frequent observations may be neces-
sary to assess storm damage or episodes affecting
yields of food crops.

Remote measurements of our planet from space
record ,electromagnetic radiation reflected, scattered,
or emitted by the earth and its atmosphere." Visible'
light represents only a small fraction of the electro-
magneticmagnetic spectrum that is important for remotely
sensing the earth and its atmosphere. Instruments are
available that can sense across a wide range of the
electromagneticApectrum, from the very short ultravi-
olet wavelengths to long radio wavelengths. Interpret-
ing these observations requires an understanding of
the characteristics of solar radiation at different
wavelengths and the variations with wavelength of the
reflection, absorption, and emission properties of the
land, its vegetation, the seas; human objects, and the
atmosphere.

;
Using television cameras, scanning devices, micro-

wave radiometers, and other sensing devices, we have
been able to detect a wide range of natural and human
phenomena from space. Volcanoes, movements along
geological faults, coastal erosion, flooding, storms and
hurricanes, and forest fires all have been monitored by
satellite imagery or data-collection systems.

Earth Applications

Events 'of the past two decades have demonstrated
practical applications of information from space.

Landsat satellites have provided information useful
to agriculture. Experiments in forecasting ,yields of
wheat in the United. States, the Soviet Union, and
Canada using satellite observations have been encour-
aging. The conditions of crops and forests have been
assessed.

Information from Landsat and meteorological satel-
lites, such as areas of water impoundment and snow
cover, has helped in managing the country's water
resources." Snow mapping by satellite can improve
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Cape Cod region seen by LANDSAT in orbit some 900 kilometers above the earth's surface. (USGS EROS Data Center)

predictions of runoff from melting snows. Operational
environmental satellite data are used routinely to
monitor snow cover in scores of river basins in the
mountainous western United States.

Landsat data represent a new source of information
for geologists looking !for minerals, petroleum, and
geothermal energy sources.

Weather services depend in many ways on satellite
data for essential weather and severe storm warnings.
Geostationary weather satellites monitor hurricanes
and tornadoes and provide the basis for improved

national and international severe-storm-warning sys-
tems. Polar-orbiting weather and environmental satel-
lites provide data about global cloud cover, tempera-
ture, and moisture, enabling major improvements in
worldwide computer forecasting.2°

EARTH SCIENCES

The earth sciences are among the major beneficiaries
of earth-viewing satellites and other space technology.
New Landsat systems will carry a new generation of
instruments for geological studies. These instruments'
include multispectral remote sensing for discrimina-
tion among rock types, active and passive microwave
systems; and stereoscopic imagery for the third-dimen-
sion information necessary to. make structural inter-
pretations of space-sensed data.

The solid earth will be studied as a global entity,.its
geological aspects with the new Landsat, its geophy-
sics with special satellites to measure the earth's
gravitational and magnetic fields, and its geodynamics
with two other satellite systems that have been under
development over the past decade. Both systems are
capable of measuring positions on the surface of the
earth within a few centimeters, the accuracy needed to
measure plate motions. They will provide laser rang-
ing to natural and artificial satellites and very long
baseline microwave interferometry. These measure-
ments are important in understanding the nature of
earthquake occurrence and, hence, in the design of
practical methods of earthquake prediction.

Ocean sciences have benefited from many earth-
viewing satellites. Geodetic satellites, such as the
Geodynamic Satellite-3, yield measurements of sea
level and the earth's gravitational field. Meteorological
satellites' and the Seasat satellite provide a synoptic

ly

view of global ocean conditions.
The meteorological sciences are midstream in the

international Global Atmospheric Research Program
in which satellites play a central role. The objective is

to examine the predictability of daily weather events
and provide data to examine the dynamics of seasonal
and annual variations in climate. The nations of the
world are conducting the Global Weather Experiment
during 1979. This experiment involves the deployment

a
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of five geosynchronous satellites launched by the
United States, Japan, and a group of European
nations; polar-orbiting satellites launched by the
United States and , the Soviet Union; and fleets of
aircraft , surface ships, and unattended buoys. Only
earth-orbiting satellites could have made such pro-
grams possible.

EARTH AND THE. OTHER PLANETS'

Additional insight' into atmospheric and solid plane-
- ,tary processes is being obtained by studying our sister

planets: Evidence of major past climatic changes has
- been discovered on Mars in the form of the channels

on the surface and the extensive layered deposits that
surround its north polar region. The knowledge that
such changes have taken place on other, planets may
help us to understand causes of climatic change on
earth. As other planetary systems are examined, we
should gain further helpful knowledge. For example,
scientists believe that the very high surface tempera-
tures on Venus are the result of a runaway greenhouse
effect,. More information on that planet- and its
atmosphere could help us understand the potential
hazards" of similarly increasing atmospheric CO2 on
earth. Satellite studies of Venus are just beginning.

By studying the atmospheric circulation on :Mars
and Venus, each with its unique atmosphere, rotation.

Tate, inclination, and distance from the sun, and by
comparing what we learn with the general circulation
of the earth's atmosphere, we may be able to construct
computer models that can predict the atmoipheric
circulation of any given planet.

Insight into planetary volcanism and plate tectonics
,has been important to the geological sciences (Figure.
4). Basaltic volcanism is common to terrestrial planets
and the moon. Planetary basaltic Ial.;as from the
mantle make their way to the surface by tht same
mechanisms as on earthfrom fissure and central-
venV eruptions. Basaltic volcanism on the moon was
confined to a restricted peri6d of lunar history
between 3 and 4 billion years ago. If it is assumed that
the Martian lithosphere is so thick and rigid that
movement is difficult, it is possible to deduce that
basaltic volcanism lasted much longer on Mars, a
bigger planet, with eruptions from single central vents
persisting much longer than on Earth.

Our knowledge of terrestrial proCesses is augmented
as information on other planets accumulates: We are
also beginning to gain further knowledge of such
diverse topics as early planetary evolution, early crust
formation, earthquake mechanisms in- nonplate-tec-
tonics settings, tectonic -processes, and many others.
Terrestrial' application of planuary discoveries is just
beginning. Those benefits can be expected.to continue
as we visit and revisit the planets. The remarkable and
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FIGURE 4 Volcanic eruption on Io, a satellite of Jupiter. This plumelike eruption rising almost 100 kilometers above Io's surface

indicates that the satellite may have the most active surface in the solar system. The volcanism is very explosive Oith velocities above

3.000 kilometers an hour, or faster than any observed on terrestrial volcanoes, including Etna, Vesuvius, or Krakatoa. (NASA)
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unexpected results from- the Voyager -mission to
Jupiter and the recent measurements on Venus are
tantalizing indications of what lies ahead.

SPACE SHUTTLE

The introduction of the Space Shuttle2,1 in the next
decade will mark a major operational change in the
U.S. space program. Its advent as a relatively inexpen-
sive transportation system will open an era of more
ambitious operations in space. The shuttle should
reduce the cost of transporting satellites into earth
orbit. With its 60 -foot' Iv 15-foot diameter compart-
ment, larger and heavier payloads can be lifted into
space. This large volume may be essential for earth
observations that require large antennas. The shuttle'
will return ,payloads to earth for refuttishment and
reuse.

An important attribute of the shuttle, which is to be
flown in the 1980's, is its potential for reducing the
cost and time required to test new remote-sensing
systems. Development tests of such systems now
require expensive, self-contained satellites that must
include power, propulsion, pointing, command, and
telemetry subsystems. With the shuttle and itsmanned
onboard module, .the Spacelab, development proto-
types can be flown to investigate, how useful certain,:
measurements are, -and to optimize the design charac-
teristics of future flight sensors.

-USING DATA FROM SPACE

Users face,formidable problems in applying satellite
data. A single frame of the Landsat Multispectral
Scanner is _made up of 32 million picture elements
with six bits of information each; 192 minion bit-, of
information for each frame. The weather satellite of
the National. Oceanic, and Atmospheric AdrAinistra-
tion yields about 100 billion points of new data
day._Computer processingis. indispensable'. .

Computers can construct images to closely resemble..

the original scene.22 Geometric distortions introduced
by the sensor or by satellite and earth motions can )3e

computer-corrected. Computers can calibrate and
compensate for certain data errors. They can enhance ,

images, modifying the original data to emphasize

features of special interest. For man purposes,
however, digital information rather than images is
required, and computers process these dir

By comparing measurements in spectral
bands at different times, the computer can differentiate
between corn and wheat, determine, in conjunction
with other data, the health of plants, and help predict

crop yields. Further research on crop "signatures,"
models of growth and yield, and pattern-recognition
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processes is leading to automatic extraction Of specific
information that agricultural users need. Automated
systems already are used to produce atmospheric and
surface-temperature analyses and displays of upper-air
wind fields.

Solid-state devices are advancing remote-sensing
technology. Arrays of silicon charge-coupled devices
have made 'possible solid-state, visible-light cameras of
very high sensitivity and resolution for use on the
ground. When flight modules. developed for these
cameras, reduced cost, weight, power, and volume can
be expected.- Similar developments coming soon are
solid-state array sensors for vaijous regions ,of the
infrared spectrum to replace mechanical scanners
currently in use. In addition to enhancing sensitivity .

and resolution, an important added advantage of
solid-state array sensors will be thrdsignal-processing'
circuitry .will be combined with sensors within: the
array to select the information to be transmitted.

Current developments in microprocessors, charge-
coupled devices, memory divices, and very large-scale
integrated circuits may permit the development of
-spaceborne instruments that can process the data and . -

transmit to earth only the information needed by
specific users. One can conceive of a spacecraft that
could locate a forest fire in its early stages, sound an
alarm, and transmit an image of the fire. and the
surrounding terrain, including the roads to be used by

. fire-fighting teams.

MANAGING NEW SPACE ENTERPRISES

The technological directions for. -the next five years
appear to be well defined, although much research and
development still needs to be dote. Transferring the

--results of this rapidly advancing technology into
actual practice poses- some-'troublesome: issues.. Al -.
though there are basic questions about costs and
benefits and, hence,- differing views on the desirability
of 'moving to an operational system, one major,
problem is institutional. Space missions are costly, and
effective _ institutionaf arrangements are .. essential to
ensure that their output is used and that- the benefits
are commensurate with costs.. The operational weath-
er-satellite system was introduced with relative ease
because of the existence of a working domestic and
international infrastructurethe government weather
services and wmothat could fund and coordinate
the operation of the system. Also, the diverse users of
weather data were already aware of the value of such
data and thus receptive to data from new sources.

Such a well-developed infrastructure does not exist

for efirth resources or other environmental services

and must .be established if the transition from research
and developMent to an operational system is to be
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made. An important factor delaying this transition has
been the mixed population that could benefit froin
satellite information. This community includes scien-
tists of many disciplines, farming groups, government

° agencies, fuel and mineral industries, land-use_plan-
ners, and water-resource managers in this and other
countries. There is a wide disparity in the needs;
technical sophistication, and financial resources of
these ,different users. ,In addition, the paucity of
institutional arrangements that permit them to agree
on information needs makes it difficult' to resolve
questions aboUt what should constitute an operational
system, who should operate it, and how the costs
should be shared.'

INTERNATIONAL ISSUE-

Other nations have strong interests in many space
applications. Several successful models for internation-
al parlicipation in space activities and for making the`
benefits accessible to other nation have been devel=
oped. Inmeteorology and communications, two quite
different but successful models of institutional frame-
workIve been devised. In. satellite conununications,
Intelsat Corp. is the model of an independenteinterna-
tional corporation responsible for developing and
managing a 'single global satellite system. The meteo-
rological model is different. A cSordinated, interna-
tionally agreed-upon regional system of geosynchro-
nous satellites has evolved, with individual or regional
groupings of countries committing themselves to the
developrnent, management, and operation of individu-
al weather satellites as part of an international system.

Applications of other satellite data are more
difficult. eveloping countries have meager data on
which to base their resource and land-use planning
and may find Landsat data particularly: useful.23
However, they have expressed deep concern- about
how, such data will be used. In some of,these cases,
effective use of the data is limited by domesticsolitical
considerations and shortages of qualified personnel.
The problem is further complicated because, unlike
fhe weather and communications cases, some coun-
tries are concerned about the dissemina.,JI, of Landsat
satellite data to third parties. Such countries can
obtain processed data from the United States or
directly through their own or a neighboring country's
Landsat ground stations. Canada, Italy, and Brazil
operate substations. Memoranda of Understanding for
establishing stations also have been signed with Iran,
Argentina, India,. Chile, and Zaire and are being
negotiated with several other countries.

The way in whiCh the United. States should proceed
over the long stretch is not clear. Involving other
nations in planning and structuring a global resources

information system cr, any other earth-sensing satellite
system is a sensitive and difficult problem that will
need to be overcome. Remote sensing can generate
questions of national security and national sovereign-

, ty. These issues have been and ate continuing-to be
discussed in the Outer Space Committee of the United
Nations.

AFTERTHOUGHT'S

It is tempting to bewail the 'complexities of modem
society. In earlier days, we located mineralresoUrces
by walking the land, we collected oil from natural
seeps, and we drew water from abundant sparkling
streams or shallow wells. Weather and natural hazards
were,.iii God's hands and their ill effects were to be
borne with grade. Population was kept at modest
levels.by plague, pestilence, famine, and war,Society is
no longer so simple,nor so limited in size. Our real pr
perceived need for resources and our concern about
the global environment call for more imaginative ways

.of.finding resources and for more sophisticated knowl-
edge of the earth.

Both futUre and past discoveries depend on the
imaginative weaving, together of ideas and tools; of
concepts such as plate tectonics, with its unique view
of how the earth's crust moves; and neW technologies
that enable us to drill in the deep ocean, see the earth

`from the vantage of space, and detect and measure the
faintest tremors and movements in the earth's crust.
We have achieved better understanding of the nature
of climatic change by =inking observations from
space and from deep in the earth, and by using
theoretical . models of the climate with ever more
powerful computers to simulate climatic conditions.

Moreover, the classical boundaries of the' earth
sciencesgeology, meteorology, oceanography, and so
onare being eroded and replaced by a planetary.

rnultidisciplinary view. For example, portraying and
understanding the long-term evolution of climate
depends on understanding the movement of crustal
plates. and 'the interpretation of deep-sea cores and
sediment 'samples. Understanding and, predicting the
shorter period changei in climate depends on knowl-
edge of the oceans, their temperature, currents, ability
to act as a reservoir, and their role in the global energy
cycle.

A central theme is'that the new knowledge gained
by rigor of sciences and by pertinent
technology is now vital to'the wise management of our,
planet. Plate tectonics is essential to the effort to
understand and predict earthquakes and to improved
reconnaissance for new mineral deposits. Atmospheric
chemistry enables us to make a reasoned estimate of -
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the likely future effects of trace amounts of chlo:
rofluoromethanes on trace amounts of ozone in the
stratosphere. -Basic work in, narine biology and
ecology is indispensable to structuring effective poll-,
cies for managing the ;living resources of. the seas.

, Research on the 'chemistry of ocean watet will enable
us to fix more. precisely the role of the oceans as a
reservoir for CO2, helping' to yield, in time, precise
estimates of the climatic effects of CO2" and' a more
rational base on which to plan the filluie use of fossil
fuels.

O,ur appraisal of recent trends in the earth Sciences
is dominated by the role of technology and the
approach to planetary problems through organized
and collaboratiVe efforts .of institutions and scien-
tistsbig science. There is a current- question about
big science and 'its relation to the science of individual
investigators. It should be noted that the big science
efforts described here grew from little, sciencethe
ideas of individuals-Land provide to individual scien-
tists data that could be obtained in no other way. -

While it is true -that further advancements will
continue to be dependent 'upon new technology and
massive efforts to acquire observations of natural
phenomena, we must recognize that we would accom-
plish little without' the creativity. of individual scien-
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tists who integrate and synthesize informationAbont
these phenomena and who develop the concepts that
ultimately spur advancein any field.

New concepti sometimes require many years before
they are verified and accepted. Examples in the earth
sciences serve as reminders of the need to support the
inquisitive leanings of individual: scientists. The theory
of continental drift and, indirectly, plate tectonics, was
'first proposed by a German meteorologist, Alfred
Wegener, in 1922. Its 'proof waited for halfa century
to pas§ and for the technology'of modern geophysical
research and d deep-ocean drilling. The theory that
long-term climate changes resulted from the earth's
orbital variations was first advanced by. the Serbian
astronomer, Miltvin Milankovitch, in 1930. Again, it
requited close to half a century and the advent of the
technology of ocean drilling and paleoclimatic dating
to "document this as a real possibility.. Finally, the
massive Global Weather Experiment is the culMina-
tion of proposals made by Jule Charney and a few
other's in the early 1960's.

Our experiences lead us to the view that neither
muot the support of individual scientists be neglected

claims of big sci,mce. To date, neither have
been. We have diversity. It is necessary that this
continue.

The follbwing outlook section on the planet earth is based on infor-
mation extracted from the chapter and covers trends anticipated in
the near future, approximately five years.

Humanity is dependent on the resources and environment of the
earth .for its sustenance. Their wise use depends' on the understand-
ing of the planet that the earth sciences provide. The achievements
of these sciences in the recent past have, had a broad influence on
our daily lives. Only a few aspects of the earth sciences are treated
in the chapterthe structure of the earth, earthquakes, minerel,
climate, the oceans, and the impact of space technology. The earth
sciences also encompass vital activities such as water resources and
hydrology, weather forecasting, the geology of the continents, the
high atmosphere and near space, and other subjects not treated in
this volume. They will be examined in subsequent reports.

WHERE TECHNOLOGY IS Progress in the .earth sciences depends upon the acquisition and
LEADING interpretation of observations of the earth, its atmosphere, and its

oceans. Observational information becomds available only as small
samples of natural phenomena, some of which vary rapidly with
time and some of which may have global dimensions. The plates
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.usually clear. What we cannot foresee are the directions that will be
taken as a result of discoveries yet to ,be made.

In- marine geology and geophysics, one major emphasis w4 be to
/DI explore continental margins. Both the drive for basic understanding

of plate tectonics as well as the societal need to know more about
the mineral potential of seabeds will channel these sciences.

More intense studies of earthquakes, their possible 'prediction, and
their socioeconomic impacts will be undertaken. A much stepped-up
effort will 'be made to detect and understand earthquake precursors
using the new seismic networks and geodetic measaements along
faults. These studies will be. parallelled by new investigations of ways
to reduce the hazards Warn earthquakes.

Two major national oceanic research efforts of the' past decade are
now drawing to a close: the International Decade of Ocean Explora-
tion °DOE) and the Deep Sea Drilling Program. Future trends in,.
ocean science will depend largely on the -allocation of resources
among competing needs of the science. Now competing for invest-
ment in ocean research are the re-equipment and replacement of
ships that belong to an aging research fleet, the continuation of
ifooi investigations that have exaniined such major problems as the
major ocean current systems, study of the interaction 'between ocean
and 'atmosphere, and the processes of upwelling of ocean waters, and
'the continuation of a program of geological and geophysical research
based on the use of newer geophyeical \techniques and more effective
drillifig capabilities. Marine biological and ecological research will
'make, an' important claim to this investment based on the needs of
improved fisheries and coastal zone manaiement. ,

The U.S: 'Climate Program Act of 19702- has set 'the course of
research on climate. The principal focus of this effort will be on
developing more precise estimates of the consequences- 'of human
interference with climate, with special emphasis\ on carbon dioxide.
Considerable effort will be directed at improving our ability to make
climatic predictions for periods of months and seasons. Two areas of
climate research that need special attention concern ocean/climate,
relationships biogeochemical cycles. .

\
SOCIAL AND ECONOMIC Our new knowledge of the earth 'frames. an interesting set of social

'ISSUES and economic 'issues. What is evident in these issues is the inter-
weaving of science with wider concerns: of climatic change with --
future use of energy and evoliing 'patterns of agriculture; of new,
space-borne. sensors-with more sensible- land use; of analyses of tec-
tonic processes with' better protection against earthquakes and the
discovery of new mineraraesources: -This, while the viewpoint in
this chapter is that of scientists, the implications are universal.

Social response to natural hazards and yarnirigs of them. will con
tinue to pose serious .problems. As we learn more about the, nature
of earthquakes, droughts, and Other hazards, we must also learn
more' about pOssible responses, for example, what to do when an
earthquake is predicted. Policies aimed at mitigating social and eco.-
nomic .effeet,s of hazards will demand a base of sound scientific data.

RESPONSE' TO NATURAL

HAZARDS

OCEAN MANAGEMENT Managing ocean and coastal resources will be a continuing and in-
creasingly ,difficult issue. We will have* to draw from our bank of
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scientific knowledge about the oceans as we, turn to our continental

shelves for oil, and gas, increasingly assume for ourselves the Orght to
coastal fishery resources, consider the oceans for waste disposal, and
seek to protect the habitats of marine speCies. Over the next five
years, much of the legislation enacted- during the past decade will V°
reviewed and ,modified. Science can, as a minimum, assist in outlin-
ing the consequences of various ocean-management policy options

ENERGY AND MINERAL. POLICY The. queStions of energy and mineral policy should attract major
intexest during the next five years. Our knowledge of earth sciences
will contribute importantly to framing these policiei. What is the
potential for new oil and gas resources in the deep ocean? What are
the possibilities for radioactive waste dispoSal 'at sea? What are the
climatic implications of scenarios of future fossil-fuel use?

. The United States, whose economy depends on ready ,access to.
nonfuel minerals, has an inadequate domestic supply of certain:-'stia,
tegic minerals. There exists no integrated. U.S. program of

,- research for understanding Ore-forming,, Processes. If . we are to stitnn'
late mineral research, explOration, and: development in the 'United
States; we willalso need to examine the legal and regulatory strue,

° tures that govern mining activities;:The policy questions are flamer-

ous and their resolution will depend on the scientific and teehoiCal.
information that can be provided. '!

. . .

AGRICULTURAL POLICY No area of national poliCy so sensitive to climatic °variations as

food -policy. Worldwide 'growing conctitions-determine the nature, of
the global food market. Agricultural 'export :policy is involved as are
decisions on acreage restrictions. Interiational disaster relief and otd
participation in a' .global food reserve system are all dependent on
climate. Improved use of climatic data in such ,:policy decisions will ,

become increasingly important.' !ti

We will need to base environmental Policies on what is knOnro aho,Ot

the impact of human activity.' upon the environment and vice versa,
Basic to such policies, is the fundamental knowledge of the eapaeitY,
of the atmosphere, the hydrosphere, the lithosphere, and the bio-
sphere to disperse or concentrate pollutants. ;

ENVIRONMENTAL POLICY

-USING HIGH TECHNOLOGY The pursuit of information to further knowledge drives the develop'
ment and use of high technology in -the sciences. But different con'
siderations apply' when that same high technology finds general uses'
llustrative is the current problem in transferring the knowledge and
technology of the -earth-fstiiting Landsats from A-esearch and develor
ment to operational use. Introduction of an opekitional Landsat sat'
ellite is a complex matter' that depends upon costs .and benefits and
how those will be shared among users. It raises the question of Ho°
institutitnal mechanisms can effectively relate the interests or the
federal government, private concerns, and state and local govern- .

merits. How this will be' done will depend upon the utility, of the
data acquired from space, the distribution of the users, their
ingness to pay, and the needs and responsibilities of the federal
government. The. Landsat case is likely to be the first of several, aO
how it is resolved will affect how we approach analogous problems
arising in the use of ocean or _geodetic satellites.

4()
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Developments in the earth' sciences have special implications .for in-
ternational affairs. Much research in the earth sciences requires ob-
servations from large areas of the globe and, in some cases, from
the entire planet. The acquisition of some kinds of data has been
made easier by remote-sensing devices such as earth-orbiting satel-
lites. However, satellites cannot proviaeldt data needed for earth-
science investigations. Experience has -shown that satellite data need
to be supplements xl by ground data because of ambiguous "signa-
tures," i.e., severe different objects giving the same remote-sensing
results. The shiny of earthquakes requires a worldwide seismic net-
work; that of climate, a network of global observation stations; and
that of oceans, the facilities of many nations. For these reasons,
international cooperation in the earth sciences' is already a long-
standing tradition. '

The mechanisms for conducting international earth science activi-
ties are diverse, and include bilateral arrangementi between govern-
ments, informal arrangements between institutions, and arrangements
within specialized agencies of the United Nations and within scien-
tific organizations outside the U.N. system. Present trends in thr .4
earth sciences indicate that such cooperative activities will not only
need to be continued but intensified over the years ahead. The re-
sources required to study many of the problems are too great for
any single nation to provide. Furthermore, in many cases, access to
territories under national jurisdiction for scientific observation is in-
dispensable. Of special importance during the next five' years will be
the issue of scientific research at sea. Devlopments in the U.N. Law
of the Sea Conference foreshadow seriouslestriction of freedom for
oceanic research.
The earth sciences are unique in their planetary aturc. Informa-

tiop about the earth and its global environment is essential to all
countries of the world if they' are to meet their own social andiy
economic objectives. For this reason, the earth sciences offer a chan-
nel for cooperation among many nations of the world, both devel-
oped and developing. Because of the increashig importance of scien-
tific information to the development objectives of other countries, the
outlook is for greater interest and, in man/ countries, for closer
collaboration in earth- sciences research. How this is done and wheth-
er it is desirable represents an area of policy and programmatic
decision that will need, considerable attention during the coming
years.
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2 The Living State

INTRODUCTION'

In recent decades biological science has grown explo-
sively, not only in scale but in depth. Initially a
descriptive field, concerned with recognizing the
structures and the behavior of whole organisms and
their organs, biology has become increasingly analyti-
cal as it has probed ever finer levels of organization.
We now know a great deal about the mechanisms
responsible for the formation, function, and regulation
of cells and their components.

These advances have depended in part on the
development of elaborate instruments: .electron micro-
scopes, which extend a thousandfold the dimensions
that can be visualized; the scanning electron micro-
scope, which pr 'des three-dimensional images; ul-
tracenttifuges, eh separate cellular particles and
molecules for many sciences; X-ray crystalloraray,
nuclear magnetic resonance, and other physical probes
into the intimate three-dimensional structure of.mole-
cules; a great variety of radioactively labeled com-
pounds whose fate in living organisms can readily be
followed; and electronic equipment for recording the
activity of nerve cells. In addition, hundreds of
biochemical compounds, which investigators used to
have tc snake themselves at the cost of much valuable
time, :-.,:e now available from an industry that sprang

up as. research expanded. Other industrial ivances
with polymers made possible simple and ingenious
chromatographic methods, in which a single passage
through. a gel can separate a complex mixture of
hundreds of substances, in any size range, into its
components. Finally, antibiotics have made itasy to
culture animal or plant cells free of contamination by
much faster-growiuk; Jacteria; genetic and regula\tory
properties of these cells, and-of infecting virtsizs; can
then be studied in ways that would be much slower,
more expensive, and often impossible in the whole
animal.

With these developments, the barriers between areas
within biOlogy have broken down, and fruitful mar-
riages have taken place. Thus the field of cell biology
has emerged with the advent of techniques for
exploring a range of dimensions that used to be too
large for the biochemist .and too small for the
investigator of cell structure. Similarly, at the molecu-
lar, mechanistic level, genes are linked to origins in the
past and to functions in the present; the fusion of
genetics with biochemistry has brought together those
biologists concerned with how organisms arose in
evolution and in embryonic development and those
concerned with how organisms work.

Because rt.:,:arch in biology spans a great range of
biological systems and experimental approaches, we

35



'it) SCIENCE
shall review in this chapter only a few selected areas,
mostly at the molecular level. We shall also add a few
comments on evolutionary studies, those concerned
with whole organisms and populations: Other large

areas, such as p,pulation biology and ecology, which
are of great importance for agriculture and for
conservation of resources, will not be covered.

MOLECULAR STUDIES

The groundwork for the growth of the molecular
studies,that now pervade most of biology was laid in
the biochemisty of several past decades. Research in
this field identified the chemical components of living
cells, worked out the sequences of reactions that
synthesize these components from foodstuffs and that
provide the energy for these syntheses, and disclosed a
good deal about the enzymes that catalyze the
individual reactions. By now we know the complete
pathways, involving several hundred different interme-
diates, for constructing all the known building blocks
that are common to all living organisms. Such
biomedical oldies continue to be extended fruitfully
to other small molecules with specialized roles in
various organisms, such as hormones, as will be
..lustmted particularly in the sections on neurobiolo-

gy, and biology and agriculture
The search for a coherent conceptual framework in

biology t_:,iok an enormous step forward with the
emergence of the field of molecular genetics. With the
discovery in 1944 that the genetic material is DNA
(deoxyribonucleic acid), and the finding in 1953 that
this long-chain molecule is composed of two precisely
complementary strands, so that the sequence of bases
of either specifies that of the other, the key to gene
duplication was evident. In the subsequent quarter-
century, intense investigation has revealed a great deal
more about how genes work: i.e., how they serve as
blueprints for fashioning the cellular machinery, and
how they are regulated, mutate, repair errors, recom-
bine in sexual reproduction to yield endless diversity,
and expand in number as evolution creates' increasing-
ly complex organisms. Furthermore, we can" now
describe the metabolic activities of a cell in a thor-'
oughly logical, comprehensive way, proceeding from
the genes to the enzymes that they code for, to the
small molecules made by some of those enzymes, to
the linking of building blocks into long chains by other
enzymes, and to the regulatory feedback effects of
various substances on the activity of specific genes and

enzymes. Genetics, like biochemistry, now pervades
all of biology. This point will be particularly illus-
trated in the sections on cell biology and immunology.

In addition to this wealth of insights into subtle
mechanisms, molecular genetics has yielded a pro-
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found, germinal concept: that of molecular informa-
tion transfer. Previously, biochemists viewed com-
pounds only in terms of structure, chemical reactions;
and energy relations. The most important feature of
DNA, however, is that the sequence of units in its chain
is a store of information, quite analogous to that in a
magnetic tape or a line of type. This information
specifies the chemical structures that a cell can build,
and it also specifies the program of successive reac-
tions that, over time, channel the development of a
fertilized egg into a higher organism. Eventually it was
realized that all specific interactions between mole-
cules in biological systems involve information: for
example, the recognition of a specific receptor on a cell

by other cells, or by horinones, or by antibodies; or the
feedback response of a gene or an enzyme to the
concentration of a specific substance in its environ-
ment, as a means of regulating the amount of that
substance to be synthesized.

In higher organisms the reception, storage, and
transfer of information in the nervous system also
involves molecular changes. Accordingly, we now see
a continuity between two kinds of information in
biological systems: the many bits inherited in the
'genes, and the many others acquired from the environ-
ment. These two stores of information interact to
make organisms what they are.

Along with deepening understanding of how the
information in genes is translated into protein se-
quences has come equally satisfying understanding of
how the three-dimensicmal structures of proteins
endow" them with highly specific surfaces, which allow

the proteins to function as the working machinery of
the cell--catalytic, regulatory, and structural More-
over, we now know a good deal about how enzymes fit
other protein molecules and induce specific chtyrical
changes in them; and how the activities of specific

enzymes are regulated by interactions with specific
surrounding molecules, which convey information
about the biochemical needs of the organism at each
moment. We also know, in principle, that the specific
affinities of proteins on cell surfaces guide the cells to
find their place during the growth of an organized

--,tissue. Detailed understanding of these structures is

One.ofthe major challenges of biology.
With.the recognition of all these mechanisms, it is

not unreasonable to say that the secret of life has been
discovered or better, that many secrets have been
discovered. Each involves known physical and chemi-

cal forces. These results make it very unlikely that any
vital forces remain to be discovered in the major
mechanisms still buried in neurobiology or develop-

mental biology. However, this triumph of the mecha-
nistic approach to biology in no way diminishes the
unique qualities and the marvel of the living world and



the human spirit. Rather, we can only stand in awe
that life, evolving from inorganic matter and working
with inorganic forces, could develop these qualities
and could develop an organism with the capacity to
understand its own origins in remarkable detail.
Although there is no unique vital force in living

anisms, there is a unique molecular basis for their
_---------Gorganization which is not found in the inorganic

world: the molecular storage of information program-
ming the development and function of the organism.

CHANGING ORGANIZATION OF BIOMEDICAL
SCIENCES

The large recent changes in the levd and the focus of
biological research have affected its organization in
various ways. One is the shift, in many branches of
biology, from simple to complex instruments. It may
cost in excess of $100,000 to equip a laboratory for a
new independent investigator, and inevitably the costs
will continue to mount.,

Another change has been a fading of the boundaries
between many branches of biology. As a result, in
many universities resources and teaching responsibili-
ties are shifting from medical schools, where many
new lines of basic research originated, to basic science
departments in faculties of arts and sciences. Although
this trend is logical, there would be serious losses if
medical schools were divested of their interest in
fundamental science, and reverted to being trade
schools limited to applied research.

A third, trend is worrisome. Although the current
generation of medical students is intrinsically better
qualified than were their predecessors, fewer are
pursuing careers in medical research. The percentage
of M.D.'s among those applying to the National
Institutes of Health (NIH) for research support de-
clined from 41 percent in 1966 to'28 percent in 1976,
while the percentage of Ph.D'.'s was rising from 48
percent to 63 percent. If this trend continues, it could
undermine the transfer of basic research findings to-
clinical practice, while research itself might be denied
the special insights arising from human pathology.

PROGRAMMING OF BIOMEDICAL RESEARCH

Sines the great medical advances of the past resulted
in the prevention or the cure of a remarkable number
of infections and nutritional or endocrine disorders, it
has been only natural to expect similar rapid applica-
tions from the intellectual achievements of the present.
The expectations include cures for cancer, vascular
diseases and arthritis, and healing of the mentally
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disturbed or retarded. But the realization of these
expectations may he far off, because these major
medical problems today arise to a considerable extent
from the inherent weaknesses, imperfections, and
aging of human organisms; and these processes are not
so readily changed. On the other hand, one may be
more sanguine concerning the prospects for preventive
measures to reduce the incidence, for example, of
cancer and atherosclerosis.

Impatience and unfulfilled expectations, as well as
exaggerated promises from some scientists, have led to
disappointments and to complaints that scientists are
more concerned with satisfying their own curiosity
than with investigating matters of greatest significance
to their public sponsors. But until the requisite
understanding is at hand, large-scale targeting of
research is all too likely to engender expensive but
unproductive attempts to apply the inapplicable.

We must therefore try to advance our understand-
ing of cell and organ function on all possible fronts,
using as study objects those natural biological systems
that offer special research advantages. Our interest in
the life and times of Escherichia coli, the neurobiology
of the squid, the aging of the rotifer, or the alarm
reaction of the clam derives largely from the fact that
each serves as an easily stu'ied model for some
process highly relevant to man.

Moreover, we must recognize why support of
apparently esoteric research is especially important in
biology. Breakthroughs have frequently depended on
fortunate accidznts and unexpected observations that
revealed isolated components in the incredibly com-
plex network of events in the living process. A
battalion of eager scientists is waiting to transfer the
results to medicine.

However well motivated the pressures to channel
research to societally desirable targets, if the time is
not right, such channeling is more likely to retard than
to advance the desired outcome.

MOLECULAR GENETICS

Molecular genetics solids at the threshold of major
socially importart advances. The basic mechanisms
elucidated in bacteria and viruses are rapidly being
extended to higher organisms. where novel features
are also being discovered. Since several of the main
health problems in the United States today are
diseases of cellular malfunction, and since these
malfunctionS often involve defects in gene function,
fruition of research in this area can reasonably be
expected. In addition, modern genetics promises new
capabilities for agriculture and pharmaceutical and
other industries.

t.
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Skeleton of a single-stranded SV 40 DNA molecule computer-
generated from an electron microscope image. (Nationl lnsti-
lutes of Health: B. A. Shapiro, L. E. Lipkin, P. F. Lemkin, E. M.
Smith, M. Schultz, National Cancer institute; J. Maize! and M.
Sullivan, National institute of Child Health and Human Devel-
opment; N. Salzman and M. Thoren, National Institute of Al-
lergy and infectious Diseases)

TRANSLATION OF GENE INFORMATION

The previously formal concept of the gene was given
physical reality in 1944, when Avery and his col-
leagues showed that genes are located *in long - chain,
molecules called DNA. Each chain is composed of only
four different kinds of molecules called bases, which
are denoted by the letters A, G, T, and C. The
sequences of these units store the information that
makes up our inheritance. The mechanism became
clear when Watson and Crick discovered that DNA is
composed of two complementary strands, i.e., A. in
either strand is always matched with T in the paired
strand, and G is always matched with C. Thus, whet-.
DNA duplicates, either strand can automatically speci-
fy the, seqUence of the other.

A chromosome consists of an extremely long chain
of DNA in which specific sequences function as genes.
Most of the information in DNA is translated into the
sequence of another class of long-chain molecules
proteinswhich constitute most of the working ma
chinery of the cell. Proteins are composed cif 20
different kinds of amino acids. The formation of
proteins begins with the process called transcription,
in which one strand of a gene directs the synthesis of a
complementary sequence in a similar long-chain (but
single-stranded) molecule called RNA (ribonucleic
acid). The sequence of bases in RNA is ordered by
essentially the same base pairing as in DNA. The, RNA
serves as a messenger between DNA and protein; in the

next step its sequence is translated, inside a complex
subcellular particle called a ribosome, into a corre-
sponding sequence of the amino acids of a protein
chain.

Ten years ago, in a major triumph, the genetic code
that translates the language of DNA and RNA into the
language of proteins was deciphered. In messenger
RNA, successive three-letter wordsmade up of
different comoinations of three of the four base
lettersspecify which amino acid is to be linked next
onto the , ving protein chain. All of the three-letter
words pc .e with a four-letter alphabet are actually
utilized. ..se words (including those used as the
signals fc, start and stop) have all been identified.
Moreover, the code, and the basic machinery of
protein synthesis, is universal. All proteins are made in
the same way in all living cells.

Gene Regulation

DNA not only codes for the structure of messenger
RNA and thereby of proteins; it also contains specific
regulatory sequences, which determine how much of
each messenger is made. By turning specific genes on
or off, these regulatory mechanisms adjust the compo-
sition of cells, and their output, to their circumstances.
Even the most primitive organisms, the bacteria, have
evolved elaborate regulatory mechanisms that pro-
mote the efficiency and speed of their growth by
preventing the synthesis of components, such as amino
acids, in excess of their requirements.

For example, E. coli makes the amino acid trypto-
phan only when it is lacking in the culture medium
and its intracellular concentration is very low. This is
made possible by the fact that, in the E. coli DNA,
there are consecutive genes that code for five different
enzymes needed during the synthesis of tryptophan-A
separate protein called the tryptophan repressor (cod-
ed for elsewhere on the DNA) can bind to a region of
DNA (called the operator) immediately preceding the
five genes; when so bound, the repressor prevents
transcription of all five structural genes. But to attach
to the operator region of DNA, the repressor, must have
tryptophan bound to it; such binding occurs readily
when the ,concentration of tryptophan is about that
normal for E. coil but not at lesser concentrations.
Thus the concentration of tryptophan governs trypto-
phan synthesis, mediated by a regulatory protein
which senses the concentration of end product and
transmits this information from the surroundings to
the genes. The molecular basis of these interactions
and the mechanisms of several other, more intricate
regulatory mechanisms in bacteria are now under-
stood in considerable detail.



APPROACHES FOR STUDYING HIGHER CELLS:
RECOMBINANT DNA

Much less is known about regulatory mechanisms in
animal and plant cells than in bacteria. We do know,
however, that all the different kinds of cells in a higher
organism contain essentially the same set of genes, of
which only a fraction is functional in a given cell type-
Accordingly, the regulatory mechanisms discovered in
bacteria provide a strople analogy to the mechanism,
for example, that Astricts hemoglobin synthesis in
higher organisms to cells destined to become red cells.
However, there is a major difference. In bacteria,
regulatory changes are instantly reversible, while in
the differentiated cells of higher organisms they are
stable and self-perpetuating, through yet unknown
mechanisms. -

The striking success of studies of regulation in
bacteria' has depended on the ability to perform
genetic and molecular studies on specific regions of
DNA in these simple cells, which have about 5,000

genes each and can double every 20 minutes. In higher
systems, with 1,000 times as much DNA per cell and
with generation times of years, these methods are
ineffective. It is therefore extremely encouraging that
in the past few years the experimeatal barriers have
fallen, owing largely to the development of what has
come to be known as recombinant DNA methodology.

In this approach, the DNA from any source can be
cut into small pieces by a family of so-called restric-
tion enzymes, each of which recognizes and excises a
specific short sequence in the DNA chain. The frag-
ments can then be spliced into bacterial DNA, where
their behavior can be studied as precisely as that of
bacterial genes. In addition, the insetted DNA, grown
in unlimited -amounts in the bacteria, can easily be
recovered and purified. Its base sequence can be
determined quite simply by recently developed meth-
ods. With viruses, which contain much shorter mole-
cules of DNA than do cells, the restriction enzymes can

.be applied directly to that DNA, and the total base
sequence easily determined from the fragments. Final-
ly, viruses and DNA fragments can be subjected to
agents that produce persistent changes, or mutations,
in known loci rather than in random loci, as in cells.

At one time, scientists considered it prudent and
desirable to avert any potential danger that might be
associated with research on recombinant DNA. The
NTH guidelines were a reasonable response to public
anxiety, given the limited knowledge thaf was avail-
able at the time. Research during the intervening years
has shown that the earlier concerns were without
basis, and has-essentially dissolved the apprehension
that originally led' scientists to bring the problem to
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public attention. As a result, the restrictions have been
somewhat relaxed.

Worst -case analysis with a virus highly infectious to
mice indicates that it is utterly devoid of infectious or
other noxious properties when joined to other DNA
inside E. coll.. No precautions other than the conven-
tional safety procedures of routine microbiology now
seem necessary or appropriate to research with recom-
binant DNA. 1'2

SEGMENTED GENES IN HIGHER ORGANISMS

The magnitude of the breakthrough provided by
recombinant DNA is hard to overestimate. One exam-
ple of its impact is the recent revolution in the concept
of a gene.

Classical genetics defined a gene both as a unit of
function (which determines a particular trait, such as
the color of a flower) and as a unit of structure
(located at 'a particular position in a chromosome).
However, with the advance of molecular genetics, it
became clear that each gene is not a molecule but
rather a particular sequence of bases in the long DNA
helix. It has no beginning or end, except as signals to
start and stop transcription are encoded in its se-
quence. In bacteria the whole sequence is transcribed,
one letter after another, into messenger RNA, which is
similarly translated into the corresponding protein.

In higher cells, however, the very first applications
of recombinant DNA methodology yielded a most
unexpected result: The DNA sequence for a given
protein (for example, hemoglobin) is not found as a
single contiguous. series of bases. Instead, several
regions, each coding for .part of the protein, are
separated by long inte vening sequences which are not
translated. When a gene is expressed, the entire long
DNA sequence is transcribed into RNA; then special
enzymes cut out and splice together the several
segments that together constitu T. the messenger. This
RNA molecule is then translated continuously; as in
bacteria. This discovery has led to optimistic specula-
tion that the intervening sequences, and the joining
mechanism, may play a central role in the complex
gene regulation of higher organisms. Many tests of
this hypothesis are in progress.

Tl.e fragmentation of genes goes even further in the
synthesis of antibodies. A single antibody molecule is
encoded in three libraries of DNA fragments, which are
found in separate places on a chromosome. In making
an antibody messenger, first one piece of DNA from
each of the three libraries is physicery translocated to
form a single sequence, then that DNA is transcribed,
into RNA, and finally parts of that transcript are
spliced together to make the messengeaNA.
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Duplication of DNA

One of the majot challenges of molecular genetics is to
understand how DNA is precisely duplicated, with an
accuracy that allows a sequence of a million bases to
be transmitted intact from one generation of cells to
the next. In this area; as in gene structure and
regulation, a great deal is known about bacteria and

,their viruses and very little about higher cells, except
that the latter have new levels of complexity. When
Watson and Crick first grasped how DNA is organized,
they were gratified to realize that the molecular
mechanism of its duplication was inherent in its
structure: Either strand can be a template for synthe-
sizing the other. But many questions remain to be
solved. How does the double helix unwind to open up
the paired regions? How is synthesis regulated to
assure one complete round of DNA synthesis each time
a cell doubles? How is the very high fidelity, of
duplication maintained? At how many sites along the
strand is DNA synthesis initiated?

Central elements of the answers'to these and many
other questions are lacking. We have learned, though,.
that DNA can take many physical forms and that it is
duplicated in various ways. In some viruses, for
instance, DNA is linear and in others it is circular, with
neither beginning nor end. Some linear viral DNA have
-a unique sequence (e.g., A-Z), while others occur as a
family of sequence.; derived by cutting a circle of DNA
at different places (e.g., A-Z, D-C, Q-P). Both-in
bacteria and in higher cells not quite all DNA is in the
chromosomes. There are independentik smaller DNA
pieces--called plasmidsthat find expression and
replieate autonomously like chromosomal or viral
DNA but are not released like viruses. The ability of
bacteria to form toxins or to resist various antibiotics
is usually due to information in such DNA pieces,
which can be transmitted from one organism to
another by special mechanisms. Another complement
of autonomous DNA is found in mitochondria, small
intracellplar structures that inhabit all cells, as well as
in the chloroplasts of plant cells.

The synthesis of chromosomal DNA in higher, cells
differs in a crucial way from that in bacteria Bacteria
generally start duplication at one point on their

-circular chromosome, and a wave of synthesis passes
from that site around the circle. In the much larger
chromosomes of higher cells, duplication starts' at
many sites, and the resulting segments are then joined.
The mechanisms coordinating this process are yet to
be studied.

In summary, although the elementary act of DNA
duplication is evident in the- Watson-Crick model,
many individual aspects vary with the specific -DNA

8

molecule and the cell type. And the picture is far from
complete:

Chromosome Structure

Great progress has recently attended the st-dy of
chromosome structure in higher organisms. Small
strands of the DNA double helix wind around balls of a
protein called histone. These balls then clump together
to form the compact chromosome.

This mode of packaging for DNA raises many
questions. Does this arrangement break apart to allow
the DNA to duplicate, or can the DNA replicate within
this chromosomal organization? How does this organi-
zation . change in different stages of the cycle of cell
division? How can the DNA specify RNA sequences
when it is so compactly packaged? Does this package
mechanism help to regulate DNA expression, or is it
simply a good way to pack a lot of DNA into a small
nucleus? Investigation of this field has just begun,.

GENETIC RECOMBINATION

Another goal of molecular genetics is to understand
how the DNA molecule, in all forms of life, can
recombine as it does during reproduction of sperm and
egg cells, breaking at identical points in a pair of
homologous chromosomes and then resealing with
fragments exchanged. Genetic recombination is pivot-
al to evolution, for while,mutations are the ultimate
source of genetic variation, their accumulation within
a succession of progeny would be a very slow source of
the variation on which-natural selection acts. Genetic
recombination, by reshuffling the mutations accumu-
lated in different members of a species, enormously
increases the number of variations.

In higher cells; recombination seems quite complex,
and even in bacteria, where recombination is essential-
ly the same, the details are not clear. Because of the
simplicity of viruses, their recombination mechanisms
are better understood. Recently it has become possi-
ble, using viruses, to carry out recombination in
solution, outside cells. These new systems promise to
provide models thiough which recombination in cells
may be understood.

Mobile DNA

One important new discovery is the presence in
bacterial DNA of sequences that "hop" from one
region to another rather frequently, through high-
frequency recombinations at specific short sequences
near their ends. How they do this is still debated, but
the process clearly plays an important role in bacterial



evolution and in cenain regulatory processes. This
finding should help us to understand similar obscure
processes in the cells of plants and animals. For
example, as mentioned earlier, the production of
antibodies requires pieces of DNA to move within the

`.; chromosomes.

MUTATIONS AND RADIATION DAMAGE

One area of genetic research with great practical
significance is the study of mutations. Errors are
incorporated into DNA, either by mistakes made
during copying or by chemical alterations in existing
DNA. Mutations can have either positive or negative
consequences for organisms. The negative aspect is
obvious; most changes' in DNA impair normal func-
tioning by altering or inactivating a protein or by
changing the control of its synthesis. Bat mutations
are also the ground substance of evolution, for
occasionally they improve the adaptation of an orga-
nism.

Spontaneous mutations cannot be totally eliminat-
ed, beCause occasional errors are inherent in the
copying process, despite its remarkable accuracy.
These errors can occur at random in any gene in an
organism. Errors would be much more numerous if it
were not for repair processes, which eliminate most,
but not all, of the mismatches in base pairs. The
mutation rate per unit length of DNA, which varies
widely among species, depends on two mechanisms
the precision of the replicating enzyme and the
effectiveness of various repair systems.

In addition to spontaneous mutations, others can be
induced by agents that increase the mutation rate in
various ways. Theie agents include ultraviolet and
high-energy radiation. Many chemicals, both naturally
.occurring and man-made; are known to cause mum-

' tions in intact living cells; only a few have, to date,
been seen to so affect DNA, in vitro. With the very
sensitive bacterial systems now available, it is possible
to detect slight mutagenic effects of certain normal
constituents of food, such as caffeine, or even of
moderately elevated temperature.

Closely related to the study of mutations are the
lethal. effects, on cells and on organisms, of damage to
DNA by radiation and by some chemicals. Many kinds
of damage cause errors in repliCation (mutation); but
others, which prevent further replication, are lethal to-
the cell. Cells have developed systems for repairing
such damages just as for repairing mutations. The
effects of radiation on organisms, long studied at a
largely descriptive, level, have now been translated into
specific chemical terms in some detail.
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While mutations in germ cells are passed on to
offspring, it appears that some mutations in normal
body cells (somatic mutations), passed on to daughter
cells (but not to the offspring of the organism), can
result in cancer. Knowledge of the mechanisms of
mutation and repair is therefore fundamental to
understanding how cells become cancer cells and how
we may prevent this process.

Because of the apparently close links between
mutation and cancer, inexpensive and rapid tests for
mutations in bacteria are used to screen for potentially
cancer- causing substances. The Ames test was the
prototype of this approach. These tests, now widely
used in industry, are a landmark in the application of
molecular genetics to public health problems.

VIRUSES

Until the advent of molecular genetics, viruses could
be studied only descriptively, as submicroscopic agents
of disease. Virology has now become an intensely
active, sophisticated field, as modern methods, gradu-
ally extended from bacterial viruses to those of
animals and plants, have made it possible to analyze
the properties of various viruses in great detail.
Viruses are not cells smaller than bacteria; they are
autonomously replicating blocks of DNA (or in some
cases RNA) encased in a protein coat., The -protein, by
binding to a specific receptor in a host' cell membrane;
may facilitate its entry into that cell.

'Like plasmids, viruses multiply within ;ells. The
virus sheds its protein coat and its nucleic acid enters
the cell, where it appropriates the cellular machinery
it needs to duplicate itself and to synthesize its protein
components. Then the nucleic acid and its coat are
assembled and exit from the cell as complete virus,
particles.

Because of the extreme simplicity of viruses (some
have only three genes), virology has contributed much
to molecular genetics, as well as to the development of
improved vaccines and the beginnings of effective
chemotherapy of viral infections. The present stage of
the field is one of dynamic progress.

Some viruses have chromosomes . made of RNA
instead of DNA. These viruses generally induce in the
cell a novel system for copying (transcribing) RNA
from RNA. But in one group called retroviruses the
virus codes for an enzyme that makes a DNA copy of
the viral RNA; this DNA copy can be spliced into the
DNA of cellular chromosomes. These viruses can thus
alternate between being independent entities and being
cellular genes. This phenomenon is somely,lw crucial
to the induction of tumors by viruses of this class.
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PROTEIN SYNTHESIS

The ultimate role of DNA is to direct protein produc-
tion. The conditions required for making protein
outside cells, in extracts, were worked out about .20

years ago, and with this development the components
of the, system could be separated and identified.
Progress was rapid. Proteins are now known to be
synthesized in complex particles called ribosomes,
with the help of several .dozen enzymes as well as
several dozen RNA molecules called transfer RNA, all
of which are. found in the cytoplasm. Each transfer
RNA provides a link between a three-letter word in
messenger RNA and the specific amino acid that it
codes for.

- The ribosome is an extraordinarily complex struc-
ture, consisting of 54 different proteins and 3 different
RNA molecules, fitted together in a specific way. These
components provide many different binding sites, and
go through an orderly cycle of complexing with other
components of the system in the course of adding each
amino acid as the ribosome reads the RNA message. A
major triumph has been the reassembly of acti-e
ribosomes in the test tube from their dissolved
components.

Observing the functions blocked by various antibiot-
cs that act on bacterial ribosomes (e.g., streptomycin), '
has made it possible to work out the mechanisms of
action of these drugs, and to clarify aspects of
ribosomal functions. Bacterial mutants resistant to
streptomycin contain altered ribosomes, and by reas-
sembling ribosomal components from sensitive and
resistant cells, researchers have also identified the
°basis for resistance.

Protein Structure

The specific surface of each protein enables it to play
its particular enzymatic or, structural role by closely
fitting to the surface of some other molecule. Accord-
ingly, the amino acid chain translated froethe one-
dimensional information in DNA must fold into a
three-dimensional structure with a highly specific
surface. The mechanism has turned out to be both
remarkably simple and elegantly subtle. Not only the
information but the forces for the correct folding are
built into the protein chain, through. the specific

affinities of the 20 different amino acids in that chain
for each other. The resulting internal binding causes
each protein chain to fold up on itself spontaneously in

a unique way, without requiring an external template
or enzyme. On the resulting surface, unique to each
protein, will be found regions with affinities for various
other types of chemical structure such as substrates
(for enzymes) or antigens (for antibodies). Moreover,

the spontaneous aggregation of specific structural
proteins with each other and with other cellular
components initiates a dascade of steps, in an increa2-
ingly complex assembly, that accounts for the forma-

tion of membranes, cells, and even organs and
organisms.

GENETICS AND HUMAN DISEASE

Folklore has long suggested that some diseases are
transmitted from generation to generation. Current
understanding began in 1908 with the description by

Garrod of half a dozen "inborn errors ofmetabolism."
The subsequent development of biochemistry and
genetics continued to expand that understanding; over
2,000 hereditary disorders are now known, and the list
continues to grow. Most are seriously disabling, and
many are fatal in early life.

To date; the specific defects in more than 150

specific hereditary metabolic abnormalities have been
learned. Examples include cystic fibrosis, Tay-Sachs

disease, sickle-cell anemia, various hemophilias, and
phenylketonuria. In each a specific protein an, en-
zyme or other functional categoryis synthesized
either in a defective form or not at all. Such single-
gene diseases are inherited in the manner predicted by
classical Mendelian genetics. In sum, they constitute a
massive burden of illness for which cures in the
ordinary sense are generally unlikely.

At the same time, evidence has mounted that other
disorders are genetic in a more complex sense, as in

diabetes, for instance, where the defective .biological

process is affected by a multiplicity of genes. Thus,
while juvenile diabetes is surely the expression of an

'individual's genetic constitution, the genetics are
subtle and complex and differ in different, individuals
with much the same disorder. This may be the case for

many endocrine disturbances.
More recently, the essentially genetic character of

yet another broad set of diseases has begun to be
understood. These include ankylosing spondylitis,
rheumatic fever, rheumatoid arthritis, !ups erythe-
matosus, thromboembolic purpura, and Reiter's dis-
ease. The individuals who acquire these diseases
usually (with some diseases, always) bear certain
genetic markers,. a specific one of the dozens of
antigens on the surfaces of red blood cells, of
lymphocytes, or of tissue cells generally. The converse
does not hold true: Onlya fraction of those who bear a

given tissue antigen ultimately develop the associated
disease. The relationship between the specific antigen
and the manifestations of the specific associated

disease is unknown. In some cases, occurrence of the
disease also requires previous exposure to some
environmental agent, for example, streptococci for



rheumatic fever, dysentery-causing organisms like
Shigella for Reiter's disease. Yet it is clear that
individuals so affected are genetically predisposed to
these diseases.

Lymphocyte and tissue typing of humans has barely
begun. It is clear that as an increasing variety of tissue
antigens is typed in i,Rrger numbers of individuals,
additional correlations of this character will surely be
found. They perhaps will predict which of us are most
likely to develop cancer when exposed to an environ-
mental carcinogen, which are most likely to develop
atherosclerosis, multiple sclerosis, and so on. In fine,
from this standpoint, all disease has a genetic compo-
neat. But that should not be surprising, since that is
true of all significant traits. What is new and hopeful is

that it may become possible to ascertain, in early life,
the special vulnerabilities of any individual human
and, hence, to minimize exposure to the particular
environmental factors that might trigger disease.

TURE CHALLENGES

Molecular genetics, born 25 years ago, has made great
progr shortin its sho, lifetime. But in contrast to earlier
developments in biochemistry, which identified small
rnoleculei, such as vitamins and hormones, that could\immediately be put to use in medical practice,
discoveries in molecular genetics have not been so
readily converted into applications. Rather, this field
has dealt with the giant molecules that lie at the heart
of the cell, and these were often best studied best in
bacteria and viruses. However, molecular genetics is
now analyzing problems of health and disease in
human cells, and als? the influence of small molecules
such as antibiotics on DNA synthesis and function. As'
this understanding progresses, so will our understand-
ing of such diseases as cancer, autoimmune disorders,
tnalassemia, and formation of abnormal hemoglobins.
Other rapidly growing applications include the ahility
to determine the presence or abSence of arious fetal
defects by amniocentesis (sampling of intrauterine
fluid), and to detect mutagenic compounds.

Even more predictable than contributions to health
will be the contributions to our understanding of our
own physiology. We can confidently expect that in a
few decades we will understand in some detail how the
growth of a specific organ system and the harmonious
growth of an entire organism are regulated. Moreover,
though the particularly interesting behavioral and
physical traits in human blings must involve huge
numbers of genes, it may not be too long before we
begin to unravel the genetic components of much of
human individuality.

Beyond the new understanding of the human body
in health and disease, other valuable consequences can
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be foreseen. One is the harnessing of biological
processes for human welfare. Recombinant DNA
methods are already being applied to convert bacteria
into factories for synthesizing specific products, such
as a brain hormone (somatostatin) and insulin. Syn-
thesis of the powerful natural antiviral compound,
interferon, is a goal in a number of laboratories.
Synthesis of wide range of pharmaceuticals is
expected.

Other possibilities have yet to be examined. Will
recombinant DNA methods make it possible to design
and synthesize new enzymes to be used in place of
chemical synthesis of many organic compounds? Are
there other transformation &V biological systems that
can generate new energy sources, such as i-nproved
biological fixation of solar energy.? Can other food
plants be rendered, like legumes, independent of the
need for nitrogen fertilizer? Industries may come to
rely on genetic technologies.

Another consequence might be gene therapythe
correction of genetic diseases by replacing defective
genes with normal ones. The possibility of success is
hard to evaluate. We will soon be able to isolate or
synthesize any gene we wish, but the obstacles to
insertingding them into body cells in a useful way are
large. It seems likely that this step may become
possible before too many years for the defective
precursor cells of blood cells, since these are located in
the bone marrow in a way that allows them to be
replaced from the bloodstream. With more highly
organized organs, however, the problems, seem ingil:
perable.

This type of genetic engineering would benefit the
afflicted individual; it is much less likely that a gene
replacement can be carried out in sex cells,' as would
be required to eliminate further inheritance of a
genetic disorder.

CELL BIOLOGY

SCOPE AND DEFINITION

It has been known for 140 years that all higher
organisms, regardless of size or complexity, are
constructed of cells of about the same size (about
1 /1 op millimeters diameter). Only in the past two
decades has the electron microscope permitted studies
of visible structure to Penetrate to ever finer dimen-
sions. Meanwhile, biochemistry has moved up from
small molecules to the detailed structure of giant
molecules, such as proteins and nucleic acids, and
indeed, to the isolation and analysis of even larger
components of the cell. Biochemists and morpholo-
gists have thus met in what was formerly a no-man's
land between their domains. .
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The dynamic, functional propartiel of.the cell have
been advanced by new biophysical techniques, such as
study of the electrical potential across cell membranes,
and by the use of mutations in microorganisms to
produce a variety of sharply defined changes T'n

specific cell components. We are beginning to under-
stand how many components of cells fit together, and
even beginning to carry out such assembly in the test
tube.

UNIFYING PRINCIPLES OF ,ELL FUNCTION AND
STRUCTURE

In the 3 billion years since life arose on this planet,
millions of species have evolved, from relatively simple
bacteria to highly complex plants and animals. Con-
temporary cells thus vary greatly in their properties;
the structural organization, functions, and life styles
of, for example, a bacterial cell, an amoeba, and a
human 'liver cell might seem to have little in common.
But despite the glaring differences, these cells share
profound similarities in the principles underlying their
structure and furiction. All call store their genetic
information in DNA, and they use the same genetic
code and much the sable kind of machinery to transfer

..'formation into proteins. Every cell has an outer
that determines which materials may pass

in wad out of it. And though various cells derive
energy from very different foodstuffsfor, example,
some bacteria oxidize sulfur to sulfuric acidthis
energy is utilized, by common final pathways, to
synthesize ATP (adenosine triphosphate), which pro-
vides the energy needed to drive reactions within all
living cells.

Although it is, thus, justifiable to speak of "the
cell," it is alto often useful to-distinguish two groups
with major differences in their complexity: the proka-
ryotes (bacteria) have only one chromosome and no
enclosed cell nucleus; the more complex eukaryotes
(all species of animals; plants, and higher microorga-
nisms) have multiple chromosomes and a nuclear
membrane.

A bacterial cell is about 1/1,000 as large as most
animal or plant cells. It is a good deal simpler
(containing perhaps 5,000 genes, whereas the DNA in a
human cell is equivalent to 1 million genes), and it has
been much easier to study genetically. Therefore, the
mechanisins that regulate and integrate the activities
of the genes and their products are much more
completely understood in bacteria than in the cells of
higher organisms. However, with the knowledge
derived from these simpler cells, and with the recently
developed possibility of carrying out genetic studies in
cultures of eukaryotic cells just as in cultures of
bacteria (e.g., isolation of mutants; genetic recombina-
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-certain kinds of white blood cells are replaced every
day.

The divisio of a cell is preceded by a period of
growth, during hich all of the structural components,
increase in size. A striking feature of this growth is its
balance: Each part increases in proportion to all other
parts. The kinds of intricate regulatory 'mechanisms
that integrate thousands of gene and enzyme 'activities
to achieve this balance in prokaryotic cells are
reasonably well understood, but a great deal of
research will be needed to reveal the full nature of the
regulatory interactions of our own cells.

Another major preparation for cell division is the
duplication of the chromosomes, so that a full set of
genes can be distributed to each of the two daughter
cells at cell division. But the molecular control of the
switch that regulates the initiation of DNA replication
remain unknown.

These are critical areas, not only because of their
importance for normal cell repioduction, but also
because the conversion of a normal cell into a
cancerous one involves loss of its ability to control its
reproduction. Tightly coupled to this loss is the cell's
failure to continue to perform its normal, specialized.
functions. Thus, cancer cells are characterized by
uncontrolled reproduction and by functional defects.
Both of these changes are considered to derive from

.

one proximate cause, still unknown.

Carcinogens and Mutagens

A paramount question is how certain agents, in whole
animals or in cell cultures, convert a normal cell into a
cancer cell. Particularly puzzling is the extraordinary
diversity of chemical structures active in this regard. It
is difficult to imagine some common aspect among-the
small and largemolecules, which can be water-soluble,
nonpolar, acidic, basic, electrophilic, or nucleophilic.
Since the change is passed on through cell division to
all of, the descendant& of a single original cancer cell;.
in the absence of the original causative agent, the
original cell must have undergone a change in gene
structure or a persistent change in gene regulation.
Indeed, radiation and many cancer-producing chemi-
cals can cause mutations, and tumor viruses (oncogen-
ic viruses) bring additional genes into cells. We may
therefore reasonably hypothesize that cancer is caused
by persistent ,Changes (mutations) in a limited number
of genes that affect normal cell reproduction.

According to this hypothesis, radiation and chemi-
cals are carcinogens largely because they are muta-
gens. The case for radiation is stropgly documented:
All forms Of ionizing radiation and ultrasholet light
radiation are mutagenic and all can cause cancer. -
Admittedly, some evidence suggests that radiation
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may also cause cancer in animals by activating a latent

< oncogenic virus already in the cell or by,aativating a
chemical carcinogen.

A particularly puzzling aspect of carcinogenesis is
the long lagsometimes decades - -that usually inter-
venes between initial exposure fo the carcinogen and .
the appearance Of the cancer. Probably, this, delay will
be understood only when the origin of cancer cells and
the nature of the biological defenses against such cells
are known in greater molecular detail.

A major question about radiation - induced cancer is
whether there is a loWer limit below which radiation
does not cause either irreversible cell damage or
cancer;, that is, is there a safe level of radiation? Some
evidence suggests a threshold below which radiation
does not permanently damage or change cells, perhaps
because the cellular DNA repair mechanisms can keep
up 'with DNA damage when it is infrequent enough.
Other evidence suggests that the mutagenic and
carcinogenic effects are proiportional to the lowest
levels tested. , The question remains open because
human'exposures, to both radiation and chemicals, are
generally to dosage levels far below those tested in the
laboratory. This problem is difficuland it continues to
be the subject ofresearch, -

The proposition .:that chemicil carcinogens are
mutagens is currently under extensive study. Results
of the Ames test, which measures the capacity of a
substance to cause certain mutations in bacteria have
been positive for about 90 percent of the hundreds of
chemicals that are known to be carcinogenic..

Because of this striking evidence, any chemical that
is mutagenio in the bacterial test must tentatively be
considered a possible carcinogen. Yet there is doubt
that mutagenesis may be equated to carcinogenesis.
Considerable effort is being made to substitute mam-
malian, including human, cells in culture for bacteria
in order to develop a more directly applicable test that
is still fast and inexpensive.:

While recognition of the role of environmental
carcinogens has been a major advance, it would be _a
serious mistake to think of these agents as the unique
cause of cancer. Just as in the simpler case of
mutatidns, there is undoubtedly a background rate of
carcinogenesis that arises through the inherent pro-
duction of errors in the piocess of gene duplication,
and by 'background radiation. Mutagens/carcinogens
increase the frequency of such errors.

Tumor viruses also cause cancer in various animals
by altering a cell's genetic makeup, but in this case the
change is not mutational. Rather, part or all of the
viral chromosome becomes integrated into a chromo-
some of the cell. One or more of the integrated viral
genes functions somehow to override the cellular
mechanism that regulate& cell reproduction.

2
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across the membranes has been isolated. More rikeur

1, ly, some insights; hue been developed ink tlle)

mechanism that converts,. metabolic energy into 01°

'work of active transport by such systems; however, tIO

details of this conversion remairta great challenge-
\ Membrane pumps are responsible for the

ably constant concentration of ions (e.g potossinr0
magnesium) in all cells of the mammalian ,bey, Other
molecular pumps in kidney cells, selectively exeretir4
ions and waste products, ensure that the fluid sti',
rounding body.celle (and in the circulation) enjoys 0/1

equally constant, though very different, conipositio0;
In addition, the mechanism responsible for the elect
cal impulses characteristic of nerve cell activity_expla$
transient alterations in membrane permeability.

Studies of the viral induction of cancers have thus
made major contributions torunderstanding viruscell
interactions. It may also be easier to trace the
mechanism of deregulated cell growth when it is

caused by one or very few added viral genes, rather
than by the action of a mutagen that can change any

-gene in the cell. Moreover, there is strong evidence
. that some human cancers gm of viral originfor

example, Burkitt's lymphoma, which is prevalent in

parts of Africa.
The concept that cancer is the result of a genetic

change in a cell bears on the question of a hereditary '
disposition to some kinds- of cancer. Cancers of the eye
(retinoblasioma) and of the kidney in. children involve
inheritance of a specific defective gene from one parent
or the Ether. The basis for the less rigid but seemingly
real inheritance of 'susceptibility to some other kinds of

cancer, such as breast cancer, remains to be uncover-

ed.
In a'sense, any research that increases knowledge of

thte normal and abnormal behavior of cells may have

the potential to increase our understanding of the
cancer cell. But in particular we must continue the
large, effort to. elucidate the molecular mechanisms
that, underlie normal cell reproduction, regulation of
that reproduction, and cell differentiation, as well as
the transformation of a normal cell to a cancerous one.

Cell Membrane land Transport

The various interactions of cells with their environ-
ments intimately involve the cell's outer. membrane.
This extremely thin, continuous barrier prevents cell

componentseven very small moleculesfrom leak-

ing out of the 'cell, and it similarly prevents substances

from entering the cell except . by special uptake
mechanisms. ,

The membrane is essentially a continuous layer of
lipid (fatty) molecules, much like a soap bubble but
stronger. These molecules are closely packed, creating
the impenetrable barrier that separates the cell from
its environment. Special protein molecules embedded

in the membrane between the lipid molecules enable
selective" entry and exit (transport) of appropriate

substances.
Some of these transport systems act as pumps,

,actively concentrating in the cell interior substances
that are present in the environment only in low
concentration. As a result, bacteria grtiwing In very
dilute external environments, such as pond water,
have concentrations of substances inside their cellspjust

as high as bacteria grown in a rich culture medium in .
the laboratory.

In the past two decades, a number of proteins that
bind specific small molecules and transport- them
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Nutrient and ion transport is only one aspect of

research into the interactions, of cells With the'ci

environments. We are only beginning to understate
chemotaxis, the process by Whicil motile cells ser,
and respond to the' presence of substances that cat,
them to change direction of theirlmotion. In bactet0'
for examplein a striking breakthrough-500e niir
lecular components of this process have been recor
nized.

In multicellular organisms, such directed inoVre

ments of cells, far more complex than in bacteria, Of
extraordinarily important and still very;Poorly utidG
stood. White blood cells, for example; find their wPie

toward sites of infectiocri; where they engulf Ow

invading ,. organisms and) destroy them. simile"'
Ad

during embryonic derelopment a myriad of direct'
,cell movements occurs as tissues and organs are beil

u formed, guided by cell-to-cell interactions. Regulate
cell movements also occur in tissue repair Olt
damage and in normal tissue maintenance in an adO

organism. The response of the imniune system (inc104

ing the chemotaxis of white blood cells just me c.
tioned)vimilarly depends on l complex set of sPeciP,ps

. surface interactions among the various kinds of ce.,,

that make up the immune system. The detaiiea
molecular mechanisms of signal and response are
major challenge.

Membrane Receptors

Until recently, only molecules present in soluble fa rip;
in cells or extracts could be purified and identified
biochemical procedures; organized microscopic stele
tures that remained after cells were broken Aes'
(membranes, for the most part) were sornetirYbe
labeled "cell debris"; their components cowl not
separated and manipulated by available teclinice.ii
Recently developed methods, however, can isolate efy
membranes, separate their components, and ident/ot,
specific protein molecules that have the properties



receptors, viz., they specifically bind to some com-
pound.

This extension of biochemical analysis has revolu-
tionized several fie:Os. In endocrinology, which is
concerned with the formation of various hormones in
certain cells, the molecular basis for hormonal actions
on the developmait and the function of various target
cells is being scrutinized! For example, when a steroid
hormone such as an estrogen reaches its, destined
target cells, it binds to specific membrane receptor
molecules and enters the cell as a complex. This
complex migrates to the nucleus where its binding
then turns some genes off and others on, resulting in
major changes in the cell's metabolic activity. Similar-
ly, several powerful bacterial:toxins, such as those of
diphtheria or of cholera, are now known to complex
with specific membrane receptors, enter the cell, and
alter theactivity of specific enzymes.

Finally, the focus on cell surface receptors has also
led to the discovery of a number of novel, hormonelike
transmitters in the brain, which stimulate or inhibit
nearby target cells. Awareness of membrane receptors
and the capability to study them is but a decade old; a
wealth of understanding must surely lie immediately
ahead.

Chromosomes

Chromosomes, whose DNA constitutes the genes, play
a most important role in determining the structure
and function of the cell. In any mammalian cell only'a
small fraction of the genes is active. An important
advance of the last few years has been the discovery
that the DNA is coiled in a highly regular pattern.
Whether this coiling pattern is related to the activity
(expression) of genes in the DNA, and what role other
chromosomal proteins play in chromosome function,
are central questions now receiving major attention.

In ordinary zell division by mitosis all the chromo-
somes in the.ctil nucleus duplicate. The resulting pairs
(still connected) condense into tightly packed bodies,
and then the two products of each duplieation are
pulled apart to form two groups of daughter chromo-
somes In the next step of' this process these two
groups are drawn to opposite sides or the cell, which
then splits into two halves. An identical group of
chromosomes is distributed to each daughter cell.

The essentials of this process, visible in the light
microscope, have been known to cyi-Ologists since the
beginning of the century. Cell biologists 'are now
trying to clarify the underlying molecular mecha-
nisms: What makes the duplicated chromosonies
condense? How and bei what are they moved to
opposite erds of the cell? How does the cell split into
two daught°.rs? What is the motile mechanism so
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busily engaged the division process? (It begins to
appear that this last has features in common with
other aspects of cell motility.)

The Cytoskeleton and Cell Motility

The most obvious form of cell motility is the contrac-
tion of muscle cells to perform mechanical work.
However, cell motility takes a variety of other forms,
such as the beating of flagella (as in sperm, flagellated
protozoa, algae), the waves of movement of cilia
(which, for example, sweep mucus along the lining of
the bronchial tubes of the lung), the streaming of
cytoplasm in a cyclic manner (as in nerve cells, many
plant cells, and algae), and the migration by protru-
sion of regions of the cell (as in amoebae, white blood
cell's, some types of cancer cells, and all animal cells in
culture). All these forms of motility appear to be based
on specialized intracellular protein molecules that are
capable of sliding along one another to produce
contractions, but only in musde is the role of proteins
in the contraction understood in any detail. It will be
necessary to unravel the various mechanisms of cell
motility if we are to understand such phenomena as
cennigration in development, migratory movement of
white blood cells, migration of cancer cells, etc.

Cell motility involves the internal cytoskeleton of a
cell. This structural component, scarcely known to
exist a decade ago, is made up of a system of extremely
thin fibers that determine cell shape and give the cell
its mechanical rigidity. It is not a skeleton in the usual.-
sense, since the cell constantly assembles and disas-
sembies the fibrous components, changing its shape
from minute to minute.

Cytoskeletons are built of microtubules and mi-
crofilaments. Microtubules are rigid fibers that are
constantly growing longer in one part of a cell and
disappearing in another, as their specific component
protein nt:lecules are being assembled or disassem-
bled. Microfilaments are built of a protein, actin, that
participates in muscle contraction, and also creates a
gelatinous texture in parts of virtually all eukaryotic
cells. They arc often assembled into fiber bundles that
function as miniature muscles, providing the force,
against the microtubular network, that changes the
cell gape and causes movement.

The plasticity' of the cytoskeleton is dre.-Latically
demonstrated

/by
changes that occur during cell

division. Immediately prior to division, the whole
cytoskeletil system is disasseraled, and the molecular
parts are recruited to build the apparatus that moves
chromosornes and splits the cell in two. When division
is complete, the division machinery is disassembled,
and the molecular parts reassemble into new cyto-

/skeletons in the daughter cells.
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Finally, the cytoskeleton .is also modulated by
environmental signals that induce the cell to change

directions. Study of the molecular basis of the cyto-
skeleton's dynamic nature-is enjoying rapid progress.

Cell Aging

Normal animal cells in culture undergo aging; ithey

can continue to reproduce for only a finite period,
usually a few months. In contrast, cancer cells grown

in culture are very nearly immortal, reproducing
without limit. The prime example is the human
cervical carcinoma cell known as HeLa, which /was

removed from a patient in the early 190's and is still
reproducing as vigorously as ever.

Normal cells taken from an elderly individual have
shorter _life-spans in culture than those_derived from a

young... individual. This finding suggests that the

limited life span-of-normal cells in culture reflects the
normal aging process of cells in an animal. Much
current research is aimed at relating the possilble role

of the Flange observed in cultured cells, tc the

processes of senescence of animals and at idlentifying
the molecular bases of the immortality of camcer cells-

Cell Differentiation

In the development of a multicellular organism from a

fertilized egg, cells become differentiated, that i§,
specialized to perform particular functions. Since all

these cells contain an apparently full set of genes
(thpugh recent developments suggest that there may
be fine differences), the great differences in their
function and structure are due to differences not in
genetic makeup but :ather in the ensembles of genes
that are expressed and their degreeOf expression. Thus
muscle cells produce large amounts of contractile
proteins, endocrine cells are specialized to synthesize
hormones, certain white blood cells Produce' antibod-

ies, etc. A key element in differentiation is therefore
the molecular events that regulate gene expression-

differently in different cells, and that perpetuate the
differentiated state. In contrast 'to gene regulation in

bacteria, we know virtually nothing about t; es process,

or about the mechanisms by which differentiation
prescribes different lifetimes for different animal and
plait cell types. For many years to come, the problems
of cell differentiation will present a virtually endless

frontier.

CELL FUNCTION AND STRUCTURE IN HEALTH

AND DISEASE'

All diseases in plants and animals are expressions of
the malfunctioning -)f cells of one kind or another,

of a tissue or organ made of specific cells. For
example; circulatory diseases, which currently account
for 48 percent of deaths in the United States, are
mostly caused by the behavior of certain cells in the
walls of .arteries. As a result, patches of 'deposited
lipids, called plaques, form on the inner surfaces of
arteries (atherosclerosis), block the flow of blood, and

serve as foci for formation of blood clots. Recent
research has suggested a resemblance betv;een this
process and cancer; plaques appear to start as tiny
overgrowths of smooth muscle cells in the arterial
wallsomething like a benign tumor.3 The early
stages of this process are visible :n a high proportion of
the aortae of young Americans who die of trauma.

Cancer is a particularly clear example of the cellular
basis of diSease: Its essential feature is a persistent loss

of some, as yet unidentified, normal genetic, regulatory
mechanism, resulting in the overproduction of cells
that are functionally defective. Aging, not a disease
process in ithe 'usual sense, is a result of poorly
undentood losses in the functions of cells.

To increase (our understanding of disease processes
(and aging) we nnust continue the current, broad-based
research on the 'normal structure and function of cells;

continue to investigate the molecular basis of degener-

ative changes or defects in structure and function of
diseased cells; and identify the specific causes of such
degenerative changes or defects. Collectively, these

activities wifti continue to account for a major thrust of
research in cell biology for the next decade or more.

IMMUNOLOGY,

Immunology is concerned with a broad range of
phenomena relating to human disease, Some beneficial

and some harmful. Best known is resistance to
infectious disease, induced either by natural infection
or by artificial immunization. The latter practice has
virtually eliminated diphtheria, whooping cough, Pb-,
liomyelitis, and tetanus in the United States, and
smallpox worldwide. On the other hand, the immune
system can also occasion harmful reactions, including
allergies, rejection of transplants, and various autoim-

mune diseases in which the body reacts against its own
components. The major medical purpose of immuno-
logical research is to enable manipulation of the
immune system so as to augment the beneficial effects

and curtail the harmful ones.
After more than half a century of descriptive

observations, the past two decades have witnessed the
development of deep insights into the cellular, genetic,

and molecular mechanisms of the immune system.
Immunology has also become of great interest to other
biological sciences, more brr,adly taken. It provides a
model system for studying tht. _thallenging problems of



selective gene activation during developinent of the
fertilized egg, and it has provided extremely sensitive,
highly specific analytical tools for quantifying many
compounds. ,

NATURE OF THE IMMUNE SYSTEM.

The main elements in the immune system are lympho-
cytes, small white cells found in the bone marrow,
lymph nortes, spleen,. and circulating blood. One class
of lymphocytes secretes protein molecules called
antibodies or immunoglobulins (Ig). Each individual
lymphocyte makes many copies of one specific anti-
body, each molecule of which can bind very tightly to
two molecules of a given foreign substance (antigen).
As a consequence of binding to antigens, antibodies'
can neutralize toxic products of bacteria, or promote
the uptake of bacteria by scavenger cells that destroy
them, or prevent the penetration of viruses into cells.

Another class of lymphocytes also bears aatibody-
like molecules on their cell surface, bu': does not
secrete them; instead, by means of these molecules
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they can attach to, and kill, cells that carry the
corresponding specific antigen on their surface: for
instance, infecting microbes, foreign (transplanted)
animal cells, and host cells infected with a virus.

Antibody Molecules

The binding sites of antibodies are relatively small
regions, each of which fits the combining site of the
corresponding antigen as precisely as a lock matches a
key. The repertoire of antibodies in an organism is
enor rus: There are perhaps a million.

The total amino acid sequences of several antibodies
are known and their general three-dimensional struc-
tures are apparent (Figure 5). Antibodies of different
specificity hold large regions in common but differ at
their binding sites.

Several distinct classes of human antibodies exist,
each with a unique structure and biological function,
and a set of binding sites for the full range of antigens.
For example, the class called IgE, constituting less
than 0.1 percent of the total antibody population, is

FIGURE 5 Computer - generated model of intact human antibody molecule. The two heavy polypeptide chains appear dark gray and
almost black, both light chains are lighter gray. The almost -white circles near the center make up a complex carbohydrate. (M. A.
Navia. Coordi, ites from E, W. Silverton, M. A. Navia, and D. R. Davies, Proceedings of the National Academy of Sciences 74:5140-
44,1977)
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responsible for allergies. Contact with allergens such

as ragweed rollen or peal,iiiin may proVoke formation
of several classes of antibodies, but only the. IgE
antibodies cause allergic reactions.

Lymphocytes

A number of different classes-Of lymphocytes, with
major differences in function, have been recognized in
the past two decades. This knowledge should lead,
perhaps in":.a very few years, to beneficial control over
formation of these alternative responses to an antigen.

B cells, arising in the bone marrow; are the
lymphocytes that produce antibodies. A mammal
contains hundreds of thousands of different B cells,
each specific for a particular antigen. Each kind of cell

is normally present in very small numbers, but when

such a cell comes into contact with the corresponding
antigen it divides rapidly, and all of its descendants
secrete the same antibody molecule&

T cells are also lymphocytes of bone marrow origin,
but they are processed further, in some unknown way,

in the thymus glandwhose function was unsuspected
20 years ago. As a result of recent research; three
major subclasses of T cells are now recognized, each
with distinct biological functions; within each subclasS,'

different T cells bar- specificity for different antigens.

The killer' T cell is one of our principal defense
mechanisms; it can attack and destroy tissue cells that

have been invaded by certain viruses. Killer T cells

can attack tumor cells, too, at least in experimental
animals; and they are largely responsible for the
rejection of skin or organs transplanted from one
individual to another. The success rate in kidney
transplantation has been increased markedly through
the development of drugs that prevent the multiplica-
tion of killer T cells, as well as through more careful

matching of recipients and donors so that the antigens

present on cell surfaces of tissues from donor and
recipient closely resemble one another.

The helper T cell, once activated by a particular
antigen, stimulates the corresponding B dell to divide

and release antibodies.
The suppressor T cell, discovered very recently,

plays a major role in controlling the level of the
immune response, including the tolerance that pre-
chides us from forming antibodies to our own constit-

uents. An excess of suppressor T cell activity can shut
down the immune response to an antigen, whereas a

deficiency' can lead to an exaggerated response. One of

the most promising areas in immunology deals with
the development of met ods for controlling the level
of suppressor T cells s ific for particular antigens.
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Molecular Basis for Antibody Diversity

When molecular genetics showed that each protein
chain is coded for by a corresponding gene, immunol-

ogy faced a major problem: Could the chromosomes of

a mammal carry a separate gene for each of hundreds

of thousands of specific antibodies? There is increasing

evidence for a quite different mechaniSm, in which the

individual inherits a much more limited number of

genes for antibodies, and mutations in these genes, or
recombinations between them, occur at an exception-

ally high rate in the precursor cells, thereby giving rise

to the gee.' variety of final, differentiated, antibody-
producing cells. This unusual behavior of the genetic

material in these special precursor cells is under
intense investigation.

Cell Fusion; Development of Permanent Cell Lines

Producing Antibodies

Most large antigens possess many different combining

sites, recognized by different antibodies. Moreover,
even* a single such site can be recognized by several

different antibodies of overlapping- specificity. Conse-

quently, when an antigen is injected into an animal,
the antibodies evoked are highly heterogeneous.

This heterogeneity has been a serious obstacle to /

molecular studies on antibody formation, structure,
and function. However, an elegant solution has
recently been developed. If an antibody-producing cell
(which has a life span of only a few days) is fused with

a cell from a certain tumor line (which can be,

cultivated in the test tube indefinitely),, the resulting

hybrid productwhich encloses the chromosomes of
both in a single membranecan multiply and secrete

the desired single antibody indefinitely. These homo-

neous antibodies promise immense variety of appli-
cations, in research and in practice.

APPLICATIONS

Vaccines

Since the nineteenth-o mtury discovery that infectious
agents killed in certe in ways retain the capacity to
elicit antibodies, such preparations have been used as

vaccines with great su :cess in preventing a number of

diseases. Live (attenu ated) vaccines have also been
developed against viruzes (and the tubercle bacillus),
through The use of hartiless mutants. Immunization
against viruses (e.g., polio) became much more feasible

after methods were developed for growing the virus
inexpensively and in large quantities in cultured
animal cells, rather than in infected animals.

Some killed organisms have proved too toxic for use



in immunization. However, the range of effective
vaccines is now being extended by purifying the

'surface antigeni of bacterial cells,. (which are the
components attacked by protective antibodies) and
eliminating the more toxic, deeper constituents.

New vaccines are contributing to the control of a
variety of disorders. Pneumccoccal (lobar) pneumonia
still kills 25,000-50,000 Americans annually (especial-
ly older or debilitated persons), antra vaccine against
the 14 commonest types was licensed in 1978. About
20,000 Americans contract bacterial meningitis annu -.
ally, with around 3,000 deaths, and antigens against
two of the three meningococcus types (A and C) have
been licensed and are now given routinely to members
of the armed forces. German measles (rubella) is a
mild disease, but in pregnant women the virus is often
lethal or damaging for the fetus. Following the 1964
epidemic, some 40,000 infants were born with mental
or otlp:r defects. The virus was first isolated in 1962,
and an attenuated vaccine has now been licensed.

Viral hepatitis A (infectious hepatitis), with about
30,000 cases reported annually in this country, is
usually transmitted by fecal contamination. We have
not learned how to cultivate the virus, and so it has
not been possible to-produce a vaccine against this
debilitating disease. However, with the similar hepati-
tis B (serum hepatitis), an antigen from the virus,
designated as HBs, was accidentally discovered in the
blood of Australian aborigines, in the course of a
search for new blood types (for which it was at first
mistaken). The incidence of this disease, which is
sually transmitted by blood transfusions, has been

markedly decreased by screening all blood being used
for transfusions for this antigen. Moreover, HBs
antigen, isolated from the blood of carriers and then
inactivated, appears promising as a vaccine.

A warning note is in order. When a sufficient
fraction of all children is immunized against a disease
such as pertussis or measles, the incidence of the
disease markedly declines. One result is that nonim-
munized children are very much lesS likely to contract
the disease and develop active immunity. When they,
as adults, travel to countries where the disease is

prevalent, they are highly susceptible to an infection
that is far, more serious in adults than in children.
Similarly, if the very success of a vaccination cam-
paign engenders subsequent carelessness, with a de-
creasing Fraction of children being immunized, the
stage can be set for a future epidemic in the adult
population.

Parasitic Infections

Parasitic infections of man constitute the main health
hazard in tropical regions, where they affect hundreds
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of millions of individuals. In Africa alone an estimated
million children die annually from malaria. A number
of drugs are effective, to varying degrees, against some
of these infections, and vaccines have been developed
against several parasitic infections of domestic ani-
mals. So far, however, vaccines against parasites in
man have not been successful.

Current work on malaria is very promising. The
parasite that causes most human malaria has recently
been cultivated in the test tube. This development
provides a rapid test for antimalarial drugs, and it
should also make many other kinds of research on this
organism more effective and less expensive. The
prospect for a vaccine against malaria in man now
seems bright.

Rh Incompatibility (Hemolytic Disease of the
Newborn)

All red blood, cells have numerous antigens on their
surfaces, including those of the Rh series. If a fetus
inherits from its father antigen Rh-D, but the mother
lacks that antigen, she may form antibodies to red
cells that leak from the fetus into her circulation.
These antibodies, in turn, can reach the fetus and
destroy its red' blood cells. The risk of this disease,
increases with each pregnancy: Fetal cells are particu-
larly likely to invade the mother's circulation during
childbirth, and a second antigenic stimulus elicits a
larger response than the first. Prior to 1968, an
estimated 10,000 infants died of this disease each year
in the United States, and about 10 times as many were
affected. However, the disease can now be almost
completely prevented: Anti-Rh-D antibo, iies. injected
into the mother immediately after each delivery,
prevent her from forming antibodies to this antigen.

Organ Transplantation

Immune responses to foreign tissues are the main
limitation to effective organ transplantation. Kidney
transplants are the most common, but some progress
is also being made in transplantation of bone marrow,
heart, and liver.

Approximately 40,000 Americans with kidney fail-
ure are at present receiving regular dialysis treatments,
at a total cost of over $500 million annually. The
potential economic benefit of transplantation is thus
very large.

Most kidney transplants come from recently de-
ceased individuals, but only about 50 percent of these
grafts have survived for four years, compared with 75
percent of those from properly matched related
donors. However, major developments in th_ past
three years promise to greatly increase the survival



52 SCIENCE
rate of cadaver grafts. Two sets of antigens that are
present on all tissues, designated HLA-A and HLA-B,
have generally been used for matching. In one study in
which tissues were matched as well to a third set
(DR), which is present on lymphocytes, 90 percent of
cadaver grafts survived for at least two years.

There has also been progress in suppressing the ..

immune system of patients receiving transplants, by
using drugs, irradiation, or antibodies to-killer cells.

Inherited Diseases of the Immune System

In several inherited diseases, the production of B
and/or T cells is abnormal, and the patients often
succumb to infections early in life. Some patients can

now be treated with transplants of bone marrow,
thymus tissue, or fetal liver.

Another serious abnormality of the immune system,
hereditary angioedema (a type of giant hives or
swelling), has been traced to alteration in the function
of a component of the complement system (a set of
proteins that interacts with antibodies to increase
resistance to infection). This disorder can now be

successfully managed with a synthetic steroid, which
usually returns complementfunction to normal.

Allergies

The most frequent disorder of the immune system is
allergy. A .serious form, asthma, afflicts about 9
million persons and causes over 2,000 reported deaths

a year.
Allergic reactions are caused by antibodies of the

IgE class, which thus far are known to have only
deleterious effects. Certain white blood cells (baso-
phils) have receptors that can bind complexes of IgE

with correspOridiRg allergens. Binding triggers the
release of substances, such as histamine, that thenact
on' various other tissues, causing such symptoms as
sneezing, rash, or hives. Identification of these agents

can Jead to the development of specific drugs, such as

,the antihistamines, that minimize their formation or
interfere with their action on target tissues. Moreover,
the receptors for IgE on basophils have been identified
in the past two or three years, and this breakthrough
may permit the design of chemical agents that will
interfere with their interaction with IgE.

In another recent advance, certain suppressor T
cells and helper T cells have been found to act
specifically, in opposite directions, on the IgE re-
sponse. Since the balance of the two cell types can be

influenced (e.g., by the dosage and the form of
antigen), this finding offers promise of a rational,
guided approach to desensitization. Another new
approach seeks to block the IgE response, on the basis

0

of the finding that some antigens induce tolerance,
instead of antibody 'formation, if they are linked to
certain nonantigenic large molecules.

Purified specific components of many pollens that
cause allergy are now ..being used to improve diagnosis.
Moreover, these antigens can be used to measure the

amount of corresponding IgE antibody in the blood, a
procedure that has some advantages over the common
skin test for allergy. These purified antigens are also

being used in immunotherapy (also known as. hypo-
sensitization, or allergy shots), which presumably
works by shifting the balance of immune responses.

Similarly, purified venoms of bees or hornets are
proving much more effective in hyposensitization than
the previously used extracts of whole insects. Unfortu-
nately, because the market is limited, and extensive

tests are now required before a new pharmaceutical
product can be licensed, this advance is unlikely to be

made generally available through the normal market-

ing mechanisms.

Autoimmune Diseases

Under ordinary circumstances one does not develop

an immune response to.constituents of one's own body
tissues. However, occasionally regulatory mechanisms

break down and an individual produces antibodies or
active lymphocytes that react with specific tissues of
his body. Such autoimmunity has been implicated in
recent years in an increasing number of important
diseases, including lupus erythematosus, rheumatoid
arthritis, myasthenia gravis, hemolytic anemia, throm-
bocytopenic purpura, Addison's disease, hyperthy-
roidism, multiple sclerosis, Guillain;Barre syndrome,

chronic glomerulonephritis, and possibly pernicious

anemia and certain 'forms of diabetes mellitus. Auto-
immunity may also appear after-tissue damage or an
infection. For example, after a myocardial infarction,
antibodies to heart tissue can be detected, and in
rheumatic fever or glomerulonephritis, which may
follow a streptococcal infection, antibodies to certain'

streptococcal" antigens cross-react with antigens on the

specific tissues.
The mechanisms that normally preVent auioim-

mune responses are referred to as immunologic
tolerance; that is, one is normally tolerant to one's

own tissues or body constituents. The recently discov-

ered suppressor T cells, play an important role in
mediating tolerance, and a major advance in under-
standing is promised by the finding that the level of
specific suppressor Cells and of corresponding antigens
varies with the activity of certain diseases, such as
lupus erythematosus and juvenile arthritis. In addi-
tion, it has been found that killer T cells, which may
be involved in autoimmune processes, can be inactivat-

a



ed by antibodies directed against specific receptors on
them.

This newly acquired .and rapidly increasing under-
standing of the mechanism of tolerance offers promise
of leading, relatively soon. to improved methods for
identifying and, controlling autoimmune processes.
For example, many patients with niyasthenia gravis
have shown improvement after alteration of immune
function by removal of the thymus gland, or by
treatment with steroid drugs.

Immunology and Cancer

It has been possible to transplant tumors, without
rejection, by using highly inbred, genetically alMost
identical mice, which no longer react immunologically
to each other's normal tissues. Certain tumors were
thus found to have characteristic antigens that elicit
immune responses in the recipient host. These re-
sponses are detected because they result in rejection of
a . second transplant from the same donor. The
occasional unexpected spontaneous regression of a
malignant tumor in man may well be due to an
immune response. It has been hoped that immunoth-
erapy would completely eliminate any cancer cells
remaining after chemotherapy, just as the two proce-
dures complement each other in the therapy cf
infections. So far, however, results have been disap-
pointing.

Immunological Analytical Techniques

The extreme specificity of antibodies, combined with
radioactive labeling, has recently led to their wide-
spread use in radioimmunoassay as analytical tools to
measure very low concentrations of many important
biological substances, including hormones, drugs
(such as digoxin, gentamicin, or penicillin), and
metabolic intermediates. A modern clinical laboratory
may run 30 different tests of this type routinely, and
hundreds are used in' research; This approach has
revealed, for example, that many patients with diabe-
tes produce adequate quantities of insulin.but inacti-
vate it with their antibodies.

A powerful derivative tool has been the. attachment
of fluorescent compounds to antibodies. These re-
agents can single out a specific bacterial cell in a
population of other bacteria, or identify organisms in
tissues, making possible much more rapid diagnosis
than that dependent. on cultures. (In Legionnaire's
disease, diagnosis depends entirely on immu-
nofluorescence.)In addition, immunofluorescent stain-
ing of normal cell constituents has become a major
tool in studying the organization and dynamics of
animal cells. For decades antibodies ha. e been used as

The Living State 53

diagnostic tools to identify infectious microbes:
Known antibodies are used to identify an organism
recovered from a patient, and known organisms are
used to detect a rise in antibodies in a patient.

Interferon

Interferon is a powerful antiviral protein manufac-
tured in tiny amounts by the body's own cells when
they are infected by a virus. When this substance is
released, it renders nearby cells more resistant to
infection by any virus. Interferon has proved therapeu-
tically effective in preliminary tests. However, both
research and application are limited by the extremely
small quantities available. Recombinant DNA technol-
ogy may soon alleviate this problem.

FUTURE DIRECTIONS

The past 20 years have witnessed a revolution in
research in immunology, with improved tools for
study at a cellular and a-molecular level. The results
have revealed a cascade of reactions, and a balance
between antagonistic processes, which offer many
opportunities for therapeutic intervention. In addition,
the recombinant DNA technology should soon make
available unlimited quantities of any specific compo-
nent of the system. The next years therefore offer
strong promise of marked increase in our ability to
control both desirable and untoward immune reac-
tions, which are relevant for a large fraction of all
hun.an disease.

NEUROSCIENCE

Neuroscience is the comprehensive research endeavor
that seeks to understand the biological bases of

Photomicrograph of nerve cells. (Fritz Gory. Courtesy of
Polaroid Corporation)
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behavior and experience. The human brain is the most
remarkable and complex structure in the known
universe. Composed of more than .50 billion nerve
cells, each connected with as many as a thousand
other nerve cells, a single human brain has a greater
number ofopossible connections among its nerve cells
than the total number of atomic particles in the entire
universe. This three pounds of tissue is the structure
that has allowed the human species to dominate its
environment, write poetry, compose symphonies,
make war, and undertake- scientific understanding of
the:tosmos and of itself.

Whatever the mind is, it is in the brain. Application
of physical, biological, and behavioral techniques to
the study of the nervous system has just begun to
reveal the way individual nerves function, the func-
tional organization of the brain, the nature of sensa-
tions and perceptions, the way language is organized,
and the physical basis of consciousness. Indeed, by the
twenty-first century, neuroscience may well become
the dominant science.

Study of the brain and nervous system developed as
a Special field within each of a number of traditional
disciplines; anatomists worked on the structure of the
brain, chemists focused on its chemistry, physiologists
studied the electrical activity of nerve cells, psycholo-
gists analyzed the behavioral functions of various
parts of the brain, and so on. Only recently, these
efforts began to merge as the single enterprise called
neuroscience.

The goal of neuroscience is a comprehensive scien-
tific understanding of the nervous system and brain,
particul3ily the human brain, extending to the final
product of the brain's activity: behavior and experi-
ence. With this understanding should come treatment
for many mental and neurological disorders; psy-
choses such as schizophrenia and depression, mental
retardation, learning disabilities, stroke, blindness,
Parkinson's disease, multiple sclerosis, head and spine
injuries, drug addiction, muscular dystrophy, myas-
thenia and even, if we are very lucky, more effective
approaches to the prevention of crime and war. These
are, of course, long-term goals. The young field of
neuroscience has made impressive advances in the past
few decades and will' accomplish much more in the
next few years. This report is focused on the immedi-
ate past and futute.

THE NERVOUS SYSTEMA BRIEF OVERVIEW

To facilitate discussion of recent achievements and
prospects, it may help to begin with a brief summary
of the subject matter of neuroscience: the nervous
system. In vertebrates, the brain and spinal cord are a
continuous structure that is termed the central ner-
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vous system (cNs). The peripheral nervous system
comprises the various nerves that lie outside the CNS,
mostly sensory nerves that convey information from
receptors to the CNS ,and motor nerves that convey
commands from the CNS to muscles.

Although many invertebrates have rather differently
organized nervous systems, 'some of them relatively
quite simile, the basic plan, of the human nervous
system can be traced back at least to the worm, with
its tubular nerve cord.. Even in'the worm, the head end
of the nerve -cord is enlarged to accommodate the
specialization of the front end of the worm for sensing
and feeding. The human cNs, maintains this basic
tubular organization from the spinal cord up to about.
the middle of the brain. However, the tube's front end,
the forebrain, is enormously expanded and laid back
over the core tube tcr forminosthe matter-we call

the "brain."

The Neuron

During the nineteenth century the gross structures
and subdivisions of the brain were described by
anatomists. However, the nature of these structures
was not at all clear. The Spanish neuroadatomist,
Ramon y Cajal, mapped out the detailed microscopic
structure of the subdivisions of the brain and establish-

'ed the neuron doctrine, viz, the nervous system is

composed of a great many discrete cells, the nerve
cells or neurons; that influence one another by specific
connections in a highly patterned manner. These
connections are termed "synapses." ',The electron
microscope revealed that a synapse is not a direct or
continuous connection but rathera very close approxi-
mation (about 20 millionths of a millimeter) between a.
terminal of one neuron and the cell membrane of
another neuron. On a typical neuron in the brain are
hundreds of synaptic endings from Other neurons.

The characteristic neuron has a central cell body,

containin the nucleus and much of the biochemical
machinery of these specialized cells. From the cell
body extend fibers as long as 3 feet in man and over 60

feet in the whale. Most chemical substances in the
neuron are synthesized in the cell body, \and then
transported out to the fibers. The principal fiber, the
axon, conducts information to an end-organ, for,

instance, muscle, or, in the brain, the end of the axon
subdivideS into numbers of small fibers that end in '
synaptic terminals on other neurons. Other fibers;
dendrites, are specialized to receive information from
synapses with other neurons, as, is the membrane of
the cell body itself.

The brain, then, is essentially a vast network of
interconnecting neurons. Each neuron receives infor-



Illation from other neurons or from sensory receptors
and transmits information to still other neurons or to
muscles or glands to produce behavior. All stimuli
impinging upon us, all sensations, thoughts, actions,
and feelings, must be "coded" into the languages of
the neuron. A particular neuron is affected at all times
by many other neurons, some of which 'activate, some
inhibit, in a graded-deciSion process. When the sum of
these inputs activates sufficiently, the nerve cell
transmits this information along its axon fiber by
propagating an electrical action potential(the all-or-
none digital language of the nerve fiber), which
reaches to all the distal presynaptic endings of the
axon. The basic processes of neuronal activity thus are
synaptic input, the action potential and synaptic
transmission.

Pesearch in the 1940's and 1950's, primarily in
England and the United States, led to an understand-
ing of the nerve action potential. This electrochemical
process, a wave of altered potential across a localized
region of cell membrane, travels down the axon at a
speed of 10-50 meters per second to all the synaptic
terminals of that neuron. Once started, the action
potential runs its course and is not normally
influenced by other processes in the nervous system.

When the action potential arrives at a presynaptic
terminalthe end of the axon that forms the synaptic
connection to another neuron or muscle fiberthe
presynaptic terminal releases a small amount of a
chemical substance. This substance, called a transmit-
ter, diffuses 'across the narrow synaptic space and
binds to specific receptors, protein molecules lodges in
the membrane of the second or,postsynaptic neuron.
This binding causes a small change in the electrical
potential across the postsynaptic membrane, most
prominently in the immediate vicinity of the synapse.
For the entire neuron so affected, the change is also
graded; the more synapses that are thus active at any
moment, the greater the total change.

Several different compounds are now known to
serve as synaptic transmitters. They are all relatively
small molecules (molecular weights 150-3,000) that
are either normal constituents of most cells, e.g.,
amino acids, such as glycine and glutamic acid, or are
made from such, e.g., noradrenaline, acetylcholine,
peptides, y-aminobutyric acid (GABA). A given sy-
napse uses only one chemical transmitter, and a given
transmitter affects the receiving neuron in only one of
two modes: excitation or inhibition. Excitation stimu-
lates the neuron, ultimately to the point where it
generates an action potential that travels down the
xon to influence other neurons. Inhibitibitinakes the

neuron less likely to generate an action potential in
response to excitation from other synapses. Important-

_ ly, at all synapses there is a mechanism that rapidly
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removes the transmitter, terminating its effect within a
few milliseconds after it has been released.

With the exception of "electrical" synapses in
certain invertebrates and in a very few locations in the
mammalian CNS, information is transferred from the
axon terminal of one neuron to the cell membrane of
another only' by a chemical transmitter. This fact,
which has been clearly established only for the past 25
years, has extremely important implications. A chemi-
cal synapse is, by its very nature, modifiable; other
chemicals, hormones, drugs, the local environment of
the neuron, and perhaps even its past experience, can
influence the synapse.

The chemical synapse has become a unifying
concept in neuroscience. Most drug actions on the
nervous system occur at synapses. Different types of
drugs ban have different types and modes of action at
the same synapse; one drug might block the release of
chemical transmitter, another might occupy the bind-
ing site on the receptor in place of the normal
chemical transmitter substance, and so on. In a similar
vein, various hormones appear to exert their influences
on the brain by attaching to specific hormone-binding
receptors on the surfaces of certain sets of neurons,
particularly in the brain structure 'termed the hypo-
thalamus, which is closely connected to the pituitary
gland.

Important behavioral phenomena like motivation
appear to rest on such mechanisms. The experience of
"thirst" is due to the action of a "thirst" hormone,
activated by the kidney under appropriate conditions,
which attaches to and activates certain sets of neurons
in the brain. Although adequate evidenceis lacking,'it
seems likely that learning and memory, the bases for
behavioral phenomena in humans, rest, on persistent
changes in :chemical synapses in certain regions and
systems Of the brain.

General Structure of the Brain

The brain is traditionally described as consisting of
several major levels. The lowest levelthe brain
stemis, evolutionarily, the oldest part of the brain,
shared relatively unchanged with primitive verteb-
rates. It is essentially an upward elaboration of the
spinal cord, important to certain specialized senses
and to such vital regulatory and ,reflex functions as
breathing, cardiovascular activity, and digestion.

The next major step in brain evolution was the
development of the limbic system, about 150 million
years ago. It controlled primitive behaviorsanger
and Attack; fear and flight, hunger, sexual activity

, and has been the highest region of the -brain for
reptiles like the crocodile. The limbic system remains
well developed in the human brain, although it is in
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some ways much changed and may serve rather
different functions. However, it is overshadowed by
the cerebral cortex, even in lower mammals like the
rat. Over the course of evolution of- the mammals
there has been a steady increase in the relative size of
the cerebral cortex. The cortex is a complex neuronal
structure about two millimeters thick, that overlies
most of the brain, much like the rind on an orange. In
higher mammals it becomes increasingly folded and
convoluted, so-that its total area and extent 'are much
increased. It is the dominant brain structure in
primates. '

The evolutionary development of the 'cerebral
tex that separates human from ape began only about 2
million years ago and proceeded at a rate unprecedent-
ed in the earlier evolutionary history,of the brain. The
human cerebral cortex has existed in its present form
for only about 100,000 years. And the rational and
abstract thought and subtle feelings of the cortex do
not always dominate the surges of cruder feeling from
the reptilian core, the limbic system, within.

'Another way of looking at the organization of the
brain is in terms of systems that have been identified
by observing the effects of experimental lesions in

animals or accidental lesions in humans. The sensory,
systems convey information to the brain from the
various receptors; the motor systems control the
muscles (and glands) and hence generate behavior.

For humans, the most important sensory systems
are the visual and auditory. To take the visual system
as an example, light entering the eye activates recep-
tors in the' retina at the back of the eye. This visual
information undergoes considerable processing by
succeeding laYer of neurons in the retina. This
processed information is then transmitted to the brain
by the optic nerves. Within the brain, the information
.receives further processing in a portion of, a region
called the thalamus, which then transmits the infor-
mation. to the visual regiOn of the cerebral cortex,
where still further processing is done. Thus, sensory
systems extend from the' receptors, through various
brain levels, to the cerebral cortex.

Motor systems of the brain are those sets of neurons
and pathways most directly involved jn the control of
muscles. Most behaviois that we observe in others are
muscle movements, sequences of contractions and
relaxations control} f4 by the motor regions of the
brain. Motor eur-ons, with cell bodies in the spinal
cord and brain stem, send their axons out of the CNS to
innervate muscles of the body and head.'Higher order
systems and structures in the brainranging from
reflex pathways in the spinal cord and brain stem to
elaborate, specialized structures like the cerebellum,
the basal ganglia,7and the motor region of the cerebral

cortexplay on these motor neurons. The microstruc-
ture of the cerebellum is surprisingly constant from
reptile to human. It plays an important but not fully

understood role in regulation and coordination -of
movement. The basal ganglia, large structures lying
mostly under the cerebral cortex in the forebrain, are
somehow involved in the control of movementPar-
kinsonism is a disorder of the basal gangliabut their
functions are very poorly understood.

The limbic system, noted above, is generally be-
lieved to be concerned with the motivational and
emotional aspects of behavior. It consists -of several

large and ancient structureshippocampus, amygda-
la, septumclosely interconnected with each other
and with the hypothalamus, a very ancient structure
at the upper end of the brain stem consisting of a
ntImber.of small groups of nerve cells that exert rather
direct and powerful control over hunger and eating,

thirst and drinking, sexual behavior, pleasure and
pain. The hypothalamus is adjacent to and closely
connected with the pituitary gland, the master control
gland of the endocrine system.

Another very important brain system is the reticu-
lar formation, a collection of groups of nerve cells and
fibers that ascends in the core of the brain from, the
spinal cord up to the level of the thalamus and has

close conections to the hypothalamus. The reticular
formation appears to play a critical role in the control
of sleep and waking. Also, those neurons that utilize
noradrenaline and serotonin as transmitters have their
cell bodies only in certain regions of the reticular

formation.
It must be emphasized that the various brain

"systems" are in part useful abstractions. They' are
categorized as systems largely on the basis of what

appear to be close anatomical interconnections or
apparent functional similarities. So little is yet known
about' many regions and structures of the brain that
current desbriptions of brain systems must be viewed
with reservations. For example, the hippocampus is a
large structure in the limbic system, whose functions

'are believed' to be motivational, and emotional. Yet
recent evidence indicates that the hippocampus plays a
critically important role in learning and memory in

humans and other mammals. Much of the excitement
in neuroscience today stems from the fact that so little
is yet knownit 'is a field of science that has only
begun.

Some Aspects of Neuroanatomy

Neuroanatomy is' in the midst of a revolution, due
largely to techniques developed in the past 5-10 years
for the tracing of "pathways." Methods for tracing the



connections of -neurons were difficult, unreliable, and
time consuming until the development, in the early
1950's, of a technique based on the 'fact that, if a cell
body or axon in the brain- is destroyed, the axon
'terminals' that connect to other neurons will degener-
ate. At a certain phase of this degeneration, the
terminals selectively absorb silver salts, which can
then be visualized with a microscope, revealing termi-
nals ar removed from the .cell body, thus permitting
trac;-,g of remote connections. ji

Recent tracing techniques, which work with un-
damaged. brain, ,make use of the fact that neurons
transport various substances along their axons. Thus,
radiolabeled amino acids, injected in the vicinity of
cell bodies, are absorbed and transported to the axon
terminals, where they can be visualized by appropriate
techniques. Conversely, the enzyme peroxidase is
taken up by nerve terminals and transported back to
the cell bodies, where it can be stained and visualized.
Many laboratories are now using these methods ,to
trace out the wiring diagiams of the brain. Not only-is..
new circuitry being plotted;' someof the classical
connections in the brain are being shown not to exist.
More has been learned about the circuitry of the brain
in the past 10 years than in all previous history.

A recent technique of great promise depends on the
fact that neurons, like all -other cells, use glucose as
their fuel. A radiolabeled substance (deoxyglucose)
that is chemically similar to glucose but not metabo-
lized by neurons is injected. Neurons take up this
substance and accumulate it in proportion to their
levels of metabolic activity. It is thus possible to
determine the effects of various conditions, such as
sensdiy stimulation, on the activity of specific regions
and neurons in the brain. Moreover, if the isotope used
for labeling the deoxyglucose,decays by positron or y-.
ray emission, localization in the living, intact brain
can be achieved from without.

A method that is just being. developed utilizes
antibodies- to label certain classes of neurons in the
brain. As an example, y-aminobutyric acid, a trans-
mitter operative as an inhibitor at certain synapses, is
synthesized by the action of the enzyme glutamic acid
decarboxylase (GAD). APplicatiOn of radioiSotopically
labeled antibodies specific for GAD permits iden-
tification of all neurons that use this transmitter. In
principle, analogous procedures can be developed for
most of the known transmitters.

Another important approach to analysis of the
structure of the nervous system is/electron microsco-
py. The ultrastructdre of neurons and synapses is
being catalogued at a rapid rate. New methods such as
freeze fracture Permit ever_ better visualization of fine
structure, which, one day, will enable better Sunder-
standing of the functional properties of neurons.
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FUNCTIONING. OF INDIVIDUAL NERVE CELLS'

Axonal Conduction

The achievements of neurophysiology in the past 30-
years have been monumental. As indicated above,
considerable understanding has been gathered con-
cerninglhe two basic processes of the neuron: axonai
conduction and synaptic transmission. These advances
depended upon the development of electronic appara-
ttis for amplifitation, display, and analysis of the tiny
electrical signals 'geneiated by individual neurons, and
upon the use of the microelectrodea very slender
wire that can be placed, close to or inside a neuron.

The action potential generated by a neuron can be
recorded by inserting a tnicroelectrode so that its
conducting tip is very close to a specific neuron. When
the neuron fires, the action potential is recorded as a
brief (1/1,000 second) wave, a "spike," thus permit-
ting examination of the pattern of activity of that
neuron under various circumstances. The method has
been applied in studies of the various-neuronal sources
of aspects of behavior, such as, sensory processes,
Motor systems, and learning, and will be discussed
later in these contexts.

Microelectrodes inserted inside a single neuron
allow measurement of fhe potential across the nerve
cell membrane. The normal resting potential across
the membrane is about 70 millivolts, with the inside
negative. When synaptic excitation occurs, the trans-
membrane potential of the affected region of the
postsynaptic membrane becomes less negative (depo-
larized) until it reaches the spike discharge threshold
required to generate an action potential' that sweeps
down the axon. In synaptic inhibition /the local
potential becomes more negative-than at rest (hyper-
polarized). Hence it is possible to measure the synaptic
effects of other neurons on a given neuron.

A major area of current research is concerned with
the molecular basis for the events registered as the
action potential. Much of current knowledge rests on
studies of the giant axon of the squid. thp immediate
consequence of excitation is a sudden, briefopening of
ion channels ("gating") in the membrane so that
sodium ions kNalwhich otherwise are blocked from
diffusing into the neuronrush in; this is followed by
the exit of a lesser number of potaS'sium ions. (K*)
through .a separate set of channels. This is the
mechanism of depolarization. An ion channel, appears
to be a micropassage through a specific protein°
molecule that traverses the membrane, opened or
closed by a subtle change in the three-dimensional
conformation of the protein. It is the transiently
lowered potential across one region of membrane that
causes opening of the "gates" in the adjacent, region.
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The toxic principles of the puffer fish (tetrodotoxin), of
Gonyaulax, the dinoflaiellate that causes "red tides"
(saxitoxin), and of the scorpion, all of which affect the
nervous system by binding to the gating protein° on the
outside surface of the membrane, have been invaluable
in the study of this process. Shortly after the influx of
Na.*; a .special enzyme, close by in the membrane,
util4es the energy of ATP to pump these ions out,
through channels in the pump itself, until the resting
pote'ntial is restored: At each locus on the axon the
entire `cycle is complete in about two milliseconds.
This pair of phenomena occurs consecutively down
the full length of the axon, accounting for the sweep of
the action potential. The ATP-dependent sodium
pump-protein binds and is inhibited by cardiac glyco-
sides, such as ouabain, accounting for their effects on
the conducting system of the heart and elsewhere.

Synaptic Transmission

The immediate events leading to the release of
chemical transmitter at the presynaptic axon terminals
when the action potential arrives at the terminals are
also becoming clearer, as are the events that occur
when released transmitter arrives at the postsynaptic
membrane receptors and excites or inhibits the next
neuron.

The enormous growth of general biochemical un-
derstanding in the last generation has had, a marked
effect on neuroscience. Thirty years ago neurochemis-
try was largely preoccupied with the structures of
unusual lipids that occur in the nervous system.
Unraveling the detailed structure of the insulating
myelin sheath wrapped ardond the larger, more
rapidly conducting, nerves was a great triumph;
multiple sclerosis is the consequence of demyelination
of certain nerves. A number of diSorders of the
nervous system, such as Tay-Sachs "disease, involve
derangements in the metabolic pathways of these
special compounds, and work in this area is continua

ing, For the past 10 years, however, the main
preoccupations of many neurochemistS have been the
chemistry of synaptic transmission and nerve mem-
branes (Figure 6). The rapid expansion of understand-
ing of these areas has been rewaiding; already this has
led to major ..niprovements in the treatment of some of
the commonest of human ailments, and the prospects
for rapid progress are bright. ti

By5the 1950's" only two chemical substances, had

been positively identified as neurotransmitters: acetyl-
choline and norepinephrine. It now appears that there
are probably over 20 different compounds used as
transmitters in various parts of the nervous 'system.

Since chemical transmission, was first established by

Loewi in 1921, there has been general awareness of a
similarity between the actions of hormones and of
nerve transmitters. Each system involves the secretion
of a special chemical by a specific type ofcell, and this
compoiind acts by binding and modifying the proper-
ties of a special protein molecule, the receptor, lodged
in the membrane of a second,, recipient, cell. The main
difference between hormone action and synaptic trans-.

'Mission lies 'in the directness of the ,action. Most
hormones are released into the circulation and travel a
great distance before finding a receptor, whereas only
a miniscule fraction of a millimeter separates the /
release site' of a transmitter from its receptor; the effect
is virtually instantaneous. There is little chance, then,
that the transmitter can affect receptors remote from
the junction where it is released.

The most thoroughly studied synapses are those
employing acetylcholine, thanks to their abundance
and easy access in the electric organs of the sting ray
and the electric eel. These have revealed that in the

./presynaptic terminal are collected miniature packets
of transmitters,bound to a protein and'wrapped in a
thin membrane (vesicles); entire vesicles are dis-
charged into the synaptic space when the action
potential arrives. The vesicles burst, acetylcholine
binds to a receptor protein on the postsynaptic
membrane and this somehow, occasions the opening

of Na* channels; exciting the postsynaptic cell. The
effect is fleeting since, in the presynaptic membrane,
there is an arrangement that, rapidly withdraws
acetylcholine Wick to be repackaged while in the
postSynaptic membrane there is an enzyme (acetyl
cholinesterasi) that can degrade (hydrolyze) all of the
acetylcholine in the synaptic space within o.netwo
milliseconds. The Na` channels close, excess Na' is

expelled by the "pump," and the way is then clear for
another bUrst of transmitter.

The entire synaptic arrangement' is accessible to
chemical agents from the outside. °Thus, botulinus
toxin specifically_ prevents the release of transmitter
vesicles to the synaptic space; nicotine \mimics the
action of acetylcholine on the receptor; the4oxins of
certain snakes such as the cobra and the krait
(bungarotoxin) specifically bind to and inactivate the
postsynaptic receptor.protein; tubocurarine, the active
ingredient Of curare, acts somewhat like bungarotoxin
but only On those acetylcholine receptor proteins
where motor nerves synapse on muscles; the drug
prostigmine reversibly inhibits acetyl cholinesterase
whereas certain "nerve gases," for example, diisopro-
pylfluorophosphate (DIFP), irreversibly inactivate this
enzyme. This accessibility offers enormous 'potential
for the development of drugs that can, modify 'or
control synaptic function. Ironically, one disease,
myasthenia gravis, appears to be the consequence of
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FIGURE 6 (a) Nerve impulses and
chemical transmitters. Cued by a nerve
impulse, synaptic knobs deliver short
bursts of a chemical transmitter into the
synaptic cleft. Mitochondria supply the
cells with energy. (b) The transmitters,
which are stored in synaptic vesicles,
require only a few microseconds to
diffuse across the synaptic cleft and to
attach to specific receptor sites on ..the
surface of the adjacent nerve cell. The

'probable pattern of movement, as shown
here; is that synaptic vesicles move to the
cleft, discharge their contents, and then
return to the interior for recharging.
(From "The Synapse," by Sir-John
Eccles, © January 1965, Scientific, .

o American, Inc.)
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line receptor protein.
',It is not clear what advantages accrue from, tl* fact .

that there ' are more than one excitatory and one
inhibitory transmitter substance with each synapse,
specific for only one transmitter. Perhaps it is but a
relic of independent evolutionary history of different
systems within the brain, 1;

At least three transmitters norepinephrine, dope-
Mine, and serotcininfunction attheir synapses in a
manner similar' to the action of certain hormones
elsewhere in the body, in that their' binding to their
postsynaptic receptors activates an enzyme that syn-
thesizes a subStance called cycl14 adenylate (CAMP)
and the latter, in some manner, initiate's the membrane
depolarization that starts conduction of impulse
down the axon. And again, at each suc synapse there
is a very efficient mechanisin for rapid' removal of the

specific transmitter. Agents aite known that specifically
affect various components of these synaptic mecha-
nisms, for instance, cocaine and reserpine .block the
mechanisin that reabsorbs norepinephrine, theophyl-
line prevents degradation of-. CAMP, and lysergic
diethylanlide(LsD) prevents binding of §erotonin to its
receptor.

perhaps half of all synapses are inhibitory rather,
than excitatory; binding of their trInstriitters fo the
receptor appears to occasion inflow of Chloride ion
(C1-) rather than Na', thereby hyperpolarizing the
postsynaptic.. membrane. y-Aminobutyrate was the
first such transmitter to be recognized; the simple
amino acid glycine- appears to so serve at /most.
inhibitory synapses in the brain. The convidsibn,-in-
ducing drugs piCrotoxin and strychnine, as well as bee
veriom, block binding of y-aminobutyrate and glypine
to their respective receptors.e
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Polypeptides of the Brain

A huge sew, chapter in understanding the brain has
barely been opened. It has been known for some years

- that a series of "releasing factors" flows from the
hypothalamus to the pituitary, each specifically signal-
ling the latter to 'release one of its specific hormones.
The 'short connecting vein may be regarded, strategi-;

- cally, as an exaggerated synapse conveying transmit-
ters.' The latter, the releasing factors, have been

'identified as a set of small polypeptides. Stirprisingly,
these-polypeptides, such as somatostatin and thyrotro-
pin releasing factor, have been found widely distribut-
ed in the higher levels of the bfain, including at certain
synapses. So too is a family of other,polypeptides, each
of which was also first recognized in some other
connection, for example, the hormones gastrin and
cholecystpltirtin, and other less familiar peptides. In
some areas, they seem to serve as synaptic transmit-
ters, while in other region's, a given polypeptide may
.merely be released by one or more nerve cells, free to
diffuse aid slowly influence dozens or hundreds of
celis, in their surroundingsa mechanism appropriate
to mood rather than perception or action. Thus,
information transfer in the brain occurs only in part

- throigh tightly wired connections. It seems likely that
there are many more functional polypeptides than
have yet been recognized, evoking an image of the
brain as a unique endocrine organ controlled by its
own secretions.

Thug the still incomplete but greatly improved
understandingl of the chemistry of synapses has had
profound effects on pharthacology.. As we have seen,

-,many drugs, old and new, have effects at one, or
another stage in these sequences of events involving
nerve transmission. Some prevent release by the first
nerve's terminals, some mimic the transmitter, some
actually are transmitters, others prevent the removal
or-destruction of transmitter, still others are involved
in the metabolism of CAMP reactions, or block receptor
actions. Knowing roughly how nerve-to-nerve junc -.
tions work, even when the knowledge is incomplete,
makes it much easier to invent new drugs and predict
their actions, and:to use older drugs more effectively.
Even the unwanted side effects of new drugs have
occasionally had a great impact on understanding of
disease.

The current treatment for Parkinson's disease offers

a good example. Parkinsonism, the cause of which is
still in-doubt, and whiCh is characterized by 'tremors
and stiffness of the limbs and ,difficulty in getting

, movements started, originates in the brain structures
termed the basal ganglia. A few years ago, high
concentrations of the transmitter dopamine were
found in normal basal ganglia.. But, in Parkinson's

eg;

disease, in which these structures are visibly abnormal,
dopamine levels w re much below normal, suggesting
that administration f dopamine to Parkinson patients
might relieve their symp s. Whereas dopamine does
not cross certain barrier embranes that separate the
brain from the blob ream, its metabolic precursor,
dioxyphenylalanine (L-dopa), can cross these barriers.
When L-dopa was given to Parkinsonian patients it

was found to be amazingly' effective in relieving the
symptoms of many, an elegant example of the use of
basic scientific knowledge in designing rational theral
py.

NEURONAL BASES OF BEHAVIOR

The central concern of this branch of neuroscience is

to understand what happens in the brain and spinal
cord when an organism perceives, thinks, learns,
remembers, feels emotion, speaks, is motivated, and
acts. Most neuroscientists take it for granted that to
understand the mind means to understand the brain,
and that it is within the capabilities of humans to do
so, one day. Progress in the field in the last 25 years,
has certainly not discouraged this view.

Work on the structure, functioning, and chemistrY
of neurons and synapses has provided a powerful
armamentarium of methods and techniques to tackle
the neuronal mechanisms underlying basic ,aspects of
behavior and experience. To take only one example, by
recording the action potentials of a ,neuron in the
visual part of the brain. it is possible to deterrriine the
manner in which nerve cells represent or "code"
various aspects of visual stimulithe neuronal basis of
sensation and perceptual experience., Recording the
action potentials of individual neurons is being used
successfully in the analysis of motor systems of the
brain, and of neuronal activity associated with motiva-
tion, sleep, learning, and memory.

Genetic and Developmental Roots

The extent to which behavior and even brain structure'
is we to genes or to. environment (the "nature
nurture" issue) is no longer viewed as either-or but
rather as a ,continual process of interaction. To
understand how the brain develops into its adult form
is a stupehclous problem. Brain development can
usefully be' separated. into development before birth,
which is largely programmed genetically, and after
birth, when both genetic and environmental influence's

are at work. Regrowth of the nervous system after
injury involves similar problems.

A central problem in development is the way in
which the genome is translated into an Organism. For
the nervous system, this involves such matters as the



cell-to-cell connections within 'carious structures, mu-
tual spatial relationships among cells and structures,
and their connections with distant structures. For
exampk, consider the connections between the eye
and the brain. The optic nerve contains about 1

million fibers that originate from the retina; each fiber
is connected to a tiny part of the retina and any one
part of the retina is represented by a small number of
fibers. These all connect to a platelike layer of brain
cells in a systematic way. Each region of retina
connects to a particular region on this plate; the retina
can be regarded as being "mapped" onto the plate.
During development tine optic nerve fibers grow out of
the retina, reach the plate, and distribute themselves
with absolute topographic precision. How each fiber
finds the right destination is not known.

Other specifically wired sets of cablelike connections
between topographically mapped areas are common in
the nervous system. Hew such precise wiling is laid
down temains a great tinsolnii problem that is the
focus of intense research activity, frequently involving
experiments in-which a nerve is cut and allowed to
regrow. One can rotate the target tissue, such as an
eye, remove half of it, or remove half the source of the
growing nerve cable, and see whether the fibers regrow
properly. In amphibia this occurs with high precision.
But in a number of comparable clinical circumstances,
nerve regrowth is chaotic. For example, if the nerve
growing to a muscle in the hand is severed, regrown
fibers rarely find their proper targets, and the result
may be almost as bad as paralysis.

The prospects are reasonably good that in a i.lecade,
or so we will have learned how nerves seek their
targets. More pointedly, there might be gained the
insight so badly needed to give direction to attempts to
stimulate the regrowth and reconnection of a severed
peripheral nerve trunk or spinal cord.

An important area of studies concerns the develop-
ment of nerve-nerve and nerve - muscle junctions.
When a developing nerve reaches a muscle, it induces
changer, in the muscle membrane it innervates.- Sy-
napses appear and the transmitter substance at'these
junctions sometimes changes as the structure matures.

A promising tool for studying development is the
use of genetic mutations. Mutant mice have already
improved' understanding of a few Numan neurological
diseases, including retinal dystrophy (a cause of
blindness) and var:t us cerebellar diseases. Work with
mutant strains of fruit flies' offers great proinine of
illuminating the genetic control of neural develop-
ment, and studim of nerve tumor cells in culture 'Inay
shed light on the basic aspects of neuron developiment.

The potential importance of developmental swirlier
is great, not only for what they reveal of how the brain
works, but because many neurological conditions seem
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likely to be developmental. These include most birth
defects, Down's syndrome, muscular dystrophy, com-
mon epile;cies, and a number of rarer diseases.

Sensory ProcessesThe Neural Basis of Sensation
and Perception

Recent progress iii the analysis of neuronal aspects of
sensationvision, hearing, touch, pain, smell, and
taste -has been rapid. Sensation is probably the most
active and highly populated area of neuroscience. This
is due} in part, to the fact that one can study sensory
systems in anesthetized animals. The main strategy
has been to record from single cells using microelec-
trodes in the appropriate part of the brain while
stimulating with sound, light, or other stimuli. The
specific problem with respect to the visual part of the
brain is how the brain interprets the messages it
receives from the light receptive cells of the retina. A
fairly satisfactory knowledge has been gathered of the
molecular events whereby absorption of light by the
pigment, in the retinal cells engenders an action
potential' or "message." These messages have been
followed into the brain for some six or seven stages,
including the part of the cerebral cortex concerned
with vision. The retina is now one of the best
understood structures in the net .,ous system. Inciden-
tally, color blindness, an inherited condition that
affects a significant percentage of the male population,
results from absence of one of the three proteins used
to make the light-sensitive pigments in the cells of the
cones of the retina.

A typical cell in the visual cortex responds actively
(generating action potentials in rapid succession) when
light shines on the retina, but only when the pattern is
exactly the right one for the cell. For example, a cell
might respond to a tiny line shaped out of light
shining in just the right part of the retina and tilted in
just ',the appropriate way. Such a cell would not react
to a line anywhere else in the retina or with a different
tilt. Since them is a huge area of the visual world
where a line may fall, and tilts include every angle
around the circle;this obviously requires that there be
a huge number of cells in the visual cortex. /

This brings us, only a little way toward knowing
how we see, but it approaches that goat more closely
than could have been imagined 20 years ago. At least
one region of cerebral cortexthe size of a few
postage stamps as compared with roughly 1 1/2
square feet of human cortexcan be understood and
in rather simnle terms. Of course 'here is far more to
be learned ,about the visual cortex, and other areas
may not be as easy to study. Nevertheless, in principle;
the cerebral cortex is capable of being understood, and
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these results grezdy mecliragc attempts to understand
other areas.

An unexpected by-product of this new knowledge
about the visual 'cortex was the irssibility of investi-
gating what goes wrong when a yul.Ing child becomes
cross-eyed or develops cataract. Experiments in ani-
coals showed that, in these cases, the visual cortex
soon loses its correct connections. As a resvit, such
children now have corrective surgery as early as
possible.

T. nroperties of the individual neural elements of
the visual cortex have yet to explain sensation, and the
higher-order influences of the visual neurons on
"association" areas of the cortex, processes that may
underlie perception, remain unknown. Hopefully, as
understanding of sensory systeMs increasesand it
seems likely that the auditory system will come to be
understood as well in the next 5-10 years as the visual
syStem is now approaches to effective prostheses for
the devastating disorders of blindness and deafness
May emerge. Indeed, there are promising indications
that,in certain forms of deafness, differential electrical
stimulation of auditory nerve fibers may produce
"hearing," even understanding of speech.

Motor SystemsThe Neural Basis of Movement

That a particular region of the cerebral cortex
produces movement when stimulated electrically was
demonstrated just over a hundred years ago. Long
before that, however, physicians knew that injury to
the brain produced paralysis Qr difficulties in move -'
ment. In recent years, the neural correlates of move-
ment have been widely studied, using a variety of
anatomical, physiological, and chemical techniques.

From these investigations has emerged the cri pt
of a motOr system or systems that control al -

nis.n's Movements. Among the structures of the 'or
system, the ventral region of the spinal cord, the
cerebellum, basal ganglia, and motor regions of the
cerebral cortex are the most important. Although
precise knowledge of how specific components of the
systems function together to produce a movement or
series of movements is not yet available, new proce-
dures for studying electrical and chemical activities of
individual nerve cells in awake and moving trained
animals show promise for solving this problem. As an
example, it has been found that certain classes of
neurons in the motor area of :he cerebral cortex
"code" the force of a movement rather than its extent.

In the next few years, understandins pf how the
different components of the motor systems function
together to generate and control movements, as well a.,

i0

their failure in certain .neurologiCal diseases, should
slowly develop.

Sleep

Why do we sleep? The most promising theories rest on
new knowledge about brain structures and eurotran-
smitters. In the 1950's it was discovered that there are
two diqinct kinds of sleep: "slow wave" sleep and
"rapidLeye-movement" (REM) sleep. A person (and all
higher animals) goes from one to the other of these
states/ of sleep four or five times a night, Spending
about 20 to 1 hour in each. There is
considerable, although disputed, evidence that REM
sleep is associated wi,h dreaming. Much recent
research has sought to identify regions of the brain
specifically involved in these two phases of sleep. Two
small clusters of nerve cell bodies in the brain stem,
the locus coeruleus (which utilizes norepinephrine)
and the raphe nuclei (which utilizes serotonin), are the
current focus of such studies.
II Some years ago it seemed that Why we sleep would

be
known by now. The simplest/ hypothesisthat a

leep "substance" existshas been investigated inten-
sivei;. None has yet been found. Discovery of a
"sleep- inducing factor" might account for how the
brain falls asleep or awakens; but it might still not
Clarify the physiological "purpose" of the sleeping
state. Progress in this field is likely to be slow, while
the many brain systems that show changes during the
two phases of sleep are analyzed in detail.

Motivation and Emotion

Knowledge of the biological bases of such elemental
motives as thirst, hunger, and sex has grown rapidly.
In the early 1950's the hypothalamus was implicated
as the ''most importantly involved brain structure. To
take hunger as an example, dam* to one region of
the hypothalamus eliminates eating behavior in ani-
mals; they starve to death if not force-fed. Damage to
an adjacent region produces a voracious animal that
becomes obese. Such hypothalamically damaged obese
animals, like obese humans, are much influenced by
taste of food, and will not overeat if they have to work
hard to get food.

It has been known for some time, of course, that
sexual behavior is strongly dependent on the endoc-
rine system. Hormones from the ovaries and testes are
reciprocally controlled by hormones secreted by the
pituitary gland, itself controlled in part by the
hypothalamus. The gonadal hormones act directly on
neurons in the hypothalamus and other brain regions



that, in turn, control further the actions of the
pituitary gland. It is difficult to overstate the impor-
tance of the various sex hormones in the biological
development of organisms and in sexual behavior.
Study of such neuralhormonal interactions is grow-
ing at a rapid pace.

Another example of hormonal influence on behavior
is thirst. When cellular dehydration occurs, the kidney
releases an enzyme, renin. Renin cleaves a piece from
a blood protein, ultimately to yit-.1i the polypeptide
angiotensin II, which is, in eff:.ct, the thirst hormone.
It appears to have direct actions cm the hypothalamus
and other brain regions that result in an intense feeling.
of thirst.

The discovery in 1953 of reward centers in the brain
was one of the most important findings yet made
concerning behavior. When an electrode was implant-
ed in a region of the hypothalamus and connected to a
lever so that a rat could deliver weak electrical stimuli
to its own hypothalamus, the animal would press
endlessly. The same phenomenon occurs in other
species, including humans. Some starving r ts, given a
choice betiveen such electrical self-stimu ation and
food, will self-stimulate until they die of hu ger. This
behavior is reminiscent of severe drug addict n. The
brain reward region overlaps the areas of the hypo=
thalamus concerned with drinking, eating, and sex,
but seems to be more general.

Other regions of the upper brain stem, some closely
adjacent to the reward area, appear to yield pain when
stimulated. Strongly addicting drugs like morphine,
which seem to exert their actions primarily on these
regions of the brain, both alleviate pain and produce
strong feelings of pleasure. When it was found that
many neurons in the pain (midbrain and thalamus)
and pleasure (amygdala) regions of the brain have
receptors that tightly bind morphine and related
substances, the ,question arose as to the nature of the
material that normally binds at these opiate receptors.
The answer has proved to be that regions of the brain,
itself, particularly the hypothalamus, make and release
peptides that bind to the opiate receptors even more
effectively than morphine. These substances, called
endorphins, very _effectively relieve pain, induce a
sensation of pleasure, and are strongly addicting. They
are the brain's own natural opiates. The possible
implications of this discovery, both for relieving pain
and for understanding and combatting drug addiction,
are considerable. Whether endorphins function at
synapses or on other cell surface receptors is not clear.

This area, in which several different fields are just
coming together, is one of the most rapidly moving
and promising fields of science. It seems quite possible
that the underlying causes of a range of human
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disorders rrom obesity to drug addiction will, at the
least, be much better understood in the next 5-10
years.

Learning and Memory

Language, science, and society endure only because
each individual learns anew. There is a general
relation-hip between the evolutionary status of ani-
mals and their ability to learn. Homo sapiens differs
from other primates because of what humans can
learn. Apes learn much more than rats, which; in turn,
learn a great deal more than flies.

The problem of analyzing the neuronal bases of
learning and memory is formidable. It has been
surmised that a well-educated adult human has more
bits of learned information stored in memory than
there are neurons in the brain. This fact alone argues
that memory must somehow be coded in the synaptic
interconnections among neurons, where the possible
patterns are virtually limitless.

Fortunately, basic processes of learning seem to be
quite similar over a wide range of animals. Habitua-
tion, a simple decrease in the strength of a reflex
response as a result of repeated stimulation, has
essentially the same properties in primitive inverte-
bratesreflexes of the neurally isolated spinal cord
and in intact humans. Pavlovian conditioning and
simple instrumental learning seem to be similar in
mammals from rat to human. Consequently, animal
models may be used to study these simpler basic
processes of learning.

Considerable progress has been made in the analysis
of the neural mechanisms underlying habituation. In
simple reflexes of certain invertebrates and in the
isolated spinal cord, where it has been possiblz: to
obtain habituation across a single set of synapses, it
seems due to a decrease in the probability of transmit-
ter release in response to a given stimulus. While a
very simple form of behavioral plasticity or learning,
habituation has adaptive value. It has been suggested
that habituation is the primary mechanism whereby
humans adapt to unpleasant, but unavoidable situa-
tions like urban stress.

More important in human behavior is associative
learning, ranging from simple conditioning to lan-
guage. Learning is thought to occur in two phases in
both animals and humans. When information is first
learned it is fragile; it can be disrupted, for,example,
by electroconvulsive shock. However, after it has been
well-learned for a period of minutes to hours it is

stable and not subject to disruption. Short disruptable
neuronal processes are converted to more permanent,
long-term storage mechanisms. In animals the two
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processes can be prevented by quite different drugs,
one of which blocks protein synthesis in the ribosome,
while the other prevents RNA synthesis on the DNA
template.

The neural bases of associative learning are being
sought, using animal models, by recording the action
potentials of individual neurons in various brain
structures during the learning and retrieval (i.e.,
memory) of information. This search for the "en-
gram'? (a term used to refer to the neuronal coding of
memory) entails identification of the neurons or
systems of neurons where activity changes ns a result
of learning, and the underlying synaptic mechanisms
of storage.

If A structure of the limbic system, the hippocampus,
seems to play an important role in the memory system
in both humans and infrahuma.n animals. Certain
neurons in the hippocampus begin to increase their
rates of activity from the very beginning of training in
animals. Their activity continues to grow and is
projected to other brain structures. The hippocampus
is not, per se, the locus of long-term memory
storagehumans with severe damage to the hippo-
campus have intact memory for information learned
before damage but have great difficulty in placing new
information into storage or retrieving it.

There are tantalizing hints from neuroanatomical
studies that either new synapses may form or existing
synapses become enlarged in the hippocampus and
cerebral cortex as a result of learning experiences. One
neurotransmitter, norepinephrine; seems most impor-
tant in the learning process. Animals learn best when
optimal levels of this neurotransmitter are in the brain.
ACTH, the stress hormone, e,tfr'rts a modulatory action
on learning. Certain drugs can actually facilitate
learning and memory storage. The relations of these
effects to synaptic transmission is under current
investigation.

CognitionLanguage and Consciousness

The neurona bases of higher mental processes in
humans is a field for the future. However, some
significant advances have been made in the past 15

years. Information has come primarily from study of
patients with brain damage due either to injury or as a
result of necessary neurosurgical procedures. It has
been known for some time that language is represent-

-ed in the left hemisphere of the brain in virtually all
right-handed individuals. Two regions of the cerebral
cortex seem to be specialized for languagean anteri-
or area involved more in the expression of language
and a posterior area involved in the understanding of
language.
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Studies in the past few 'ears indicate that con-
sciousness is also differentially represented in the two
hemispheres. Because of the way the eyes project to
the brain, visual information can be addressed sepa-
rately to each of the two hemispheres in persons in
whom the large bands of fibers interconnecting the
two hemispheres had been surgically severed to
prevent epileptic seizures. In essence, left hemisphere
consciousness is' verbal and right hemisphere con-
sciousness is nonverbal. Both seem to exist more or
less independently in these patients.

This is a very young field, and unless expected new
technological, developments occur, progress is likely to
be slow. Thus, methods are needed to' record the
activity of single nerve cells and to safely stimulate
small regions of the brain without drilling holes in the
skull. Positron emission techniques can now give a
picture of brain activity with about centimeter resolu-
tion. Much will be learned about human brain
function as this method is applied, even though it will
not permit recording the activity of single neurons.

Abnormalities of Behavior and ExperienceThe
Psychoses

Extraordinary progress has been made in the past 30
years in treatment of the psychoses. Most neuroscien-
tists and psychiatrists agree that schizophrenia, the
most severe and widespread psychosis, reflects some
fundamentally abnormal brain function. This is conso-
nant with the fact that the closer a person's hereditary
relationship to a schizophrenic, the greater the likeli-
hood that person will develop the disorder. At this
time, the primary defect in schizophrenia is not

known.
Research on schizophrenia in the past few years has

strongly implicated one neurotransmitterovamine.
L-dopa, used for the treatment of Parkinsonism, elicits
symptoms rather like schizophrenia; chlorpromazine
and other antipsychotic drugs that relieve schizophre-
nia elicit the symptoms of Parkinsonism. These
obsertations are explained by the fact that the
antipsychotic drugs block the action of dopamine at
dopamine receptors suggesting that schizophrenia
results from overactivity of some set of nerves that
utilize dopamine as transmitter. .

Whatever the ultimate cause of schizophrenia, it is,
thus, unlikely that the schizophrenic brain is, in 'the
,usual sense, physically entirely normal. It is hard to
exaggerate the importance of accepting that concept. if
there is ever to be a real cure or prevention.

Changes in scientists' attitudes toward the psy-
choses, partly as a result of genetic studies and partly



because of the advances in neurochemistry and phar-
macology, will have important effects on psychiatry
and psychology, even on attitudes toward the neu-
roses, the lesser behavioral disorders.

BIOLOGY AND AMICULTURE

In the past two decades advances in plant science have
marched in step with the progress of the other
sciences. Molecular genetics has conferred a more
penetrating understanding of plant variation, and
promises new approaches to plant breeding;, cell

biology has demonstrated how nutrients move across
membranes; photocheniistry has clarified the primary
events of photosynthesis; biochemistry has elucidated
the subsequent events of photosynthesis, the process of
atmospheric nitrogen fixation and various factors that
regulate plant growth. Application of this newly

discovered fundamental knowledge holds exciting

prospects for the future.

PHOTOSYNTHESIS

Life is sustained on this planet by photosynthesis,
through which green plants capture the sun's radiant
energy. In ordinary combustion, oxygen from the air
reacts with organic compounds, e.g., a carbohydrate
such as cellulose, to form carbon' dioAide (CO2) and
water (H20)releasing energy as heat, as in the
flames of a wood fire.

(A) C6 1-112 06 + 602 ----6 CO2 4: 6 H2O + energy

In living cells the controlled oxidation of glucose by
oxygen releases the sante amount of energy, but in a
chemical form suitable to power the processes of life.

Photosynthesis is, in overall effect, the reverse of
this process. Plants convert CO2 + H2O into carbohy-
drate, obtainihg the necessary energy from sunlight,
and liberating oxygen in the process. This occurs
within a specialized subcellular organelle in leaf cells

called the chloroplast.
In fact, there is no direct reaction between CO2 and

H20. Rather, the overall process can be viewed as a
set of partial reactions. To begin with, in the specific
process that Utilizes solar energy, electrons are with-
drawn from H2O and transferred to a carrier sub-
stance, the special nucleotide denoted as NADP:

(B, 4 2 H2 0+ 2 NADP- =--02 + 2 NADPH2

Reaction B1 should spontaneously flow from right to
left; however, within a chloroplast light energy is used

to drive the system to the right.- In subsequent

The Living State 65

processes, the NADPH2 is utilized to convert CO2 to
glucose:

(B2) 6 CO2 + 12 NADPH2 --- C6H1 206 + 12 NAM'

Let us first consider how light makes possible

reaction B1.

Chlorophyll' Photocenters

Absorption of light energy by chlorophyll is the
critical event in photosynthesis. But how is that
energy transduced into a form of chemical energy that
the plant cell can utilize? Energy from absorbed light
migrates,' to two types of photochemical centers. At
each photocenter the functional chlorophyll molecule
exists as a sandwich between two other molecules.
Chemically they, are quite different, and current
research is focused on identifying them and under-
standing the precise three-dimensional arrangements
between them. For the present purpose, however, it
suffices to denote them A and B, respectively, at one
type of photocenter and C and D, respectively, at the
second type.

When the chlorophyll absorbs a photon (usually of
red light, which is why plants appear green), the
electrons in its resonating structure are activated to
such an extent that one is ejected, leaving behind a
positively charged chlorophyll molecule (Chl+, a free
radical). The ejected energetic electron is instantly
accepted by the adjacent molecule of B°. But A then
donates an electrOn to the chlorophyll radical, which

returns to its original state:

,A°Chl°B°--- A°Ch 1+ B Ch B-

If A+ and B- were in contact, they would react no
reform A° and B°. But the large, greasy molecule of
chlorophyll keeps them apart; hence the p. vess is
termed "charge separatidn." This process is complete
in a few picoseconds (10-12 seconds). Analogous
events occur at the second photocenter.

There follows then the process, summarized above,
wherein, by drawing electrons Trom 1120, 02 is formed
and A+ is restored to A°. At the same time the excess
electron in B flows to the second photocenter and then
On to NADP to form NADPH2. Schematically the flow of
electrons in the entire arrangement can be depicted as.

H2O e--AC111B e CChID

02

NADPH2

NADP

73
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so that the tiny electrical current flows only when the
chlorophyll at both photocenters is being illuminated.

The NADPH2 that is produced is used in the
conversion pf CO2 to carbohydrate, but the reducing
powei (chemical potential) of. NADPH2, alone, is

insufficient to the task. A second form of chemical
energy, that in the structure of adenosine triphospate
(ATP), is also required. Like NADPH2, ATP is made by
the chloroplast photochemical apparatus, from adeno-
sine diphosphate (ADP) and inorganic phosphate (P).

light energy
(C) ADP + P ATP

Knowledge of how this happens has been hard
gained. The photochemical center chlorophyll -mole-
cules and all of the other intermediate electron carriers
are imbedded in the chloroplast m..rtibrane in fixed
physical relationships. As electrons move via consecu-
tive carriers between the two chlorophyll centers;
protons (FI') are discharged across a membrane to the
interior, building up a strong electrochemical poten-
tial. This drives the protons back through a channel in
a complex enzyme, lodged in the same membrane,
providing the immediate energy for reaction (C).

Formation of NADPH2 and of ATP is the sole role of
the light-using apparatus. All other events in photo-
synthesis can happen in the dark, given a supply of
NADPH2 and ATP.

The overall accomplishment of the photochemical
apparatus of the chloroplast may usefully be summa-
rized as:

(D) 1120 + 18 ADP + 18 P +12 NADP
light energy

602 +18 ATP + 12 NADPH2

In the subsequent "dark reactions" the reducing
power or NADPH2, together with energy suplied by
ATP, is used to. reduce CO2 to carbohydrate:

(E I 6 CO, + 18 ATP + 12 NADP112-- C1,11,20,, (stigzir)

+ 12 NADP + 18 ADP + 18 P + 6 H20

CO2 Fixation

The Conversion of CO2 into carbohydrate (process,E)
is accomplished by a series of reactions requiring more
than a dozen distinct enzymes. But CO2 itself partici-
pates only in one chemical reaction, that in which a
five-carbon compound, ribulose bisphosphate, reacts
with CO2 and then splits into two molecules of the
three-carbon compound, 3-phosphoglyceric acid.

Using the supply of ATP and NADPH2 from the

74

photochemical process, the system operates in such
fashion that, overall

6 Ribulose bisphosphate + 6 CO2

12 3-phosphoglyceric aL d
6 Ribulose bisphosphate 206 (glucose)

Glucose thus accumulates, and ribulose bisphosphate
is regenerated, in a combination of reactions some-
times referred to as the C. cycle (Figure 7a).

Improving the Efficiency of PhotosynthesA

Considerable research is aimed at increasing the
efficiency of photosynthesis in the intact plant.

Thesimplest approach involves altering plant struc-
ture. Usually full sunlight provides more light than
necessary to saturate the photosynthetic systems in the
upper leaves, but not those below. By selecting plant
strains with a more upright alignment of the leaves,
more light penetrates to the light-limited lower leaves.
This approach has yielded a number of hybrid maize
varieties that are widely used in the United States. A
similar strategy should be applied in the future to
other plants.

Another approach is to breed plants for photosyn-
thetic units that operate more efficiently, that is,

convert more of their incident light into chemical
energy. The most efficient crop plants, such as maize,
have an efficiency of only about 5 percent during their
period of most rapid growth, when their leaf canopy is
full and light capture is nearly complete. In contrast,
some algae have an efficiency of 25 percent under
optimal conditions in the laboratory. Although there
have been some hints that the photosynthetic
efficiency of plants can be improved, it should be
appreciated that the light reactions in plant photosyn-
thesis are already unusually efficient when compared
with most other photochemical reactions.

Another research aim is to improve energy
don in the dark reactions of photosynthesis. The key
enzyme, ribulose bisphosphate carboxylase, is not very
efficient at its job compared with other enzymes; it has
both a low affinity for CO2 and a slow turnover time.
The plant manages to maintain 'a reasonable rate of
photosynthesis only because it contains large quanti-
ties of the enzyme. (In fact, this is the most abundant
enzyme known; it may constitute 50 percent of the
soluble protein in chloroplasts.)

The main problem, however, is that this enzyme not
only fixes CO2 but is also quick to catalyze a wasteful
reaction, called photorespiration, between ribulose
bisphosphate ard oxygen.

Ribulose bisphosphate + 02

;-phosplioglyceric acid + phosphoglycolic a;:id



FIGURE 7 Different leaf structures for
plants using different photosynthetic
pathways. Boa- plants are varieties of the
saitbush, but one uses a three-carbon
pathway, the other a tour-carbon one.
In the three-carbon variety, A triplex
patula (a), chlorophyll-containing chloro-
plasts, shown as black dots, are distributed
throughout the plant: but in the four-
carbon variety, A triplex rosea (b), they
are concentrated in two types of cells
that form concentric layers around the
fine veins of the leaf. The structure of the
latter plant is designed to provide a net
transport of carbon dioxide from the
outer cell array to the inner one, produc-
ing a higher concentration of carbon
dioxide at the inner cells and enabling
a faster diffusion of carbon dioxide into
the leaf, and therefore a higher rate of
photosynthesis. The result is that A. rosea
grows better than A. patula in dry, hot
weather. (From "High-Efficiency Photo-
synthesis," by 011e Bjorkman and Joseph
Berry, © Otrober 1973, Scientific Amer-
ican, Inc.)
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Since the phosphoglycolic acid is then further
oxidized through photorespiration to CO2 and H2O in
an uncoupled reaction that generates no ATP, photo-
respiration dissipates energy and depletes the supply
of ribulose bisphosphate needed for photosynthesis.

There'is a small chance that one might be able to
enhance the affinity of ribulose bisphosphate carboxyl-
ase forparbon dioxide, or otherwise avert the waste of
photorespiration. To do so, one must better under-
stand the enzyme's intimate three-dimensional struc-
ture. However, the protein is large and complex,
presenting a fohnidable task for crystallographic
analysis. The challenge remains, nonetheless, and
undoubtedly there will be attempts to alter and

improve this critical enzyme, however small the
chances 'of success. The carboxylase from photosyn-
thetic bacteria, which has a lower molecular weight,

may be more amenable to X-ray analysis.
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C4 Cycle _

To carry on photosynthesis, a plant needs CO2 from
the atmosphere. But the low concentration of CO2
(about 0.03 percent in, air) limits the rate of photosyn-
thesis. A special arrangement that mitigates this
problem is present in such plants as sugarcane, maize,
sorghum, and crabgrass. In certain leaf chloroplasts of
these plants an appropriate set of enzymes catalyzes
the addition of CO2 to a three-carbon compound to
form a four-carbon acid. This four-,;arbon acid then
migrates to other chloroplasts deeper in the interior of
the leaf, where it releases CO2 for use in the C3 cycle.

.By furnishing the C3 system with additional CO2,
the C4 system favors CO2 as it competes with 02 for
the enzyme ribulose bisphosphate carboxylase, and
thus minimizes the waste of energy through photores-
piration (Figure lb). Although the C4 + C3 system
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requires more ATP than the. C3 system alone, the
double advantages of operating effectively at a relative-
ly low concentration of CO2 and of decreasing the
losses from photorespirq :ion more than compensate
the C4 plants for this cost.

Accordingly, there have been attempts to convert
other plants to C4 type metabolism. This seems a
rea-onable goal, for both systems occur in nature, and
intermediate forms between the pure C3 plants and C4
+ C3 plants have been discovered.

In addition, specific inhibitors that reduce the rate
of photOrespiration could, potentially, increase photo-.
synthetic efficiency and utilize available energy more
efficiently. To date, such attempts have not been
successful, but they will be continued because of the
tremendous importance of operating the photosynthet-
iC process at the highest possible efficiency.

NITROGEN FIXATION

The imeortance of biological nitrogen fixation to
contemporary agriculture may be second only to
photosynthesis. All forms of life need nitrogen for
proteins and nucleic acid, and the nitrogen supply is
probably the commonest factor limiting plant growth.
Although nitrogen gas (N2) is abundant in the
atmosphere, it can be used by biological systems only
if it has been "fixed": the bond between the two atoms
of nitrogen is broken, and each of the two atoms binds
three hydrogen atoms to form ammonia (NH3), which
is then used for diverse metabolic purposes.

Nitrogen can be fixed either chemically or biologi-
cally. The industrial Haber-Bosch process utilizes high
temperatures and high pressures to make ammonia
from gaseous hydrogen and nitrogen. Chemical nitro-
gen fixation is a major industry, annually producing
nearly 40 million metric tons of fixed nitrogen to be
used as fertilizer. Unfortunately, this process requires
a great amount of energy, most of which now comes
from natural gas. It is possible, though perhaps not
now economically feasible, to substitute coal or other
fuels for the natural gas. The Tennessee Valley
Authority is installing a coal-gas pilot plant that will
begin to test this approach in the 1980's. As supplies
of fossil fuels dwindle, the pric&of chemically fixed
nitrogen will rise. These concerns have spurred a
recent surge of interest in biological nitrogen fixation.

In nature, N2 fixation can be accomplished only by
microorganisms: certain bacteria that live freely in the
soil, blue-green algae, and the rhizobiabacteria that
infiltrate, and form nodules on, the roots of legumi-
nous crops. Here, too, the product is ammonia, and
here,.too, the energy cost is great. In contrast to the
industrial process, however, the biological system
operates through the nitrogenase enzyme system, at

7

normal temperatures and with the pressure of nitrogen
less than one atmosphere.

The nitrogenase system contains two proteins,
dinitrogenase (a molybdenum-iron protein) and dinit-
rogenase reductase (an iron protein). These proteins
are readily inactivated by oxygen, from which they are
protected by special mecban' isms in N2-fixing microor-
ganisms.

Driving the nitrogenase reaction requires much ATP
(about 12 ATP per N2) as well as a strong reducing
agent such as ferredoxin (an iron-protein complex).

N2 ÷ 6 electrons 12 ATP + 6
--- 2 NH, + 12 AliP + 12 P

2

The ferredoxin, in turn, must be reduced by the
metabolism of the cell. Reduced ferredoxin transfers
electrons tc the dinitrogenase reductase. The latter
uses energy from ATP to make it a strong enough
reductant to reduce the dinitrogenase which, in turn,
reduces N2 to NH3. Even in the presence of N2,
however, the system wastefully reduces 1.1* to H2 gas.

Nitrogcnase can reduce not only nitrogen, but also
protons, acetylene, and seve?al other substances. The
reduction of acetylene to ethylene furnishes an easy
and sensitive test for nitrogenase, widely used in the
laboratory and in field-testing nitrogen fixation.

Structure of Nitrogenas,e

There is keen interest in the structures of the complex
components of the nitrogenase system. A promising
new development is the isolation from dinitrogenase of
a substance referred to as FeMo-co (Fe = iron, Mo =
molybdenum, co.= cofactor). When this compound is
added to a nitrogenase-deficient mutant of the bacteri-
um Azotobacter vinelandii, it restores nitrogenase
activity. Because this relatively simple compound
carries the active site of the enzyme, it becomes
particularly attractive to attempt to crystallize it and
to obtain its detailed three-dimensional structure by
X-ray crystallography. It might provide a model for
developing improved catalysts for chemical nitrogen
fixation.

Improving Nitrogen Fixation

Because improved systems for biological, nitrogen
fixation could translate into better nutrition for
millions of people with less drain on energy reserves,
scientists are working to develop more effective'
bacteria, more responsive plants, and more productive
associations between the two.

Genetic and Biological Aspects of Nitrogen



Fixation Several types of free - living" nitrogen-fixing
bacteria already exist in nature; the task that confronts
scientists is to improve their effectiveness. In the past,
scientists working to improve nitrogen fixation have
simply selected the most effective naturally occurring
strains. Today, a more fruitful approach may be
genetic manipulation.

The gene that controls the nitrogenase system is
referred to as the nif gene. In a recent major advance,
the nif gene has been transferred from nitrogen-xing
Kle 11a pneumoniae to the non - nitrogen -fixing orga-
nism, E. co /i,4 prompting speculation that it might be
possible to transfer the gene to non-nitrogen-fixing
higher plants, such as corn or wheat. However, merely
transferring the nif.gene-does riot establish a useful

. nitrogen-fixing system. Unless the recipientE. coll,
corn, wheat, or whatevercan be protected from
oxygen, no nitrogen will be fixed. Moreover, as we
have noted, nitrogen fixation requires a large supply of
energy in the brut of ATP, as well as an ample supply
of ferreddxin. Because this energy would come from
energy normally used for other plant processes, the
crop yield would be decreased unless overall photo-
synthesis Could be increased. Developing auxiliary
systems for supplying more energy and for protecting
against oxygen may well prove more formidable than
actually transferring the nif gene. Despite these
complications, genetic techniques, including those
employing recombinant DNA, may open ways to
develop effective nitrogenase systems; and gene-trans-
fer studies should be pursued vigorously.

Nitrogen-Fixing Legumes Another appr;rach to im-
proved agricultural production resides in more wide-
spread use of nitrogen-fixing legumespeas, beans,
clover, alfalfa, and soybeans. (There are over 10,000
known species of leguminous plants.) Various species
of Rhizobium invade the roots of various legumes
where they produce nodules that consist of plant cells
packed with nitrogen-fixing bacteria (Figure 8). In this
symbiotic relationship the plant supplies carbohydrate
to the bacteria, and the bacteria supply the plant with
fixed nitrogen. Commercial preparations (inoculants)
of the rhizobia, added to the soil, assure an adequate
infection of legume roots. Farmers have long exploited
the ability of such leguminous crops to.revitalize the
soil, by rotating them with crops that do not develop
such nodules.

There is an extmsive program !or selecting native
bacterial strains for imprdved nitrogen fixation; this
program could be broadened to include testing of
artificially produced mutants. Studies must include
tests of the leguminous plant as well as bacterial
strains, because effective N2 fixation depends upon
proper interaction between the specific plants and

FIGURE 8 Nodules formed by the nitrogen-fixing bacterium
Rhizobium japonicum on a young soybean root. (Harold J.
Evans, Oregon State University)

bacteria. Moreover, added strains of the root-nodule
bacteria must compete effectively with native strains
that are present in the soil: It is of little use to select a
strain that is effective under greenhouse conditions ifit
does not compete well in the field. Hence, there is
great interest in establishing the, basis of this charac-
teristic so that it can be incorporated in inoculants for
leguminous seeds. Unfortunately, testing is slow and
laborious, becaUse the index of success is the incre-
ment in crop production.

Recycling Hydrogen To the extent that the nitroge-
nase system readily diverts electrons to rather than
to N2, the system is wasteful. And there is ''no known
way to limit H2 production by nitrogenase without
also impairing nitrogen fixation. But ,certain root-
nodule bacteria contain a hydrogenase, an enzyme
that activates H2 and permits its reoxidation; this
yields ATP that can be used for nitrogen fixation. Field
studies support the idea that 'rhizobia selected for their
hydrogenase activity fix nitrogen more efficiently than
bacteria lacking hydrogenase. Although this approach
has been limited to soybeans, it should also be
applicable to ether species of legumes.

Delaying Senescence In the legumerhizobia sym-
biosis it. would be useful if plant aging could be
delayed, for during the most active period the rates of
growth and nitrogen fixation of the plant are essential-
ly exponential. Extending the growing season by even
a.week could thus markedly increase crop yield.

The leguminous plant, however, operates in a self-
destructive manner: At the time it sets seed, it
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senesces, utilizing,all of its nitrogen resources, nclud-
ing nodules, to form seeds. By selecting plants that age
more slowly or by using chemical agents, it may be -
possible to control senescence. Such leads need to be
followed vigorously to convert them to practical
agricultural techniques.

Other Approaches Legumes, as C3 plants, are less.,,
efficient photosynthetically than -C4 plants. There
would be great reward if legumes could be converted
to a C4 + Cs-type metabolism. This has not yet been
accomplished, but efforts are continuing.

Increasing the concentration of CO2 available to
plants dramatically increases their nitrogen fixation. It
is seldom practical to increase CO2 concentrations
under field conditions; but this phenomenon siiggests
that,the full potential of the nitrogen-fixing system has
not yet been reached. It may be possible to alter
control mechanisms so that organisms will fix nitrogen
more effectively at normal levels of CO2.

Associative Symbioses In the associative symbioses,
which are much less structured than the rigid sym-
biosis of leguminous plants and the rhizobia, bacteria
capable of fixing nitrogen by themselves grow on or
inside the roots of a host plant without producing a
structured nodule. The bacteria obtain photosynt 'hetic
products from the roots and use them as a source of
energy for fixing nitrogen, which is then available to
the plant.

Under -tropical conditions, Azospirillum associated
with the roots of grasses actively fixes nitrogen. Tests
have demonstrated that nitrogen can be fixed in such
associations with maize, but the fixation characteristi-
cally is only 1 to 10 percent of that in better
associations of leguminous.plants and their root-nod-
ule bacteria.

Because so much of the world's population depends
primarily upon cereals for food, it would be of great
importanCe if associative symbioses could be devel-
oped to supply a substantial percentage of the nitrogen
needed for cereal crops. The possibilities in this field
have been examined only superficially; an exhaustive
examination of both bacterial species and plant culti-.
vars may reveal associations that will fix a high
percentage of the needed nitrogen. Field trials to date
have not been encouraging, but the great potential of
effective associative syrobioses for cereal culture makes
it impet ative that the studies continue.

Blue-Green Algae The numerous blue-green algae
That can fix nitrogen offer a fine example of nature's
ingenuity. These organisms grow in chains of cells;
about every twentieth-cell differentiates into a special
thick-walled cell known as a heterocyst. Unlike the
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normal vegetative cells iethe chain, which photosyn-
thesize and produce oxygen, the heterocysts lack the
oxygen-producing phase of photOsynthesis. The vege-
tative cells produce sugars photosynthetically and
transfei them to the heterocysts. The heterocysts, in
turn, fix nitrogen in their oxygen-deficient environ-
mentan arrangement tnat keeps the heterocyst
nitrogenase from being destroyed by. oxYgen---ande in
exchange, they transfer fixed nitrogen compounds to
the vegetative cells. These self-sufficient organisms are
widespread, from deserts to lakes.

Nitrogen fixation by blue-green algae is crucial to
maintaining rice production in Asia: The algae grow
in abundance in paddies during flooding; as the water
retreats, they decompose at the soil surface, leaving
their fixed nitrogen to nourish the developing rice
piants. This explains why rice can be cultivated year
after year .in paddies without adding nitrogenous
fertilizer.

It is important that modern scientific methods focus
on the nitrogenase system of blue-green algae to
improve its effectiveness in rice culture and in other
applications as well. Strain selection, genetic manipu-
lation, control mechanisms, nutrient requirements,
and conditions of culture all offer avenues toward
improving fixation by these organisms.

CONTROL OF GROWTH AND PLANT STRESS

Plants show tremendous diversity in size, morphology,
metabolism, composition, and response to environ-
mental conditions. Nevertheless, they are much alike
in their cell structures, ability to photosynthesize, need
for water and mineral nutrients, and responses to
growth substances. In nature, plants are subjected to
extremes of temperature, 'water and nutrient supply,
solar radiation, wind velocity, disease, and insect
attack. Surviving plants have adapted to these stresses,
but crop plants bred for high productivity may lose
some of their resistance to stress. Fortunately man can
control some stresses and minimize the effects of
others.

Plant Growth Substances

Plant growth substances are products that spur or
stunt plant growth. The first such substance to be
isolated and characterized, about 50 years ago, was the
auxin, indoleacdic acid. During World War II a
variety of compounds with profound -growth effects
were synthesized, and some were adopted as selective
weed control agents shortly thereafter. Other agents,
developed to provide broad spectrum and selective

w



weed control, were eagerly .accepted in agricultural.
practice.

Growth substances control a variety of plant re-
sponses. The auxins and gibberellins control cell
enlargement, whereas the pcytokinins control cell

proliferation and leaf expansion. Other agents control
responses to light, cell differentiation, internodal
elongation, germination, rooting, bud development,
and so on.

These substances have found important practical
applications. An early use was to stimulate the rooting
of cuttings. Another was to delay delvelopme4 of buds
on fruit trees until danger of frost damage had passed.
Growth substances can minimize the sprouting of
potatoes in storage, break the dormancy of seeds, and
control the senescence of maturing plants.

The precise biochemical locus of action of herbi-
cides is well defined in only a few cases. Most
herbicides have been developed empirically; when an
active compound has been synthesized or isolated
from a natural source, a family of similar compounds
has been synthesized and tested for activity A more
rational approach, based on knowledge GC" plant
metabolism, inSy lead to new herbicides with high
specificity and low toxicity to animals.

The largest application of growth substances, used
in combination or succession, is as selective herbicides

- in field crops. Pre-emergence herbicides can be applied
at the time of planting, effecting early weed control
with a saving in labor. Moreover, herbicides are
important for minimum tillage, a procedure that saves
energy, reduces compaction of the,soil, and minimizes
erosion and runoff. Perhaps 10 percent of the cropland
in the United States is now being worked on this basis,
and there is pressure to increase this percentage.
Development of herbicides specifically designed for
minimum tillage in different areas and for different
crops is a challenge to agricultural industry.

Continuing research on plant growth substances
will surely uncover new and improved agents and will
suggest new applications.

Although the 'use of herbicides has engendered
concern, it is doubtful that there has been a well-
documented case of serious injury in humans from the
proper use of herbicides on crop plants in the United
States. Nevertheless, in the development of new agents
for the protection or control of growth in plants, it will
be prudent to place emphasis on the production of
nonaersistent compounds that are not toxic to ani-
mals.

Plant Tissue and Cell Culture

Just as with animals, it has becone easier to study
many plant responses under highly controlled condi-
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tions with tissue cultures instead of intact plants.
Growth control processes, for example, can be stir:ied
very effectively with plant tissue cultured in an
appropriate medium. Small pieces of tissue or even
single cells from certain plants are totipotent, i.e., with
p er manipulation a single cell cyan be grown into an
entire plant.

In the usual reproduction of plants, by seeds or
vegetatively, viruses and,, other pathogens often are
carried along. By manipulating plant tissue cultures, it
is possible to develop and maintain virus-free and
bacteria-free plants. Culturing specialized plant cells
by fermentation techniques may prove more effective
for generating useful products than growing whole
plants. Genetically altering cells in tissue cultures may
also speed the search for plants resistant to disease and
other stresses. The culture of cells and meristems has
become a common jicrticultural practice with pros-
pects for wide agric6ltural application.

Effects of Light and Photoperiod

Among the most spectacular responses of plants to
light and photoperiod (regularly recurring changes of
light and darkness) are those generated through the
action of phytochrome, a blue-green protein that
serves as a light-activated biological switch. The form
of the phytochrome molecule can be changed in
different ways by different wave-lengths of light, and

5-the response of the plant depends on the light to which
the phytochrome was last exposed. Pl'.ytochrome
exposed to far red light, for example, elicits changes in
the bioelectrical potential, root tip adhesion, coleoptile
elongation, leaflet closure, plastid movement, ATP
levels; promotion of seed germination, and flowering
of plants. Practical work on the phytochromes could
be emphasized with benefit.

Plant growth and development is generally depen-
dent upon the lengtfi-Orthe light and dark periods.
Certain plants will stay in, the vegetative stage during
long ,days and enter a reproductive stage and flower
only when the photoperiod is shortened. In contrast,
some familiar garden plants stay vegetative during the
shlrt spring days but exhibit reproductive growth and
set seed when the days lengthen. Most photoperiodic
responses can be effected at low light intensity.
However, the control of growth may be influenced by

`the intensity as well as the quality of the light, and.also
by plant growth substances. Although control over
light is seldom practical in the field (shade-grown
tobacco being one exception), it is used in greenhouse
operations to bring plants into flower at desired times.
Chemical modification of light responses offers poten-
tial for field applications.
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Wrap Supply

g.

Freq ently, the water supply limits plant growth. By
contr. lling the opening or closing of the stomatathe

--rfOre'.; n leavesit is possible to control the rate at
which ater is lost. Plants in dry habitats frequently
restrict water loss by closing their stomata during the
day and\ opening them at night. However, chemical
control stomatal opening will have rather limited
practical pplication until agents are developed that
cause littl damage-to-the-plaiiiiw-hile they restrict its
water loss. A natural growth factor that 'regulates
stomata, a cisic acid, may prove useful. Af, 'npts
also have n Tn.:tile to breed plants that assert greater
stomatal con ror,' or that have a reduced number of

stomata. Ho ver, these approaches are limited by the
need for open res for uptake of CO2 commensurate
with the growt rate. 1

The meth- \ of supplying water also warrants
attention. Overhead sprinkling distributes water uni-
formly, but it s subject to heavy losses through
evaporation on of and windy days. Open trench
irrigation incurs uch less evaporation, but it can
.leach nutrients fr m the root zone and transfer them
to areas not penetrated by the roots. Trickle irrigation
from porous or perforated tubing is attractive, because
the water can be placed directly in the area 'of use;
supplied under close control, and lasses avoided of
nutrients from the root zone:Improved porous tubing
should increase- the \popularity of this practice for
specialty crops.

Frost Resistance

Some plants show remarkable winter hardiness,
whereas others show damage even above the freezing
point. The speed of freeing and thawing, the physio-.

logical condition of the plant at the time of exposure,
. the adjustment of the plant to gradually lowered
.,versus uddenly lowered temperature, and the state of
water n the plant all influence the plant's response.
Ce diSeused, plants exhibit an increased cold
hardi ess, suggesting that subtle changes in .a
may influence its response to cold. Breeding has
imprvcd the cold hardiness of a number of crop
plat$, but more knowledge of the' mechanisms of cold
resiilance and susceptibility would be helpful"

PI nt Stress from Diseases and Pests

A wide speetium of chemical' agents has been Bevel-

oped to control plant diseases and pests. Some are
active but costly;-some are 'only slowly degradable.
gents that are not biodegradable can build up in the
il; if assimilated into the plants, they can be carried

plto the human or animal food supply with opportuni-
ty for toxicity. Breeding plants for disease or pest
resistance avoids this problehi, and indeed it is one of
the more spectacular successes of agricultural re-
search.-ResearCh costs are modest relative to benefits;
inbred resistance eliminates investment in special field
labor, and it avoids use of tonic compounds. However,
breeding for resistance is a never- ending task, because
as resistant plants are developed, new strains of
pathogens may, appear. -

Crown gall is, a classical bacterial disease that
attacks a variety of plants. The growth of a tumorlike
gall does not require the continued presence of the
intact bacterium, but only of a large plasmid (an
autonomously replicating piece of DNA) Carried in the
bacterium. Bacteria lose their virulence if these plas-
mids are removed, :uid regain it if the plasmids are
restored. This development suggests possibilities for
establithing a more rationat method for control of the
crown gall.

Insect pests present. a different problem. Although
there has been some success in building insect resis-
tance into plants, this has proved more difficult than
incorporating resistance to microbial infection. The
usual rationale is to breed plants with an increased
level of compounds that are repellant, distasteful, or
toxic to the. insect: Whether plant- or man-made,
agents toxic to insects must be monitored with great
caution to assure that they are innocuous in the food
supply. It may be that agents that disturb the life cycle
of the insect (e.g., juvenile hormone) or which
counteract pheromones (insect attractants) may be
incorporated into plants for their protection.

.1
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Mineral lywrition of Plants

The Availability of an -essentia; mineral from the soil
depends np--.'n the acidity of the medium, the presence
or absence of other compounds or mineral ions, the
binding 1 properties of the soil,' and 'the feeding
effectiveness of the plant. Plants may be bred for high
feeding capacity. Nutrient &milts not used by the
plants may be leached from the NA, or the soil itself
M eLay be eroded and carry away nutrients on the soil

partici .

The usual procedure for improving crop yields in
nutrient- deficient soils has been to adjust nutrient
levels through fertilizer and lime applications. Recent

.
studies

1'Indicate that by applying insights from plant
physiology and plant breeZang it will be,:possibie to
develop economic' crops much more efficient in nutri-
ent utilization. Adaptation of the plants to specific
nutrient defic.encies is a 'promising alternative to the
traditional fertilization and liming of nutrient-deficient



soils. Maize strains that feed more efficiently on both
added fertilizer and soil nutrients, particularly potassi-
um, have recently been developed. Continued research
on thislproblem promises excellent returns.

.

NUTRITIONAL QUALITY OF PLANTS

Alteration of plant cultural practices has little
influence on the nutritive quality of plants. However,
it is possible to breed plants with increased abundance
of vitamins and altered balance among their carbohy-
drates, proteins, and lipids. After the biochemical

I nature of a genetic alteration has been established,
breeding may proceed on a more rational basis. Plant
breeders try to achieve high nutritional quality togeth7
er with high yield, diSease resistance, and other
desirable qualities. A.istiiking ;Case in point is the
developthent of a strain of maize relatively abundant
in lysine, arI,amino acid essential in the human diet;
classically the low lysine content of maize has limited
'the nutritional value of its protein. As yet, the yield of
this strain is low, but this limiW:on will surely be
,overcome by further breeding.

In addition to improving traditiTnal crops; new'
crops such as the winged bean are being, examined for
their nutritional quality, in the hope of finding highly
productive plants that will be useful p roducin g

more balanced diets.
\ Leaves, which contain a limited amount of high-
quality protein, are usually discarded or returned to
the soil in agricultural, practice: Leaf protein can be
se'parated from structural materials by simple tech-

.,

nipies. Protein from alfalfa leaves has been used
successfully in poultry feed, but it has been used for
human consumption only on an experimental basis.
NOthing pr ludes such use, and the yield of leaf
prOtein per a is- impressive. Residues left after
extruding soluble proteins from leaves can be convert-
ed silage for dairy cattle.

Nowhere in this presentation have we forecast an_
early, major through.,None is in sight. Rather,
we obsery the n o ptirsue fundamental studies of
plant physiology and the applied research necessary to
takes advantage of myriad Opportunities to -achieve
Modest increases in productivity, reductiOn in cost,
and 'conservation of resources. Then sum could well
be of huge economic b snefit and provide greater'
assurance of a continuing food supply. Emphasis has
been given to those opportunities relevant to domestic".
agriculture. Research opportunities for_agriculture in
developing cations, and the arrangements.: that might'
facilitate such research, have been described in greater
detail in, the recent NRC report World ,Food .and
Nutrition, 5

r

.CfdNCLUSIONS' -.

UNITY AND DIVERSITY

The selections in this chapter have illustrated the
dynamisth of. current molecular and cellular studies in
various areas of biology; and the remar
the living world at this level of organiza
source of this unity is the eVolutionasy.contin
the living world: Organisms today perpetuate
successful biochemical structures and mecha
that emerged in theearliest.living cells 3 billion
ago.

HoweYer, our survey of biology would be bal-
..

anced if we did not also note the other si of
evolution:' diversity. For evolution arises frOm the
continual production of novel combinations of genes,
together with the preferential survival, by natural
selection, of those organisms that are better adapted to
their environment. This process has yielded literally
milliOns of species, of gradually increasing complexity
and adaptability; and it has culminated in our spe-
ciesone whose unique'ctpacity for abstract thought,
deep feeling, communication of corhplex information,
construction of efficient tools, and creativity have

. .
added a new chapter: cultural evolution.

For some years the dramatic advaries inmolecular
studies rather eclipsed studies concerned with the
properties of whole organisms, and populations. ,How-.
ever, concern for conservation of the environment,
and of the rich legacy of evolution, has aroused wide
interest in ecology. Furthermore, a .1bridge now links
evolutionary and molecular studies, as the latter.have
made it possible to,quantify precisely the amount of
genetic difference between species (and. between.indi-
viduals within a species), by measuring the c',:gree of
similarity in the sequences of their DNA or of its
protein products.

Nevertheless, evolutionary studies have -a unique
quality: The physical sciences; and their applications
ta biology, deal primarily with uniform entities (i.e.,
the identical molecules of a, pure subsiiiice); but
population biology deali with grOups in whi almost
every individual is genetically unique: So th opula-
tion distribution of genetically determined traits
as blood groups), and of genetically deterinined
potential (phySical and behavioral), must be character-
ized ,in 'statistical terms. The result .has been the
replacement of stereotypes with atrue appreciation, in
general terms, of the scope of human diversity:. Within
every group individuals differ genetically over a broad
range.

An important recent .development has been the
emergence of the discipline of sociobiology; which
aims at understanding the biological foundations of
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social bAavior in animals, and in gian in particular.
This approach aims to' throw light on the biological
constraints that evolution has imposed on our species.

Within these constraints cultural forces produce an
enormous, but not limitless, range (A.social behavior.

CONCERNS WITH 'FUTURE IMPACTS OF BIOLOGY

With the increasing depth of our advances in biology
some have come to fear that certain areas of research,

-especially in molecular and human genetics, threaten
public welfare and thus need to be regulated. The
recent intense debate over recombinant DNA research
is a case in point. The potential dangers perceived
involved both those inherent in the research .itself
(Could a novel virulent organism escape from the
laboratory to annihilate whole populations?) and those
latent in new knowledge that could confer potentially
dangerous powers (Might genetic engineering be used
td manipulate our personalities?).

The anxiety over recombinant DNA research has
abated considerably, for several reasons. Among these
is the failure Of five years of experience, to produce,
evidence of any illness or other harm. In addition,
sober, professional analyses have gradually displaced
earlier unrealistic demands for absolute prikection
against hypothetical risks. Accordingly, the Nix
guidelines are gradually being relaxed; and the
Congress has determined that the guidelines are
adequate for handling the problem without legislation.
Nevertheless, the costs of both the debate and the

! resulting restrictions, in money, time, and morale,
have been large.

When the hazards of research are well defined, as
with toxic or radioactive substances, or when experi-
mentation on human subjects involves real risk, the
problem is, straightforward, though sometimes com-
plex. gowever, when available facts do not clearly
&rine or quantify the risk,, it is more difficult for
society; to reach the best judgment. The experience
with recombinant DNA suggests that in similar discus-

-
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sions,in the future it is important to try to separate the
technical phase of assessing_the risks and benefits, on
the basis of expert and informed judgment, fr6m the
political phase of legislative and public participation in
formulating the required value judgments and reach-
ing policy decisions.

In contrast to risks inherent in carrying out re-
search, there is the risk that the knowledge produced
by research may be used for harm as well as good.
Since virtually any knowledge is double-edged, and
since its consequences Cannot be predicted in detail,
our society has, proceeded wisely, in our view, in,the
belief that on balande kndwledge is less likely to be
dangerous than is ignorance. Our society is trying to
assess and to regulate harmful technological applica-
tions earlier before damage occurs, but has declined to
regulate research on the basis of speculations:about
possibly harmful applications.

Still other types of new biological understanding
raise fears that deeper' insights into human nature.
might imperil a just and decent society. The example
most often cited is study of hulin behavioral genet-
ics, which would sharpen our% perception of inborn
individual differences in various intellectual capacities,
talents, drives, and 'learning patterns. Here, too,
knowledge is two-edged, with possible misuses and
valuable uses.

The problem will not remain. confined to genetics.
Eventually, advances in 'sociobiology, neurobiology,
and the behaVioral sciences are also likely to conflict
with treasured preconceptions, widely held to be
indispensable foundations for public morality.. But
human curiosity cannot be permanently extinguished,
nor can the scientific method be unlearned. Someone
will learn, somewhere, sometime. Moreover, the reali-
ties will be there, 'whether or not scientists are
permitted to find them; and if .we build social policies
on false assumptions, which contradict reality, we will
be building on a crumbling foundation. A democratic
and open society, therefore, has no choice but to
defend freedom of inquiry, just as it defends freedom
of expression.

The following outlook section on the living state is based on infor-
mation extracted from the chapter and covers trends anticipated in
the near future, approximately' five years.
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A remarkable burst of advances is propelling biology into a new era.
Powerful new tools 'a:re generating profound insights into the secrets

t of life, and scientists rare now able to move with assumnce among
realities that they coulti only contemplate 10 years ago. There is no
reason for this momentum to falter. Rather, biologists lo,ii: for a
flowering of their science in the years ahead. Extrapolating new
knowledge and exploiting new technologies, they are eager to discern
ever more clearly Liie molecular organization and functioning of liv-
ing cells, tissues, and organisms.

.:t

In molecular genetics, basic echanisms that have been elucidated innti

bacteria and viruses are now eing studied in :..Igher organisms.
Sirce major health problems lmost invariably involve cellular mal-
function,

3

function, frequently reflecting nt ,ic or imposed defects in gene
structure or regulation, molecular genetics is in a position to exert a
major impact. \

..

\
The potential contribution of recombinant DNA technology is hard

to exaggerate. By splicing fragments of DNA from higher organisms
into siriple bacteria, one can purify the DNA segments, obtain them
in quantity, determine their base ,,sequences, and study the behavior
of their genes. Early experiments 'using recombinant DNA methodolo-
gy in higher cells are showing the, types of surprises that can be in
store: The structural genes of higher organisms, which code for the
synthesis of spe .fic proteins, are not simple continuous sequences of
DNA, as in bacteria and viruses. instead, each is a set of DNA base
sequences interrupted on the DNA helix by several long, unexpressed
sections. Scientists are investigating the hypothesis that the interven-
ing, nonactive sequences may somehow function in determining
which genes :n a cell are expressed at a given:time. Other studies
are exploring the precise mechanisms by which DNA is duplicated
when cells reproduce. Still other studies are investigating the myster-
ies of the structure of chromosomes, where DNA resides.

Molecular ! 'ology is also facilitating studies of mutations in genes,
both those i-. germ cells, which may cause inherited disorders, and
those in body cells ;. which may lead to the development of diseases

such as cancer. It may take 10-20 more years before we adequately
understand diseases of cellular malfunction such as cancer or autoim-
mune disorders. Other diseases, however, such as defective hemoglo-
bin synthesis, will probably be understood sooner. In the years just
ahead. we can also expect improved ability to detect, via amniocen-
tesis, various genetjc defects in fetuses. There will be improved pro-
cedures to assay the mutagenic properties of chemical compounds
and, hence," their potential for carcinogenesis.

Advances in understanding the subcellular structure called ;We ri-

bosome have revealed how a number of antibiotics work, and how
cells develop resiscance to them. ... - .

Another prospect involves using recombinant DNA methods. to ma-
nipulate microorganisms so that they will synthesize specific gene
products: Human hormones will become more readily available. It
may become possible to design and synthesize new enzymes or to
manufacture known enzymes Cheaply enough to substitute them in
certain processes. Microorganisms may yield useful sources of energy, .

.,
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or food plants may be freed of their dependence on cony
fertilizer as a source of nitrogen.

A relatively distant advance is the possibility Of treatir.
diseases by replacing defective_genes witVnormal ones. Tht,
such gene therapy to become a reality will probably be replacement
of defective blood cells, which are produced from a stem cell line in
the bone marrow in a way that alloWs them to be replaced from the
blood stream. With more highly organized organs, however, the
problem seems insuperable. It is even less likely that a gene replace-
ment can be carried out in sex cells, as would be required to
eliminate further inheritance of a genetic disorder.

With knowledge derived from simpler systems, and using DNA tech-
nology, the study of the cell biology of higher organisms will move
toward a new level of sophistication. Research efforts will be trained
on the intricate mechanisms that integrate the complex interactions
of genes and enzymes. Such knoWledge" is pivotal for understanding
not only normal cell reproduction and differentiation, and presumably
the conversion of a normal cell into a cancerous one, but also the
process by which cells age.

The fascinating structure and workings of cell membranes, which
maintain the vital balance between fluids inside and outside a cell,
and which are the site Of interactions of a cell with hormones,
viruses, bacterial toxins, and drugs, are the object of intense study.
Such investigations will have importance for a gnat variety of
health-related concerns. Critical to new understan.I.Ing are studies of
the newly discovered specific recerlor preteir,.. in cell membranes,
which are the specific sites of .9..-1-tnicpt hormones, neurotran-
smitters, etc.

Studies are probing the molt '..osis for the cytoskeleton's dy-
namic nature, seeking to under.,. ^Sd the motility that allows white
blood cells to mobilize to fight in xtion, or cancer cells to invade
nearby organs, or, within the cell Itself', for subcellular components
to move about with precision and effieiency.

Enriched by the new tool:; and understanding of biochemistry, molec-
ular genetics, and cell s'iology, immunological research has gained
new sonhistication end become a powerful source of new insights,
Accordingly; one confidently expect a marked increase in the
capabiliv to manipulate both desirab:;.- and untoward immune .reac-
tions.

New .vaccines arc in toe offi:ng for several infectious diseases, in-
eluding serum hepatitis and malr_,-rih. Interferon, a powerful antiviral
protein manufactured by the body, is promising to be therapeutically
effective; its current scarcity may be remedied through the use of
recombinant DNA technology in a raw years. Kidney transplantS can
expect tc enjoy much better rates" in the years ahead, mostly
as the result of improved matching of donors and recipients. Graft
survival will benefit from new therapies with drugs, irradiation,
and antibodies against destructiVe white cells. -

In allergy research, new discoveries about the types of white blood
cells that influence -allergic reactions promise to lead to a rational,
guided approach to desensitization therapy. Moreover, the recent dis:
covery of cell receptors for the antibodies that provoke allergic

cl
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.
symptoms may permit the design of chemicals to block these recep-
tors and thus abort the symptoms: Chemical studies on the purified
components of the allergens will bring improvertients to hyposensiti-
zation therapy. ,

Individuals with defects in their. immune systems that destroy their
resistance to infection may soon benefit from .transplants of appropri-
ate tissue such a.5 bone marrow or thymus. New discoveries regard-
ing mechanisms of tolerance promise to lead, relatively soon, to
improved methods for controlling several autoimmune diseases in
which the immune system attacks a normal tissue; already patients

- with myasthenia gravis are showing improvement after surgical or
drug therapy to alter immune function.

There is hope that advances in tumor immunology will eventually
make it possible to eliminate cancer cells that remain after chemo-
therapy. So far, however, efforts at cancer immunotherapy have been

a.

Neyv insights will continue to illuminate the remarkable, workings of
the human brain. Recent research has, revealed the nature of the .

action potential and of synaptic transmission; the synapse, the basic
mode of communication in the brain, has become the unifying con-

cept in neuroscience.
Thanks to the development of new techniques, analysis of the

structural organization of the nervous systemthe wiring diagram--is
proceeding at a rapid rate, and a detailed topography of the func-
tions' anatomy of the brain is imminent. Spectacular progress in the
iden ification and study of the modes of action of synaptic neuro-
tra. ,smitters proriuses to enhance markedly the understanding of the
biological basis of behavior ranging from neurological disorders to
motivation, s! len, 'motor systems, memory, and psychoses., Most im-
portantly, to the extent that behavioral disorders have their bases in
altered neurochemical functioning, they are subject to pharmacologic

remedies..
The study of hormones and their actions, both those produced in

the brain and elsewhere, is also advancing rapidly. Hormones, now
believed to act on the brain in a manner analogous to synaptic
transmitters, underlie ..uch important phenomena as sexual develnr-
ment and basic motivations like thirst and response to stress, aid
may modulate higher order processes such as learning and memory.

That the brain also produces its own hormones,. most of them
polypeptides, hz just been recognized. Some were first known to
exist as the rele4sing substances 'of the hypothalamus that occasion
synthesis and release of pituitary hormones; others as hormones func-
tioning in the gastrointestinal tract. Most recent are the 'endorphins,
the brain's own opiates, with high affinity for opiPt.:: receptors. 14'w
many such brain hormones there are, what ar- the physic& gical and
psychologic,-J consequences of their activity, aid: whether they act at
synapses or other receptors, constitute a chapter that has just opened
and will be pursued apace.

It seems likely that in a decade or'so we will know how develop-
ing nerves seek their targets and we may even be able to improve
regrowth of 'amaged neural tissue. In view of the severity of dc-
rangements of neurological developmentbirth defects, muscular dys-
trophy, epilepsiesthese advances cannot ,fail to make a tremendous
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clinical impact. However, to understand how the gene program is
translated into a nervous system remains one of the most gigantic
challenges that neuroscience offers.

Much new information will be gained in the next 5-10 years
about how the brain codes and integrates sensory informlion. New
treatments for sensory disorders will emerge and prostheses for cer-
tain sensory defects may be developed. The most rapid advance in

analysis of motor systems will probably relate to certain of the
synaptic chemical transmitter systems and may result in improve4
treatment of certain abnormalities of movement.

In the next decade or so, much will be learned about the neuron-
al substrates of basic motivations, and more effective treatments may

become available for such important a: d intractable behavioral, disor-

ders .as drug addiction and obesity. Systematic research will probably
elucidate the circuits in the brain that underlie simpler forms of
learning and memory. Since memory probably involves persistent

physical changes of sOme kind at nerve-to-nerve junctions, insights

into, the mechanisms for learning and memory are surely forth-
coming, although precise .localization of the memory trace for a
specific bit of information may remain an elusive goal. It is possible
that treatments may be developed to improve certain forms of learn-
ing disabilities. Finally, with rapid growth in our knowledge of syn-
aptic transmissions, we seem on the threshold of major improve-
ments in the understanding and treatment of schizophrenia, the most
severe and widespread form of mental illness.

In most neurological conditions that lead to substantial brain de-
struction, the prospects for a real cure are indeed poor, for such a
cure would involve the removal of scars and debris and the re-
growth and rewiring of countless nerves. However, one can look for
significant advances in mitigating the effects of such conditions. Bet-
ter drugs will be developed against epilepsy, psychoses, Parkinson's
disease, spasticity, etc. The outlook for devastating diseases such as .

multiple sclerosis and Alzheimer's disease is somewhat different. The
hope fora cure seems to b_ e reasonably goodespecially if damage

to the nervous system has not .progressed very far. .However. the

cures will proi;ably come from immunology or virology, not neuro-
biology.

While neuroscience is not promising immediate cures for the wide

range 'of neural and behavioral disorders that afflict humanity, the
current rapid growth of knowledge about the brain and nervous
system makes it seem highly prolable thatimproved treatments for
many disorders will become available in the next few years. P&. chaps

even more importantly, as we learn more about the brain we will
approach closer to a 'genuine understanding of the human condition.

Biological research in agriculture, stimulated by advances in so many

areas, is striving to increase productivity while reducing dependence

on cheinical fertilizers and pesticides.
More detailed understanding of the remarkable process of photo-

synthesis is engendering efforts designed to enhance its efficiency.
Research will be- directed to develop crop plants that utilize light

more efficiently, while other work will focus on altering key enzymes

so that they, are less easily diverted to unproductive activity during

the dark reactions of the photosynthetic process. Other research will
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attempt to convert the ordinary C3 plant to the more efficient type
of metabolism seen in such C4 plants as maize.

Because improvements in biological nitrogen fixation could trans-
late into better nutrition for millions, with fewer demands on energy
si,pplies, scientists Will be working to develop more effective bacteria,
more responsive plants, and more produ9tive associations between the
two. Free-living nitrogen-fixing bacteria already exist in nature; scien,
tists will be employing genetic techniques, including those of recom-
binant DNA, to make them more effective. Cereals feed much of the
world's population, and there will be continuing efforts to develop
plant-bacteria symbioses that could fix nitrogen for cereal plants.
Similarly, a variety of approaches is being explored to improve the
natural fixation that blue -green algae provide in rice cultivation.

In the area of plant growth and stress, there will be continuing
efforts to discover new and improved plant growth substances, and
to foster new applications. Plant tissue cultures offer many advan-
tages. Not only do they make it possible to develop and maintain .

plants free of infection with viruses or bacteria, they may provide
ready access to useful plant products, and, they may speed the
search for plants resistant to disease, and other stresses.

Chemical substances, too, open many avenues to progress. In addi-

tion to their role in controlling diseases and pests, they will be .

useful for manipulating a Plant's responses to periods of light and
dark, or for regulating the opening and closing of its stomata.

Breeding plants . for specific characteristics is yet another biological
approach to improving agricultural productivity. The breeding of
plants for resistance to disease and pests has been one of the more
spectacular successes of agricultural, research. Current Work indicates
that there are excellent prospects for :developing economic crops that
utilize nutrients Much more efficiently. At the same time, plants are
being bred for better nutritional value, with an increase-in vitamins
and an altered balance among carbohydrates, proteins, and lipids.
New, highly nutritious -crops will be developed, and previously un-
tapped sources of nutrition such as leaves, which are usually discard-
ed but which contain a limited amount of high quality protein, will
be exploited.

Although no major breakthrough is in sight, basic studies of plant
physiology and applied research promise to yield many modest ad-
vances.,Taken together, these prOmise high economic benefit as well
as a 'greater assurance of continuing food supply.
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3 The Structure of Matter

INTRODUCTION

The .effort to understand matter has challenged the
human mind throughout meth led history. It-has been
motivated both by the desire to manipulate and
control matter for human uses and by simple curiosi-
ty. As our understanding of matter has deepened, so
has the range of study to include the less tangible
phenomena of visible light and other forms of electro-
magnetic radiation.

Understanding matter includes knowledge of its
forms and behavior under all imaginable conditions,
the transformations that can occur among various,
forms of matter, and the natural laws that underlie
these phenomena. Such knowledge makes it possible
to predict the behavior of matter under new circum-
stances, to establish how it is fashio..:d and how new
forms may be created, and to control its forms and
uses.

In view of the great diversity anti' complexity of
matter, it Must be an act of faith to search for an
underlying simplicity. While the modern physical
scientist continues the pursuit of a goal that began in
ancient Greece, he is under the severe constraint that
his explanations must account consistently for repro-
ducible phenomena and must unfailingly predict the,
behavior of matter; There is no greater miracle than

°

the success of this enterprise. Indeed, the successes of
the past justify faith in"the future.

The structure of matter may be viewed on a scale
that ranges from the very large to the very small, from
the macroscopic to the microscopic (see Figure 9).
Cosmology is concerned with the structure of matter
on the largest scale, with the grand 2tructure of the
universe: How did it originate; what is it age; of what
is it made? It involves the study of such fascinating
phenomena as black holes, gravitational collapse and
neutron stars, the "Big Bang," and so on.

Then there is the more human scale of the laborato-
ry, one. which permit's experiments and studies of

.,matter undo' carefully controlled conditions. Laws
governing macroscopic matter are well developed and
understood. Among the most elegant laws of nature
are the laws of thermodynamics, which describe the
thermal behavior of matter in .terins of a few parame:
ters characterizing each substance. Another example
includes the detailed laws of statistical mechanics
governing particulate structure of matter. Our general
understanding of the mechanical, electrical, magnetic,
and optical properties of most normal forms of bulk
matter is also well established in terms of a few
parameters for each material. However, there are
exotic materials such as superconductors and su-
perfluids for whit, the classical theories have not been

81
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adequate. They have turned out to be examples of
macroscopic quantum fluids, a realization of the

quantum theory associated primarily with the micro-
.- scopic behavior of matter.

In-deed, in recent years, dazzling variations-of the

more familiar forms of materials have appeared,
presenting challenges to established theories and many
opportunities for application. Included are new types

of semiconductors, amorphous materials with a great
Variety of tailored properties, polymeric and organic
complexes, and two-dimensional as well as one-dimen-
sional materials providing special opportunities for

fundamental studies.
Finally there is the microscopic domain in which

one attempts to identify the building blocks out of
which matter is- composed. In tWs domain, matter is
reduced to collections of molecules and these to
atoms. Atoms are reduCible to electrons and a nucleus,,
the latter composed of neutrons and protons. Neu-

trons and protons now appear to be made . up of
'ultimate" building blocks, the quarks, a concept that

4 light-years

C3

5 light-hours
8 light-minutes

1 light-second*

''--FIGURE 9'. Range Of sizes in physics
(each step corresponds to a factor of
10 increase in size. *1 light-second =
distance that light travels in 1 second =
3 X 1010 cm or 186,000 mi. (National
Academy of Sciences, Physics in Perspec-
tive, Vol. I, p. 84. Washington, D.C.,
1972)

arose out of considerations of 'internal symmetry .

introduced to account for the unexpected behavior of
nuclear particles.

Although the general laws describing the behavior
of matter at the atomic and molecular scale are well
established, much remains to be done to arrive at a
detailed description of the properties of matter on the
basis of fundamental physidal principles, quantum and
statistical mechanics, except for very simple systems.
High speed computers and new mathematical tech-
niques are now advancing our knowledge of matter at

the atomic and molecular scale. However, it will be a
long time before our ability to understand matter at
the molecular level will_ have advanced to where we
can understand the building blocks of living systems in

terms of basic physical laws. 4'

ASTROPHYSICS AND COSMOLOGY

In earlier times, our knowledgepf the universe beyond
the earth depended entirely upon the perception of



viable light, which represents onl one very small
portion of the broad spectrum f electromagnetic
radiation that is emitted by matter under various
conditions. The earth's atmosphere is an effective
absorber of much of the radiation that falls upon it,
and for this reason there are broad portions of the
spectrum that cari be detected only by specially
designed instruments located above much of the
atmosphere. During the past 25 years or so, however,
remarkable instruments' have been devised which
allow us, to see the cosmos as it appears in radio waves,
in infrared and ultraviolet radiatiOn, and in X-rays
and gamma rays (Figure 10).

The sources of electromagnetic radiation are mole-
cules, atoms, electrons, and the nuclei of atoms. Each
of these forms of matter can exist in a number of.

different energy levels, or states. which correspond to
different: vibrational patterns, or different rates of
rotation, or different configurations of the electron'
cloud surrounding atoms and molecules. The absorp-..,
tion of radiation raises the object to a higher ,energy
"excited" state, and radiation is emitted when the
object undergoes a change or transition to a lower
energy state. The particular wavelengths or frequen-
cies of the absorbed or emitted radiation are character-
iStic not only of the kind of transition involved but
also of the specific kind of molecule,_ atom;-or-nucleus

7undergoing the transition.:-FoeXimple, the pattern of
radiationze-nitted-atoms is different from that

-emi. tedby carbon atoms, and the same is true for
'different kinds of molecules and different 'atomic
nuclei. The radiation pattern also depends on the
temperature,' pressure, and other conditions of the
matter of which the atoms or molecules ave a part.
Thus the observation of electromagnetic radiation
over a broad region of the spectrum provides a
number of different and complementary windows
through which the matter in the stars and galaxies of
the universe can be studied.

In addition to the electromagnetic 'radiations, other
radiations provide an increasing amount of informa-
tion ccc cerning the cosmos. For example, the charged
nuclear "articles in the cosmic rays are a direct source
of information about galactic and.extratgalactic events.
Also t12,! ability to detect neutrinos offers a promising
possibility for an entirely new means of astronomical
observation. Furthermore,' gravitational waves could
be used as signals of catastrophic events if their
detection could be successfully demonstrated.

COSMOLOGY s

During the early years of this century, most astrono-
mers believed that all of the visible universe, both stars
and nebulae, were contained within one great system,-

PIGURF, 10 Electromagneti
wave.; penetrate the earth's at
ground-based instruments. Fc
other parts of the electromagi
be dallied high up in, or abov
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radiatiLn. Visible light and radio
losphere and can be observed by
unobscured observation-of most
;tic spectrum, instruments must
the atmosphere.
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the Milky Way, galaxy. By .1929, hhweyer Edwin
Hubble had established -the fact 'that many of the
observed nebulae are actually :"island uniVerieS".-or
independent galaxies much like our own, which--are
vastly more distant than had previonSly_been thought,
and that they appear to be flying apart"..-from each-
other like pieces of shrapnel from a. great explosion.

Our present picture is that the uMve /cOntainS"
many billions of galaxies that are distribut_
out space rather uniformly in all directions b to the ,
limits of our ability' to observe them; and that the
cosmic expansion first noticed by. Hubble, had its
origin in a primordial explosion, the Big Bang, Which
occurred some 10-20 billion,years ago.

Will the universe keep on expanding.forever, or will
the present expansion gradually slow down and
perhaps eventually reverse into a collapse? If it does
collapse back into a giant fireball, will. there then be
another Big Bang? Is ours a "one-shot" universe, or
does it oscillate endlessly between- expansion and
collapse?' These questions are central issues in cos-
mology, and although they may seem mind-boggling,
they do lend themselves to scientific analysis. Much of
the excitewent that 1-....--4ades contemporary astrophy-
sics arises froni the power of the new observational
astronomy and of modern theory, to search out the
cosmological evidence.

The Age of the Universe

Hubble's key observation was that the observed
galaxies all appeared to,be flying away from each other
at speeds that were proportional to the distances
between them. That is, galaxies twice as distant were
receding from each other at twice the speed. By
running this mutual expansion of all the galaxies
backward, it is possible to arrive at the "Hubble time"
when all of the galaxies would have been packed
together in the primordial fireball of the Big Bang.
Hubble's original calculations indicated a time of
about 2 billion years since the Big Bang, but subse-
quent studies have' steadily lengthened this estimate of

.the. Hubble time until itis now placed between.10 and
20 billion years. The large uncertainty in this estimate
still remains to be resolved, but it is noteworthy that
the same range of values has been found for the ages of
the oldest observed stars, and also for the ages of the
chemical elements, which are determined by measure-
ments of radioactivity.

The Hubble time Would be expected to give the
correct age for the universe only if it had been
expanding at a constant rate since its beginning in the
Big Bang. If the expansion has gradually been slowing
down, however, Chen the actual age of Ihem-riyerse
must be less than that indicated by the Hubble time. It

C,

is reasonable to expect that the mutual gravitational
attraction cf all the matter in the universe must work
against the universal expansion and thus tend to slow
it down, but by hov; much?

Density of Matter in the Universe
' .

A Second, approach to the age-problem is to relats the
expansion of the universe to the" total amount of

:Matter and energy that it containi. Gravity acts upon
all. forms of matter and radiation (including light), and-:
mutual gravitational attra0,ion-will eventually stop the
universal expansion if,.the average "ensity of such
mass-energy throughout .the universe i great enough.
Conversely, if the average density-is.less :hail a certain
critical value, then the universe. will continue to
expand foreveran open universe. At present, the
estimates of .mass-energy4h the observed forms of
-tars, gas, and dust fall far short of the critical density
needed to halt the expansion and produce a closed
universe.

If the universe is in fact closed, then there must be a
great deal of matter present that has not yet been
Observed. Some preliminary evidence from the new X-'
ray astronomy points toward the presence of substan-
tial amounts of matter in very hot, dilute intergalactic
gas.. There are also several other ways, not yet
confirmed, in which large mass may be detected if
presentin black holes, for example. However, argu-
ments 'based on calculations of the abundances of
elements produced by a Big Bang tend to favor an
open universe of low deniity and These arguments
include all matter whether in galaxies or intergalactic
gases.

Ages of Stars

Many facets of astrophysics also bear on cosmological
questions. The ages of stars are an important clue. For
example; our present model of stellar evolution indi-
cates that a massive star Will consume only about 10 to
15 percent of its hydrogen before it expands into its
"red giant" phase. This standard model also predicts
that a certain number of neutrinos should be observed
on the surface of the earth as a result of the
thenponuclear reactions occurring in the core of the
sun, but the most persistent efforts to detect these
neutrinos- have yielded ,o,nly one-third or so of the
predicted number. Some possible explanations for the
solar neutrino puzzle would yield a model for the sun
which might burn hydrogen for 20 billion years
instead of only the.. 10 billion years predicted at
present. Estimates of the age of the galaxy based on
the ages of its oldest stars would, then have to be
revised correspondingly upward.

2



. This uncertainty empbs3izes the fundamental im-
portance of understanding the sun, since we can
hardly trust our modelinf of other stars if the solar
model is in doubt.

Three-Degree Background Radiation

During the first few minutes of the "Big Bang,
terpperatures were billions of degrees, and energy
appeared, in the form, of--- intense, indistinguishable
fiek of matter and radiation.2 As the universe
expanded, the temperature decreased and the wave-
length of the radiation increased both in direct
proportiori to the expanding scale of the universe.
After some 100,000 years, the temperature had fallen
to about 4,000°K (degrees Kelvin = degrees Celsius
+ 273.15), and the intensity of the radiation was no
longer great enough to prevent atomic nuclei from
capturing elattons and thereby becoming neutral
atoms. At the time of thts'decoupling" of matter and
radiation, the radiation was no longer scatteredby_free
electrons, and the universe lzecame transparent. As
thoug.1 a fog had been dispelled, the universe was
filled with blinding light.

Since the time of decoupling, the universe has
expanded.by about 3,000 times. As a consequence, the
wavelength of the radiation present at that early time
should now be increased by the same factor of 3,000 to
a present wavelength of about one millimeter. The
spectrum of such radiationa cool, fading afterglow
of the primordial fireballwould have a characteristic
temperature of about 3° above absolutezero (3°K).
This relic radiation was actually discovered in,1964

- 65, and its existence is perhaps the strongest evidence
we have for the Big ,Bang picture of the universe. The
3°K background radiation has since been observed
with remarkable precision. in many different experi-
ments: from the ground, front b.alloons; and even from
a U-2 aircraft. Even though the intensity of this
background radiation is only about a hundred bil-
lionth of the thermal radiation from this 'sheet of
paper, it accounts for most of the radiant energy in the
universe, withan energy density exceeding that of all
starlight and cosmic rays.

The universal background radiation appears to be
ram. ,.bly uniform in all directions, with the excep-
tion of a slight systematic variation that can 13:3
attributed to the motion of the solar system through
the universe. Measurements indicate that., the sun and
its planets are moving toward a point in the constella-
tiqn* of Leo at a speed of about 390 kilometers per
second relative to the background radiation.

A satellite mission, the Cosmic Background Explor-
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tion. Results of:this mission, should provide important
new knowledge of the natLire of the early universe.

HIGH ENgRGY ASTRONOMY

The branches of astronomy that are based on space
technology are still in their pioneering stages; there-
fore, great improvements in observational capabilities
can be expected within- the near future. This is

particularly true of high-energy astronomy, now the
most rapidly developing of the new astronomicl.
High-energy astronomy's, principal window to the
cosmos, the X-ray region of the electromagnetic
spectrum, provides a view of many of the most bizarre
and violent phenomena on the celestial scene (Figure
11). Spectacular variability is ost universally char-
acteristic of X-ray sources, wit time scales ranging
from milliseconds to years. As an 'ample, there are
now more than 30, known sources led X-ray
bursters that typically flash at a. power level of a .

million sun for about 1 second, but are quiescent 10
seconds later. One such source, known as the rapid
burster, repeats its explosiorn about a thou,sand times
a day, going off like a string of cosmic firecrackers.

X-Ray Stars

The X-ray sources within our own galaxy include
white-dwarf stars, neutron stars, and (theoretically)
black holes. Each of these three kinds of curious
objects is believed, to be an alternative end-point to the.
process of stellar evolution. When a star has exhausted
its nuclear fuel and can no-longer generate the central -
gas-- pressure that had previously sustained the crush-
ing burden of its overlying mass; the star begins to
shrink inward under the force of its own gravitation.
For stars of relatively sma.11. mass, such as our sun, the
shrinkage ends with the formation of a, white dwarf,
which is no larger, than the,earth but is so dense that a
spoonful of its matter would weigh about a ton.

Neutron Stars

Tile end point for stars of medium or large 'mass can
be either a neutron star or a black hole...In the-firs-I:
case. the inner core of the star is crushed down in a
fraction of a second to form a neutron star, and
simultaneouslY the star's outer layers a-e blown off in
a 'gigantic explosion called \ supernova. A neutron
star is essentially a giant nuclei's of about 1057 tightly
packed neutrons in a volume only 10-20 kilometers in
:radius'and with a density of ab/out a billion tons:per
cubic inch. In-its collapse, 'the tar's original magnetio

er (coBE), is now being prepared to make refined field can be concentrated to perhaps a million milliOn
measurements of all aspects of the background radia- times its initial strength and its rotation speeded up to
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a few or even tens of revolutions per second. Electrons ;

locked in the star's magnetic field can be whipped

around the star at nearly the speed of light, with the
result that they beam out radiation -of every wave-
length from radio waves to gamma rays, which is
called "synchr-Oliiiirradiation" for reasons, given later.

Pulsars

It is believed that radiation is more intense from some
regions on the surface, of a 'neutron star than from
Others. Thus, as the star rotates, the radiation appears
to vary in intensity, or,pulse, depending upon whether
thgse regions or "hot spots" face the observer br earth
or not. Such pulsatipg sources of radiation, or pulsars,
Were first discovered in 1967 and now number several
hundred. The first X-ray -pulsar detected. was the
neutron star at the center of a supernova remnant, the
Crab Nebula. The Crab pulsar emits strongly in every
fegiono the electromagnetic spectrum. Islo other

. Pulsar has been` observed, in both'the radio and X-ray
regions, although a pulsar in Vela emits radio waves
and gamma rays quite strongly. Two recent discov-
eries of-pure gamma-ray pulsars add_to_a div_ersity_of

Pulsars that we cannot yet explain:The pulsar: process
w must be more comP.ei than,.the 'simple description

given above.

e
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Binary Systems

When a neutron star is coupled 'closely to a 'normal
star to form a binary pair, it- can accrete gas' by j
intercepting the ,:'stellar wind" of particles thrown off
by its largei' companion or by direct gravitational -

attraction from the companion's surface. The powerful
gravity of the compact star attracts the gas toward its
surface with great kinetic energy, and the hot infallirig
gas is funneled by the star's magnetic' field onto an
area. of only about one square kilometer at each
magnetic pole, which thus becomes a source of intense
X-rays.' If the magnetic axis of the star is not the same
as its axis of rotation, the "hot spots" at the magnetic
poles will sweep around the sky and thus beam X-rays
in pulsar fashion as the.star spins. At present, some 14

FIGURE 11 Supernova remna i Cassiopia A as seen at different
wavelengths. (a) )Gray pictur .roiA Einstein Observatory by S.
Murray (Center for Astrophysi.1ds-, Cambridge, Mass.). (b) Drawing ..

of regions of-optical emission as photographed by Kamer and
Van den Bergh (David Dunlap Observatory, UniverZity of To-

ropto). (c) Radio map at 4,995 MHz as Measured by.A. R. Bell _

(Mullard Radio Astronomy Observatory, Cavendish laboratOry,

Cambridge, England).
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X-ray pulsars are known," With. rotation periods
ranging from less than serutid to 16 minutes.

Black Holes

. When the nuclear bUtiling cycle ends, the gravitation-
al forces for stars of sufficieut %Os become so strong
that mo equilibrium condition such as that of a white
dwarf or a neutron star is bible In such cases, the
final collapse is thought to Oeettr in less than a second
and to result in the forusanot of a black hole---a
region of space in which roaMr, figuratively speaking,
hag been crushed corriPletclY out of. existence, The
name was chosen to exPress the fact that theoretically
nothing, riot even light, can ape from the surface of
this hole in space because of its joluense gravitational
field. Black holes resulting frArb the collapse of start
would typically have messes 350 times that of the
sun, and diameters 18-300 It+nteters.

The gravitational force is 15elieved by most scientists
to be correctly described bYlEinstein's general theory
of relativity, and the idea of black holes is so

fundamental a consequence of this theory that astron-
omers look for every Pcssib.lt clue to confirm their
actual existence.3 Since ito .aeliatiOn can escape from
the black hole itself, must search for effects
produced outside the hole powerful gravitation.
A black hole creates a kind'i of ravit..4tional whirlpool
in space that draws ally 4erbY matter toward it The
combined centrifugal and gravitational forces cause
the swirling particles to forin, a flat, gaseous accretion
disk that can be millions o t kilometers in diameter.
Within the disk, frictional forces cause the individual
bits of matter to spiral gralallY inward until they are
finally swallowed up by the! K hole. The frictional
forces at the inner edge of the disk hot the,swifling
gas to such high ternPeratprts tharas much as 80
percent of their thernial eriergYis radiated away as X-
rays.

Astronomers have 30 r identified four X-ray
soUrces' which are likely nditutet for black holes.
The X-ray emission from t est sources has the noisy,
flaring character that worn d Le' expected frotri the ,..

- intensely. 'turbulent Inner re Pk of the accretidir disk.
In this 'inner region, any h t..sots that develop will
bean.) out` exceptionally int X-rays as they orbit
around the hole; and since he orbital period, or time
per revolution, is in the r nte of only a few Ihou-
sandths of a second, -ray tronomers are searching
for trains of pulses that rec t With such short periods.
Observation of Such l'Ulses would be strong
evidence for the existertee, black holes and would
reveal important properties of the gravitational "warp.. '

ing" of space close to the .
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HIGH-ENERGY EXTRAGALACTIC SOURCES

The sources of X-rays; gamma rays, and 'neutrinos <-
beyond our own galaxy include the hot gas that forms
a diffuse medium inl clusters ,°f galaxies, and also
sev&al kinds of discrete source such as the nuclei uf-
unusUally active galaxies:

Cluster Gas .
..,

xies are found grouped withMost of the observed gala
others in clusters of various siaresese:g.tuhree
also evidence for a chisteiiO4 ' of cluster's. Such\ ,
superclusters or groupings rep

is a member of a local gro
osOistitirgations of matter in the universe.

up\ co na galaxies,
while the lafgest. galactic clusters, such as those in
Virgo and in Coma, contain thousands of galaxies, all
gravitationally bound together and traveling at high

sp'nerica volume that is notspeeds within a roughly
much laiger than that of the loOlgroup. ;.

The space between gataxiet in Such clusters appears
to be-filled with a diffuse gas that can be heated to very
high temperatures in several different ways

this hotgravitational in fall. The X-rays emitted
cartpiaformation about its cobrsition, density, and
temperature, and thus about the!dYnatoios and evolu-
tion of the efilster as a Whole, On the largest cosmic
scale, there issome prelinlinarY

1 n enormous clouds of
evidence that super_

clusters may also be enveloped ri

bat gases-emitting X-rays Ai stated previously, early
studies have tended to indicate that the average ..

density of matter does not appe?Ir to be great enough

closed universe. However, the
to halt thePuniverial expansidnoaauttd serth;eseto form

present
inrr a

the
diffuse I gas' Clouds in clustered superclusters may
account for a, great deal of mays that was previously,.
invisible but that now can be seen l'''the light of its X.. : 0

radiation. `,

, .

Dirl"ete Sources

A Number of localized Soum rival the /latest
galactic clusters in the :interOY of their, X-ray
emission. These include the central regions, or (Mclei,

of certain galaxies in Which cataclysmic events
and others which

ppear
to be occurringSeYfert gaia%ies

/
radiate strongly rat radio freqilenciesand Abe still'
more powerful...starlike:4' uasars.,and related BL- Lacer-
tae objects. The 'semice were identified wring theffirst major X -ray,, asii___OL_Iofin2y mission,' ti Ao-j, but
their detailed studrand tire difcevery of other, such
sources must awaitm6ii,serisitive instrumentation of .
the kind described in the laIripaft of this ,ectici'n
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PIGA-1RE-12 Group of'five galaxies in Serpens with unusual connecting cloud. (Hale Observatories)

GANNIA-RAY AND NEUTRINO ASTRONOMY

Gamma-ray astronomy has, developed more slowly
than X-ray astronomy becatiSe the reclilired instru
ments are intrinsically much larger and heavfri. Even
though the instruments that have been used so:far in
balloons and in small satellites have 0.4.only limited

. sensitivity, "important results have airead'y been
achieved: Gamma-ray emission is generated primarily

'within the disk of our own galaxy, and it reveals the
structuie'of the disk and the interactiorts of 'cosmic
rays with the ambient interstellar mediurn, Some two
dozen point-sources haves been found so far, but few of
these correspond to sources observed at other wave-
lengths. Exceptions are the pulsars in the Crab and
Vel4, plus several other pulsars. It cornes as a great
surprise that these sources gerie,rate_so much of their
energy as gamma-ray pulses.

Since many processes that generate gamma radia-
tion will also generate neutrinos, these 11e.cv ObserVa-

lions suggest that neutrino astronornY holds great
promise for further exciting developrnehts, Neutrino
astronomy, divides itself into three energy regions: low

/energy neutrinos from stars (about 1 MeV or million

electron volts); intermediate energy neutrinos .(about

10 MeV) from gravitational oollapge; and,ultra high-
energy neutrinos (greater than 1. GeV Or billion
electron volts)...In the Homestake gold mine experi-
ment to detect low-energy solar neutrinos not as many
were counted as were expected, as mentioned before.
Future experiments are being planned to resolve this

discrepancy.4
At is expected that ;in the final stellar collapse to

form a neutron star or black hOle more energy Will
be radiated in the form of neutrinos Than anything

else. Currently, experiments are operating in the
Homestake gold mine and in the Soviet Caucasus that
should see the intermediate-energy neutrinos from a
collapse anywhere. in our Galaxy. The %iltra-high-

energy neutrinos are produced whenever high-energy
piotons collide apywhere in the universe. There are-
both discrete sources such as quasars and pulsars and
diffuse sources such as the collisions between cosmic
rays and the interstellar gas. Limits on these sources
are beginning to be obtained by the detectors used in
the intermediate energy range; however, definitive
measurements with angular re4olution capable of
picking up point neutrino sources will probably have
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to wait for dumand, the Deep Underwater Muon and
Neutrino Detector, for which detailed design studies
are just beginning. dumand would consist of a cubic
kilometer array of detectors located approximately six
kilometers underwater.

One interesting spinoff of neutrino astronomy is
that these large arrays of detectors may provide the
best means to determine limits on proton lifetimes.
This is a crucial question in the grand unification of
theories to be mentioned later. Also, proton decay
may even be-related to the origin of matter in the Big
Bang.

HYPERACTIVE NUCLEI OF GALAXIES

Quasars were recognized in 1963 as possibly the most
energetic objects in the universe. So great are their
luminosities, or total energy emission, that theorists
speculated about the need for new physics to explain
them. The hundreds of quasars and other quasarlike
objects that have been discovered since `N63 appear to
form a general class of violently active extragalactic
objects in which the light of stars is overwhelmed a
hundredfold or more by nonstellar light. As the
catalog of quasars and other 'active galaxies (Seyf'ert
galaxies, radio galaxies, etc.) has expanded, a sense of
evolutionary continuity relating all of these objects has
begun to emerge. The common link is believed to be a
gravitational concentration of enormous masses of
stars and stellar debris in the central regions, possibly
into black holes having masses millions or even
billions & times that of the sun.

Quasars are optically brilliant objects, and many are
also powerful radio, infrared, and X-ray sources. Even
though the energy source in such objects may be
concentrated in a region only a light day across, the
associated radio structure sometimes extends over
several million light years. The power output of the
energy source is as startling as the rapidity with which
it can vary. As an example, in 1975 a certain quasar
flared, to unprecedented brilliance in both the optical
and radio bands. Within a few weeks its brightness
had risen to 10,060 times that of the entire Milky Way
galaxy and just as quickly had subsided.

Since a black hole is intrinsically an absorber rather
than an emitter of matter and energy, how can it
produce the ens -thous power of a quasar? The
mechanism is thought to be the capture by a massive
black hole of the gaseous debris of stars. that have
collided in the densely packed central core of a galaxy,
or of stars that have come so close to the black hole
that gravitational tidal forces have ripped them apart.
It would require the accretion of only one or two star
masses per tear for a black hole of a hundred million
solar masses to power a quasar, and this process might

4
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continue for several million years, before the reservoir
of stellar material in the nucleus of the galaiy was
exhausted. Most of the observed quasars and other
powerful radio sources are very far away in distance
and thus in time, Sand this fact can be interpreted as
evidence that these immensely luminous objects were
mach more common when the universe was young,
dy out within perhaps a billion years after they
wer originally formed.

Although the black-hole model of active galactic
nuclei has the virtue of being a powerful energy-
generating mechanism, this idea is not accepted by all
theorists. Perhaps the best that can be said of it at
present is that it is the least untenable theory yet
offered. The next decade must bring far more sensitive
and detailed observations in every part of the spec-
trum before we can hope to solve the quasar mystery.
As an example of the problems involved, recent
studies tentatively suggest that the quasar 3C-273, one
of the most powerful radiation sources in the entire
universe, produces a very large fraction of its energy in
the form of energetic gamma rays. This is an astound-
ing and baffling observation. s.

RADIO ASTRONOMY

The ability of the mirror of an optical telescope to
separate two close images, or its resolving power,
increases in proportion to its diameter and decreases
in proportion to the wavelength of the radiation it is
used to detect. Since the wavelength of celestial radio

-waves is thousands or more times longer than that of
optical radiation, it would be totally impractical to
build a radid antenna that could match the resolution
Of even a modest optical mirror. The radio astrono-
mer's solution to this problem is an instrument called
an interferometer, which consists of two or more'radio
telescopes that are separated from each other by a
certain distance. When the signals, from the two,
telescopes viewing the same source are combined, the
resolution obtained matches that of a single telescope
whose diameter equals the distance of separation. The
separation does; not, of course, affect the instrument's
signal-gathering power, which depends only on the
combined surface areas of the individual. radio dishes.

Early interferometry was limited to telescopes
located close enough together to be linked by cable or
microwave communication. With the development of
very accurate clocks, however, it has become possible
to transfer time precisely and to combine, in a
computer, signals recorded on tape at widely sepa-
rated telescopes; a technique called "aperture synthe-
sis." With only the size of the earth to liMit telescope
separation, very long baseline interferometry (VLSI)
has pushed resolution in the radio spectrurn to better
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- than a thousandth of a second of are, far beyond
anything achieved optically (one second of arc sub-
tends an angle that is 1/3,600 of a degree). Any
problems in matching atomic clocks can be eliminated
by transferring phase information between telescopes
via real-time satellite communication, a method whose

. feasibility has been clearly demonstrated with a
Canadian satellite.

Plans are now being developed for a steerable three-
meter radio dish antenna to be carried- aboard the
space shuttle and to be used in combination with one
or more ground-based telescopes such as the dish
located in Arecibo, Puerto Rico. It will provide
continuously variablefbaselines, a great advantage for
aperture synthesis.

The taped-signal technique has allowed astronomers
to combine VLBI arrays of several existing telescopes
to gain more detail in the synthesized data. The gain is
related to the possible number of pairings of tele-
scopes: two provide a single pair, three make three
pairs, four make six, and five make ten combinations.
A more widespread geographical distribution permits
a fuller map of the sky, and operations are.planned for
transcontinental and eventually transoceanic combina-
tions stretching from Massachusetts to Hawaii and
south into Texas and Mexico.

AC'

INFRARED ASTRONOMY

The infrared astronomer is interested in objects with
temperatures les an about 3,000°K, the sun, by
example, has a sudice temperature of 5,700°K. In the
near-infrared region of the spectrum we see very cool
stars and the "tail" of the emission from ordinary
stars. The stellar emission decreases toward longer
wavelengths, and die infrared contribution comes
mainly from dust particles heated by nearby stars.

Within the galaxy, the major sources of infrared
radiation are 'regions of ionized hydrogen of gieat-..

extent and optical brightness: dense molecular clouds,
dark nebulae where starlight is obscured by dust that
reradiates infrared, and young stars surrounded .by
dust shells. All of these objects are associated with
stellaibirth. At the other extreme of stellar evolution,
dying stars may eject large amounts of dust and
become very bright in the infrared. Theznass loss may
take the form of a slowly growing dust shell around a
cool star or of an explosive ejection accompanying the
outburst of a nova or supernova. Such reprocessing of
material to the interstellar medium has an important
role in the evolutionof the galaxy.

The center of our galaxy is especially bright in the
infrared, comparable, in fact, to the visible luminosity
of the entire galaxy. Thermal emission by dust must be
the source of this infrared radiation, but the heating
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nrocess is not understood. Many distant galaxies
radiate infrared from their nuclear regions at 10,000
times the luminosity of our galactic' center. The
mechanism involved must be closely connected with
the total process of hyperactivity in galactic nuclei, but
it is again not clearly understood. 4,In fact most
quasars, Seyferts, and other extragalactic objects
radiate more energy in the infrared than in any other
part of the electromagnetic spectrum. This means that
infrared astronomy may eventually be one of the most
effective' ways to study these exciting objects.

NEW INSTRUMENTS

Space Telescope

Scheduled for launch on the Space Shuttle in 1983, the
space telescope will offer such fundamental advantages
over ground-based instruments that it will become the
main tool for the deep-space studies that are essential
to cosmology. The power of a ground-based telescope
to detect and resolve very faint ubjects is ultimately
limited, not by the quality of its optics, but rather by
the shimmering of the earth's -atmosphere and the
background light of the atmosphere's airglow. A
location in space makes possible the sharpest imagery
and also extends the range of possible observations
into the ultraviolet and infrared regions of the
spectrum. The space telescope will provide a resolu-
tion of about,0:1 to 0.05 of an arc-second, and will
detect objects as faint as the twenty-eighth or twenty-
ninth magnitudeat least 100 times dimmer than can
be observed from the earth's surface,, The high cost of
placing the 2.4-meter mirror and all of its accessory
equipment in space requires V the space telescope be
serviced and its instrumentsculidated over a period of
15 years, and perhaps even a decade. This concept has
become feasible only with the advent of the space
shuttle.

Ground-Based Telescopes

The largest ground-based telescopes now operating are
the five-meter reflector on Mount Palomar and the six-
meter reflector on Mt. Semirodnika in the Soviet
Union. It ,is doubtful that larger mirrors could be
successfully cast or that such mirrors could be
mounted to operate without distortion. Instruments
consisting of multiple mirrors are not limited by these
constraints. No* nearing completion atop Arizona's
Mount Hopkins is the first large Multiple Mirror
Telescope, the prototype of the next generation of very
large optical telescopes. This instrument will use six
1.8-meter mirrors to match the light-gathering power
of a 4.4-meter telescope at less than one-third the cost



of a conventional mirror and its dome. housing. Tests
have demonstrated that a laser sensing, system can be
used to bring all six mirrors into a common focus.
Designs are also being studied for multiple mirror
telescopes with equivalent apertures up to 25 m. A
direct scale-up of a monolithic mirror of such size,
even if it were technically feasible, would cost perhaps
$2 billion and require some 50 years to complete.

Radio Telescopes

A very large array (vLA) is now nearing completion
on .the plains of San Augustin near Soccoro, New
Mexico (Figure 13). It will be the world's -largest
apertute- synthesis radio interferometer. With 19 of the
27 antennae now complete, along with about one-third
of the trackage and electronics, the VLA already,
surpasses in sensitivity any radio astronomy facility in
the world. The full array of 27 antennae will be ready
for operation in 1981. Its agenda will include quasars,
radio galaxies, black holes, and stellar and cosmic
evolution.'

It is also important to move toward shorter radio
wavelengths to gain resolving power. A very success-
ful millimeter -wage antenna serves the Five Colleges
Radio Astronomy Observatory at Amherst, Massa-
chusetts. Its efficiency will be further increased by the
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use of cryogenically cooled detxtbrs. At the Owens
Valley Radio Observatory of the California Institute
of Technology, a mirror 10 .meters in diameter has
attained4 resolution° of 27 arc seconds at a wavelength
of 1.3' millimeters. This excellent performance was
achieved through the development of some remark-
able mirror-fabrication techniques.

Infrared Telescopes

As noted earlier, most of the infrared spectrum must
be observed from aircraft, balloons, rockets, or satel-
lites.,The technology of cryogenically cooled detectors
and mirrors is very difficult to perfect, and small
cooled telescopes have been used in only a few rocket
flights. In 1981, a small helium-ccoled telescopewill
be launched aboard Spacelab 2. Also planned for the
same year is the Infrared Astronomical Satellite (IRAs)
a joint project of the Netherlands, the. United King-
dom, and the United States. It will carry a larger (60
centimeters) cooled telescope and detectors to cover a
large fraction of the infrared spectrum. It should be
able to detect a photostellar region like-the molecular
cloud in Orion out to distances of about 10,000 light
years and to provide- a catalog of perhaps a million
infrared sources.

A

FIGURE 13 Very Large Array radio telescope being built near Socorro, N. Mex., by the National Radio.Astronomy Observatory
under contract with the National Science Foundation.
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X-Ray and Gamma-Raj, Instruments

The first High Energy Astronomical Observatory,
(fir:ii.0-1) hasbeen in orbit since mid-1977 with an

arm' of abOut 80 square feet of Xray detectors. The

catalog of X-ray sources compiled through HEAO-1

will exceed 1,000, and the new observatories now
being planind may extend this catalog to 100,000 or

more. The 'recently launched HEAO-2 (Einstein Obser-

vatory) satellite is now carrying the first true X7ray
telescope aboard a satellite. Its 6_0-centimeter diameter

nested mirror has special instrumentation for refined
wavelengili'm-easurements.-Since it will be possible to
perform only a small fraction of the high-priority
observation's suited to this satellite during its expected

life of two years, X -ray astronomers are already well

into design studies 8f an Advanced X-ray Astronomy
Facility (AxAF) for the mid-1980's. AKLAF will have,a.

1:2-meter X-ray telescope launched as a free-flyer
from the space shuttle, and its lifetime is expected to

be 10-20 years.
A gloup of instruments has been selected to fly on a

Gamin Ray Observatory (oito) in 1984. ,The payload

.of about 15,000 pounds will permit garmiut-ray astron-

omers to develop instrument that am '.0 times as
sensitive as those of the first generation. The prospect
is that Grso will make garruna-ray astronomy a full-

fledged paiiner of the other new astionomies.

CONDENSED MATTER
Att.

Condensed matter science. is concerned with the
electronic and atomic properties of the solicrand liquid

phases_of matter and with:the ways in which these
substances respond to mechanical forces, to heat, to
electric and raioietic fields, and to radiation. The

subject area is extremely broad, ranging from ques-

tions of a chemical nature concerning natural or
synthetic structures, to such topics as the distortions
of electronic and atomic symmetry that result in the
properties of magnetism and superconductivity. Previ-

ous fandameptai advances in the field have led to the

discovery of the transistor, solid-state masers and

lasers, high-temperature superconductors, solar cells,
superconducting junction technology for ultrafast
computers, and many other important solid-stite
devices.

The accumulated knowledge of past years has
resulted in our present very detailed understanding of

simr' crystalline solids and of liquids. Indeed, the

electronic properties of many crystalline solids are

now so well understood that the properties themselves

can be used to elucidate the nature of the bonding

between the atoms in the material.
All solids and liquids can exist in different phases,

10q

that is, different structural arrangements of their

atoms and electrons. The most significant,conceptual
breakthrough in this field during the past 10 years has
undotibtedly been the vastly improved understanding
of phase transitions. Examples of such transitions are
the change from a magnetic to a nonmagnetic phase in
'Solids, and the evolution of a gas phase into a liquid.
The key to this achievement has been precise deScrip-

tion of the relationships between the scales of length,

- -energy, and time that are characteristic of the particu-
lar change in phase. The basid" ideas developed in this

work are also applicable .to other phenomeria, for
example, to the electrical conductivity .of noncrystal-

line materials.
The past 10 years have also seen,many-important

experimental discoveries in condensed matter science.
Among the most significant of these have been the
discovery of the superfluid (frictionless-flow) phase of

the light isotope of helium, 3He, and thediscovery of
charge-density waves in solids. A charge-density wave
is a periodic spatial variation of the electron density in

a crystal that is different from the spatial structure of
the crystal lattice itselfa sort of electron-supercrys-

. tal. The possible uses of this new phase of matter are

now being `studied. .

Present work in the field is proceeding on a broad
front. There is' renewed interest in the study of
disordered or amorphous materials and glasses, an
area where many fundamental questions concerning .-
electronic and atomic structure remain,to be an-

.swered. The study of surfaces has, also- drawn intense
interest, in part because of the new experimental
techniques that ultrahigh vacuum technology has
recently made possible. A good deal of progress has
been' made in understanding the properties of defecti

and of grain boundaries in crystalline solids. In
'addition, new methods of growing crystals have been
developed that allow a solid to be built up essentially

one 'atomic or molecular layer at a -time. Studies of

novel materials have remitted in the observation of
complex and fascinating behavior, and some of these

new materials have,already begun to find practical _

applications.
In all of this work; progress has been linked closely

with the -development of chore powerful radiation
sourc es and more sensitive detectiOn instruments.

These include sources of synchrotron radiation in the 03

ultraviolet and X-ray regions of the electromagnetic

spectrum.; high-resolution electron microscopes, and
intense sources of neutrons and of energetic ions-.

AMORPHOUS SOLIDS

The remarkable progress di433as occurred during the -

past 50 years in the understanding and practical
e
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application of crystalline materials has been based on
the special prOperties of their regularly repeated
(periodic) structure. Although our. understanding of
the far more complex amorphous materials has been
much slower to develop, the past decade has seen an
accelerating pace of discovery and a growing aware-
ness of the exceptional importance of amorphous
materials for both scientific and technological pur-
poses. The significance of contributions in this field
was recognized by the 1977 Nobel Prize in physics.

e arrangement of .the nearest neighbors of any
ular atom in an amorphous solid is often quite

similar to that in the corresponding crystalline materi-
al. This regularity does not extend out to more than a
few atomic separations, and thus overall periodicity
lost.. In contrast to crystals, which have both short-
and long-range order, amorphous solids have only
short-range order. One consequence of this difference
is the fact that many of the limitations on composition
and on atomic arrangement That hold for crystals do
not apply to amorphous materials, with the result that
an enormous range of such materials can be prepared.
Thus new' material properties become accessible that
are uniquely characteristic of amorphous materials,
new kinds.,achethistry occur,"and an entirely different
theoretical -approach is required for understanding
tfiese materials.

The 'next decade may well see a revolution in
materials science and itse applications, as work with
amorphous solids begins to come to fruition. Three
examples may help to illustrate some of these possibili-
ties: Metallic glasses now commercially available have
magnetic properties that drake them very attractive as
transformer-core materials; they also have unusually
high resistance to corrosion and radiation damage, or
unusually high ductility (see p. 173). Very low lois
glass light-guides are now being manufactured that are
suitable for communicating by light waves. Amor-
phous semiconducting films are now being prepared
on an experimental basis, which may lead to economi-
cally feasible generation of electricity from sunlight.

SURFACES

The study of surfaces involves determination of their
atomic and electronic structure and energy levels, the
st gths of their chemical bonds, and the interrela-

onships among these. The goals of such studies
include an understanding of surface chemical reac-
tions, of crystal growth, and of the interface (surface-
to-surface) Plienomena_that occur in electron devices..
The progress made in this field during the past decade
has largely depended upon advances in ultrahigh
vacuum technology. This is because clean surfaces are
very reactive chemically and thus require a high-
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.vacuum environment if rapid contamination is to be
avoided.

Surface experiments typically consist of directing a
beam of electrons, ultraviolet radiation, X-rays, atoms,
or ions at the surface; then measuring the ineriies and
angular distributions of the particles that are reflected
(scattered) back from the surface or knocked out of it.
The sample under study can Usually he moved to
different locations within the vacuum chamber so that
it Scan be. prepared, tested, and then studied in an
efficient sequence of operations that minimizes conta-
mination.

Theoretical modeling of surfaces has advapced in
concert with the development of more sensitive
experimental techniques. Recent successes include the
deduction df detailed atomic configurations from the
scattering of low-energy electrons, and insight into
chemical bonclingAnd atonic geomOry from the
radiation-indueed emission of surface electrons. These
and several other new experimental techniques are still
in their early stages but are now developing rapidly. It
is possible to foresee major advances in the under-
standing of surface processes as the accumulating
experimental results begin to reveal the systematic
underlying trends. The knowledge gained in this work

, will clearly have direct application to such complex
surface phenomena as catalysis, corrosion, lubrication,
and crystal growth, as well as to the interface
phenomena in electronic devices and in electrochemi-
cal processes.

NOVEL MATERIALS

The study of such relatively simple materials as
metals, semiconductors, and magnets was the central
focus of condensed matter research during its early
years. With the present understanding of these materi-
als, there has been increasing emphasis during the past
decade on the search for novel materials that exhibit
properties of unusual scientific or practical interest.
Examples of such materials are those in which the
structure is built up of successive layers or of linear
chains of atoms. There are also new materials that
consist of rigid_ clusters of atoms,- or of two different
groups of atoms in which one of the groups can move
relatively freely through the stable lattice formed by
the second group. A brief outline of same of the more
promising of these new materials is given in the
following paragraphs.

Layered Materials

The clars'of materials known as graphite intercalation
compounds consists of layers of carbon atoms that,
have sandwiched (intercalated) between them alienist-

,
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ing layers of othet kinds of oatoms or molecules.
Interest in these compounds was greatly incrimed by
the recent discovery of certain forms. that rival copper
in their ability to conduct electricity. With a better
understanding of the manner in which the intercalated
atoms are taken up and ordered. between the graphite
layers, it may be possible to develop 'economical new
materials of lightweight that can peiform some of the
same functions as metals.

Earlier work based on the use of alkali atoms as the
alternate layers in an intercalated structure has re-
sulted in the development of a new class of batteries
that will soon be available commercially. In addition
to this practical application, these materials were
found to have remarkable properties even when the
intercalated atoms were not present in the structure.
For example, at low temperatures the mutual interac-
tion of the electrons within the Material resulted in the
formation of spatially periodic arrays of electrons
called charge-density waves. In a sense, the electrons
formed a crystal structure of their own that was not
related in any simple way to the underlying crystal
structure of the material itself. In fact, there is some
preliminary evidence that this electron crystal can
move ass a whole within the material under the
influence of an electric field.

Another example of a layered material is a com-
pound in Which layers of alumina (aluminum oxide)
are interleaved with layers of alkali ions that occupy
only a fraction of the available sites within the layer.

-As a consequence of this fractional occupancy, the
ions are relatively free to move within the alkali layers,
and the ionic motion is rapid enough, to allow these
materials to be used as solid electrolytes (charge
carriers). The study of such materials is a necessary
step toward the eventual goal of lightweight and
reliable batteries made up completely of solids.

Chains and Clusters

A different approach to the search for new Metal-like
materials consists of forming organic solids in which
chains of molecules that accept electrons are alternat-
ed with chains that donate electrons. Work in this area
has led to the synthesis of organic solids that are good
conductors of electricity. The chain character of these
compounds gives rise to a number of different forms of
electronic instability, the study of which has resulted
in important theoretical _insights into the nature of
such materials.

Work during the past several years has resulted in
the synthesis of a very interesting series of cluster
compounds, 'so called because the electrons within the
material are confined to certain clusters of atoms.
Such materials often exhibit superConductivity (the
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flow of electric current without resistance) at higher
than customary temperatures. However, when mag-
netic ions are interstiersed within the materialS, the
incompatibility. of magnetism' and superconductivity
becomes graphically apparent, with the material alter-
nating between superconducting and magnetic phases
as each group of electrons in turn comes to dominate
the behavior. Because of their potential importance for
electrical 'power transmission and magnetic
confinement in fusion reactors, study of these materi-
als will be valuable in the continuing quest to raise the
temperature at which superconductivity begins.

There are many other examples of important new
materials that might be mentioned here, including the
development of metals that can absorb and evolve
hydrogen efficiently. In anyase the search for new
materials with novel properties- .issertairi to 'continue
during the coming years, perhaps with special empha-
sis upon organic compounds and upon mixtures of
organic and inorganic materials":

ATOMIC AND MOLECULAR ENGINEERING

Traditional methods of crystal growth have primarily
involved melting and recrystallizing solids at high
temperature or growth of crystals from solution. At
present, several new techniques are being developed in
which thin films are grown from a controllable beam
of atbms, ions, or molecules so that new materials can
essentially be engineered a-layer at a time. Becaus'e of
the major advances in analytical tools, primarily
elearon microscopes, it is now possible to study
defects, diffusion, and other microscopic phenomena
in much greater detail.

One of the more' promising methods for growth of
new materials and structures is molecular beam
epitaxy. With this vapor-growth technique, siiigle-
crystal films can be grown, layer by layer, on an
underlying crystalline substrate. Controlled deposition
makes it possible'to vary the chemical composition in
predetermined ways and thus to fabricate unique
structures with electrical and(bptical properties not
normally found in nature. To date this technique has
been applied mainly to the controlled modification of
layered semic:onductor structures that have important
technological applications. However, one can envision
superconducting, metallic, and magnetic structures
grown in this ,fashion. For example, when supercon-
ductivity occurs at an elevated temperature in a
material, the -superconducting phase is usually less
stable than other phases, and the material is more
difficult to grow. However, it has been demonitrated
That epitaxy facilitates the growth of the desired phase
so that it appears possible that such unique metastable
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compounds may be fabricated using this new growth'
technique./

.Along somewhat different lines, the study of
diffusion phenomena at surface interfaces has led to
the discovery of solid phase compound formation. The
diffusion of metals" into semiconductors, for example,
very often results .in compound growth proceeding
into the semiconductor. Solid-state ebitaxy is thus a
new method for producing desire-a structures at
interfaces. Interfacial interactions and diffusion are
also important in the oxidation process. Greater
understanding of these processes is of considerable

'technological interest for a variety of metal-okide-
semiconductor devices.

The properties of amorphous semiconductors have
also received a good deal of attention during the past
decade. Recently, vapor-growth techniques fOr amor-
phous silicon and germanium have been developed
that atlow the controlled modification of these materi-
als in a manner somewhat analogous to their crystal-
line counterparts. The detailed physical mechanisms
responsible for the properties of the amorphous
materials are not yet known. As noted above, .these
materials are of much scientific and technological
interest.

Anbther new technique of atomic engineering is ion
implantation. This method involve5 implanting foreign
ions into a host material to a predetermined depth,
which depends on the kinll of ion used and its energy.
This process also leans to structural clmage and hence
to a disordered layer in the,material. This technique
has already found uses in the "doping" of semiconduc-
tors with foreign atoms and in the production of
metastable and disordered structures and of new
alloys.

Very thin films, of a thickness comparable to atomic
dimensions, exhibit phenomena that are unique to
these two- dimensional systems. As an example, ultra-
thin metal films serve as an important testing ground
for our understanding of metallic conductivity: In
addition, thin (two molecules thick) liquid-crystal
films are being-used to study the phenomenon of
melting in systems of two dimensions, while incom-
plete single layers of inert gases -on crystalline sub-
stances are also being used to probe these phenoinena.

"-Ultra-thin magnetic films also have unique properties.
Better control of the growth processes of these thin-
film structures, promises further advances in these
areas.

The work described above represents -only a few
exampld of this rapidly expanding field, which is
important to such ereas of technology as microfabrica-
tion of integrated circuits, development of high-
strength materials, and exploration of new techniques
for the generation of energy.,.

."1
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SYSTEMS FAR FROM EQUILIBRIUM

The different phases of matterfor example,. 'liquid,
_crystalline, magnetic, superconductirigare usually
studied in systems that are in or near states of thermal
eqUilibriuni with their surroundings. It is also interest-
ing to study the behavior of systems in states far from
thehrial equilibrium, since such situations a4se quite
commonly under natural conditions. Eximplis are the
response of a gas to a sudden increase in pressure that
Will eventually cause it to condense to the liquid state,
and the evolution of convective-flow 'patterns in a
liquid layer strongly heated from, one side. The latter
system wjll eventually reach a state of turbulent flow,
the detailed characterization of which remains an
important unsolved problem in hydrodynamics. In
many cases, the behavior of asystem can be drastically
altered' by making only 'a small change in some
external condition. The subsequent evolution of the
system is usually quite complex and has been difficult
to predict.

Examples of such instabilities occur not only in
phase transitions and hydrodynamic flow but also in
the dynamics of chemical reactions and in the high-
temperature plasmas used laboratory Vermonucle-
ar fusion devices. The present studies of instabilities in
systems far from equilibrium bring together The
disciplines of condensed matter physics, chemistry,
nonlinear mechanics, and hydrodynamics in. quite
novel ways. The next five years will see a major new
effort at understanding these problems, aided by the

-theoretical methods developed in .the study_ olphase
transitions.

FUTURE DIRECTIONS

The studies of amorphous materials, surfaces, novel
materials, atomic engineering techniques. and systems
far from equilibrium described in the previons sections
are among those that are easily identified as ripe for
progress during the next five years. However, these
selected topics provide only a samplihg of the much
broader range of pas[ chieyements and future re-
search opportunities that sexist in condensed matter
science. The ekac't directions that the field will take
during the next five years are of course impossible to
predict, but rapid progress can reasonably be expected
in both scientific understanding and technological
application. The field is marked by increasing cross-
fertilization of ideas amongtthe conventional dis'ci-
plines of chemistry, solid-state physics, materials
science, and metallurgy, and this trend can be expect-
ed to intensify as the work evolves toward studies of
more exotic materials aid more complex phenomena. _
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'Condensed matter research shares with the other
fields,of study on the structure of 'matter a continuing
development toward 'instrumentation of greater power.
and sensitivity, and thus, of greater cost. An inevitable
consequence of this development is the trend toward
centralization of major research facilities at fewer
laboratories, and this in turn has led to important
changes in the ways in which the work of the field is
carried out.

MOLECULAR AND ATOMIC STRUCTURE

Since the familiar macroscopic forms of matter are
made up of molecules, and molecules are made up of
atoms, studies of these fundamental buildhig blocks of
matter are among the most important in all of physical
science."The entire field of chemistry is concerned in
one way or another with the structure of molecules.
Chemical studies provided the. earliest information
about molecular form, and the continuing evidence
provided by such studies remains very important.
§utr,,equent to the classic experiments of Rutherford
establishing the model of the nuclear atom, much of
the information about the structure of atoms was
derived from observations of the characteristic pat-
terns, or spectra, of visible light that are emitted by
different species of atoms. Such observations marked
the beginnings of spectroscopy, which continues to
this day as the principal .experimental techniqtie for
Studying the smallest particles of matter. .

Since spectroscopic studies will form .an important
part of content of this section, it will be useful to
recapitulate briefly a few fundamental facts of spec-
troscopy:

Atoms and molecules ban exist in any of a
number of discrete .(quantized) states, each of which
represents a different energy level of the particular
system in question.

These states correspond either to rotationalmo- -
don of the system, or to vibrational motion, or to
different configurations of the election cloud around
an atom or a molecule.

` Changes from one state to another are., called
transitions, and each transition is accompanied by
either the absorption or emission of .electromagnetic
radiatidn of a precise wavelength (or frequency).

The absorption and emission of radiation occurs
distinctive patterns (spectra) that can often serve'to

identify both- the specific kinds of atoms or molecules
that are involvedand-the_ particular kinds of transi-
'tions that have occurred.

MOLECULAR SPECTROSCOPY WITH

RADIATION

The most' important recent advances in the spectrosco-
py of molecules in the ultraviolet and X-ray regions
have iesulted from the, use of new synchrotron
radiation sources. Electron synchrotrons and storage
rings provide a variable-frequency X-ray source whose
intensity is about a million times that of a convention-
al X-ray tube.

Fluorescence Spectroscopy

The variablosfrequency feature of synchrotron radia-
c.tion is particularly helpfuli in fluorescence spectrosco-

py, which makes use of the radiation that is re-emitted
after absorption of X-rays by heavy elements in the
molecule. This technique can distinguish the fluores-
cent radiation from different elements, thereby,greatly
increasing the sensitivity and reliability of detecting
elements that are present in extremely small propor-
tions. Also, since the synchrotron radiation is pro-
duced in precisely repeated, very sharp pulses, it can
be used to measure accurately the lifetimei of excited
states as short as a nanosecond (one billionth of a
second):

EXAFS Studies

The technique known SS EXAFS (extended X-ray
absorption 'fine structure) has been developed rapidly
into a useful techniquellifor molecular-structure re-

, search because of the availability of synchrotron
radiation. EXAFS studies' involve the absorption of an
X-ray photon that ejects an electron from the absorb-
ing atom. The details of this process depend on the
local environment of theabsorbing atom in a molecule
and thus provide, information about short-range mo-
lecular structure, even when the structure,isnot highly
ordered. An example is the identification of the
elements surrounding a metal atom in a noncrystalline
biological system. Very small amounts of metal play a
central role in the function of important biomolecules
(fOr example, iron in hemoglobin). The capabilities of
EXAFS also hold out great promise for a deeper
understanding of catalysts, those substances -that
greatly accelerate chemical and biolokical functions
without appearing to react themselves. The role of
catalysts in chemical reactions., is of course vitally
important for industrial chemistry as well as biochem-
istry.

1 4



MOLECULAR SPECTROSCOPY BY MAGNETIC
RESONANCE METHODS

° .
Nuclear Magnetic Resonance

\-
Nuclear magnetic" resonance (NMR) methods make use
of the fact that the nuclei of many kinds 9f atoms are

- small inagnets that can take on
of

several different
orientation's in the presence of an applied magnetic
field.' Transitions from one orientation tb another-can
be induced.by radio waves, and the particular frequen-
cies at which such resonance transidons'occurserve to
identify important elements of molecular structure.

As an example, hydrogen atoms are a significant
structural element hi organic substances, and the
frequency at which these atoms reorient or flip is quite
sensitive to the arrangment of their neighboring atoms
in a molecule. After 'some years of experimental study,
an enormous body of NMR information has been
collected that correlates.specific.NMR frequencies with
particular structural units of,organic molecules. As a
result, it is now possible to identify these gets quickly
in other molecules simply by seeing their characteris-

, tic frequency "signatures" in an NMR spectrum.
Carbon is also an essential element in organic

- substances, but its common isotopr, e , carbon-12, has no
magnetic moment and thus does \lot resonate. There
is, however, a- rare isotope, carbon-13; which does
have a magnetic moment and can therefore be used to
identify structural elements by the NMR technique.
Similar methods can be used to examine the surround:
ings of other kinds of atoms through the -use of
suitable isotopes of fluorine; phosphorus, nitrogn; arid
about -100 other isotopes. Structural problems that
once required years of.study by chemists can now be
disposed of in an afternoon with the aid of an NMR
spectrometer. ,

Because of its particular value for organic chemis-
try, -NMR plays an important role in illuminating
biological function. It has been. used, for example, to
elicit the role played by magnesium atoms in chloro:
phyll and has also provided valuable insights into the
behavior of enzymes, the structure of DNA, RNA and
hemoglobin, and so on. NMR is also a powerful tool for
monitoring the synthets of organic compounds; this
may irfact be its largest single use

Electron Paramagnetic Resonance

Electron paramagnetic resonance (EPR) is a spectro-
scopic technique that closely parallels NMR because
electrons are also tiny magnets that can take on. either
of two orientations in the presence of an applied
magnetic field. Molecules that contain an extra elec -.
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tron (i,e, not paired with another elettron)- can
therefore exist in either of two energy states in such a
field. The energy difference between the two states is
much greater than that of atomic nuclei because of the
much stronger magnetic -moment of the electron#
which means that the resonance frequency igcorres-
pondingly ;higher (in the frequency range of micro-. 't

wave Hadar).
' . i The EPR method has been widely applied to
problenis in physics, chemistry, and 'biology. One of
the. most important areas of application is called spin
labeling; Although molecules containing an unpaired
electron are usually very reactive, those known as free
radicals are stable. When a stable free radical is
attached to another molecule, the: result. is A spin-
labelled system that is= detectable by EPR. A spin-label:, "
attached ,to a component of. a cell membrane, fOr ..

example, provides a direct probe of the membrane's
structure. From the characteristics of the EPR signal, it
is possible to deduce Wheie in the membrane the spin-
label is located, its rate of migration, and much
additional information. The use of EPR with spin-
labels has4probably b5en the most informative nonde-
structive technique applied insecent times to the study
of the structure and function of membranes in living
organisms. ' .

There are many imiiortant bio- logical and biochemi-
cal processes. during which free radicals are formed.
An example is green plant photosynthesis, the process,
by which the energy of sunlight is used to convert
carbon dioxide and water into the carbohydrates,

,,proteins, and fats upon which all animal life; including
that ofanan, depends. EPR studies have been used to
demonstrate that the primary light-conversion step in
photosynthesis involyes a special pair t-T chlorophyll
molecules. Asa result, there has been considerable
success in replicating natural photoreactive chloro-
phyll, and synthetic chlorophyll special pairs are now
being examined for their possible application to solar
energy conversion. ,

I ASERS AND MOLECULAR STRUCTURE

A laser is a very intense source of light of a single.
wavelength.5 This is made possible by the fact that
atoms in ;the sarhe excited state cat be stimulated by
light to emit light of the same wavelength. Laser light
makes it possible to distinguish effects associated with
very slight differences between molecules; for example,
the effects of replacing one atom, in a Molecule with a
different isotope of the same element. -This is not only,
a powerful tool for high-precision structural studies
but also a 'possible practical technique for Separating
the different isotopes of a single elernent.

, -
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Mcostittel Spectroscopy.

Many events of great scientific importance take place .
in an incredibly 'short period of time.: The fastest
ordiAa'ry chemical reactions occur in about 40-'2

are believe'd to be forrhing, and also in such important ,

laboratory environments as thoge associated with
fusion experiments. -Knowledge of the structure of

*giant atoms is thus expected. to have both basic and
applied significance.

seconds, or a picosecond. The lifetimes of many
intermediates in chemical reactions are also of this
magnitude, and the rate at which energy is transferred
from one part of a molecule to another is again on the

. same time scale or even faster. Thus the picosecond -

-

Tests' of 'Physical Pr. inciples

The precision of laser experimentation has already
resulted in considerably more accurate determinations

spectroscopy made possible by the laser has become an of two fundatnental constants ofmature: the speed of-'
extremely important experimental .technique. Expert - light, and the .characteristic. energy with __which elic-
ments can be conducted with intense laser pulses only trons are bound. .to atom nuclei (the Rydberg,
a few :tenths of a ,picosecond long, so that one can constant). There are also in progress stringent tests of
record a flash spectrum of the molecule, and from that the; time - dilatation effect (the slowing down, of clocks)
spectrum construct a picture of the. structural changes o_ f the specihl theory of relativity, and the basic
taking place during these very brief periods-in jts fife.
This- giies entirely, new insights' into chemical pro-
cesses: ---

physics is now occurring, in experiments at several
laboratories., whicli are.designed to test ithe landmark
theory that posits the fundaniental unity of the. weak
and electromagiittic interactions. The evidence from
high-energy physics experiments isstrongly supportive
Of this unified theory, bur so far the results from the
"table-top" atomic physics'experiments now in prog-

.
ress have been indecisive.

electromagnetic theory called .quantum electrodynam-
ics (QED). Ii additiqn, a particularly jnteresting
synihesis of atomic physics and elementafy particle

Perhaps the most interesting work of this kind
concerns molecules of biological, interest. For example,

' it has long been a mystery how the energy is
transferred within molecules of chlorophyll to bring
about the process of photosynthesis. When light is
absorbed by chlorophyll, a small fraction' of it is re-
emitted (fluorescence) as a 'result of the energy-trans-
fer mechanism, and this makes it Possible to study the
mechanism. by means of picosecond spectroscopy. '
Although the interpretation of the results° in hand is
not yet unambiguous, the data have helped to define
the problems of energy transfer more clearly, and the
field is now being vigorously explored.

LASERS AND ATOMIC STRUCTURE

As previously stilted, lasers can produce, light of
ujnprecedented, intensity, directionality, spectral pu-
rity, and coherence; and certain kinds of lasers can be
tuned over a broad range- of wavelengths. 'These
properties make lasers very powerful tools foi probing
the intricate structure of atoms. The extreme accuracy
attainable in such studies also serves to test the
'validity of fundamental physical principles. 'In the
following paragraphs we give only a/few examples of
the achievements of recent laser experiments.

ceGiant Atomi

Lasers are now being used to study atoms in which
one of the electrons has been raised to an extremely.
high excited state and thus-moves in a very large orbit.
Because the volume,occupied.by theSe giant atoms can
be a million or more times that Or the unexcited atom, '
they exhibit vastly different properties. Such giant
atoms occur naturally in regiOns of space where stars

.
TRA PPED IONS AND ELECTRONS

r. ,
Since the early recognition of theNatomic nature of
"matter; scientists have sought ways to isolate individu-
al atomic and subatomic particles for detailed study.
The problems involved in implementing such
confinement schemes are formidable, but 'techniques
that have been evolved during the. past. two decades
have now led to practical realization of the goal. One
of the new techniques makes use of a combination of

.electric and magnetic fields to confine either electrons
or ions for periods as long as several days.

By studying the response of a single electron
successfully confined for many hours to changes in the
confining electromagnetic field, it has been possible to
carry out the most precise measurement ever made of
an intrinsic property of an elementary particle (its;
magnetic. moment), and,fhe..reby to provide the most
rigorous testing yet achieved of the theory that
describes the electromagnetic' interactions of charged
particlesquantum electrodynamics.

The recent development of a novel method of
radiative cooling holds promise . of extending such
measurementso even greater precision. One can also
ftiresee the use of such trapped, low:temperature ions
in practical applications. Such as, frequency standards,
where the frequency stability could be expected to
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'exceed that of- present devicei by a factor of 10 or
more to perhaps .1 part in ior.

'Ti EXOTIC ATOMS .
.

Exotic atorqs.,are atoms in which one, or mare, of the
usual constituents has been retilacecrbY .particle not
ordinarily found in matter becaliseit is Unstable. Since
the lifetimes of such particles, are at most only a few
millionths of,a second, they must be created by
particle accelerators, then quitrdy trapped to form the

. desired- dotic atonic. In this Work the techniques: of

o
high-enerty physics are.combinedowith the precision
spectroscopy of atomic physics to '.yield important
information about the basic forces'of nature.

Several kinds, of exotic atoms. have :already been
studied, and other kinds are possible.. In what follows,

. however, we limit ourselvis to the description of only
one example.

.

Muonk Atoms

The particle Called the muon iippears to be exactly like
an electron in -every respedt except its mass; which is
about 200 time greater. When 'a _mon., replaces an
electron to form a muonic atom, the greater mass
forces it to take up an orbit' in (he-atom that is about
200 -times smaller., This has two 'initiortarit conse-
quences: (1) Since the muon" is moving in a region.
whereit is affected almost solely by positive

'electric field of the nucleus, its observed behavior can
be compared with the very precise calculations that
are possible as another important means of testing the
validity of basic electromagnetic theory. 9) In heavier

. , .

atoms, the' muon's orbit becomes- so. small that it
actually spends large fraction Of at-time within the
nucleus itself, and in so doing it probes both the size of
the nucleus and the distribution of its electric charge.

FUTURE DIRECTIONS

It was not so long ago that many scientists 'considered
atomic and molecular spectroscopy to be a closed
subject, still valuable for many practical applica-
tions, but no longer of dirict scientific interest in itself.
That this judgment was premature should be abun-
dantly evident from the foregoing descriptions. In fact,
the important developments in technique and instru-
mentation M recent times are only beginning to be
exploited; and if the new facilities that will be needed
to capitalize upon the exciting research opportunities
can be deVeloped, the prospect seems excellent for
major advances in our understanding of atomic and
mcilecular structure, and for important new practical
applications!-(The plans and need for new facilities are

5

The Structu% of Matter 99
___-----

described in the Research Instruments section of this
chapter.)
,..To conclude this section on molecular and atomic

structure, we speCulate briefly-about two general lines
: of research that represent goals to be: aimed for or

',limits on what may ultimately be achievable in this
field of study: _

'Imitations of Life

It is instructive .to compare some of the physical and
chemidal rocesses. *carried out by living organism's

, those of .modern technology. .As an. example,
living- cells-are able, to synthesimincreclibky complex
molectilar structures at ordinfirg temperatures- and
Pressures, and starting with v.ery,simple reagents. In
contrast, chemical technology. typically employs high
temperatures and pressures, and violently reactive
agents. As illustrations, compare the Manufacture. of

`rubber by a rubber, tree the corresponding brute-
force industrial processes;. or the heroic.

trog
commercial

methods required to fix atmospheric- fuen
those-of nitrogen-fixing bacteria.' One can speculate

:that a more complete understanding of.these biologi-
42cal processes at the molecular leVel may eventually

enable :us. to mimic chemical- processes in living
organisms and thus.to-reap 'the benefits of their high
efficiency and.great-synthetic power._

Molecular Electronics

In an even more sotbulatiVe vein, there are fascinating
long-range possibilities in what h:s been called molec- .

ular electronics: The ultimate goal heit would be to
synthesize molecule-a- that would act 'as. individual
circuit elements, such as condUctorspresistars, capaci-
tors, etc.; and then to combine these elements into
amplifierS, memory devices, and so on.. Such devices'
would serve the same purposes 'as present-day elec-
tronic devices but would be very much smaller in size
and in poWer consumption,..and very much faster in
operation. :

The example of electrical conductors can serve -to
illustrate these ideas. The chemical processes that
constitute the metabolic activity of living celli involve
the transport or movement of=electrons as an essential
feature. However,: nature does not use small bits, of
metal wire to conduct electrons from_one place to
another.. Instead, there is a carefully graded series of
electron - transport proteins within the cep to serve this
purpose. (Two such proteins are cytochrome: and
ferredoxin.) With a more complete- understanding of
how these proteins carry out their electron-transport
tasks, it, may ,,become possible to develop practical
electron conductOrs on the molecular-level. -

It 7
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RESEARCH, INSTRUMENTS FOR CONDENSED
MATTER AND MOLECULAR AND ATOMIC
STRUtTURE /

ble to the individual scientist. In contrast, a complete
NMR facility suited to present-day studies may cost as
much as half a million dollars an may include
co t.components that are not commercially available and

An important theme that has run through this :ant must be developed by the research group for its
discuision of the sciences of condensed matter and
molecular and atomic structure. is the way in which

-research has been furthered by the development. or
new and more advanced instruments. The use of more

.
powerful radiation sources ancilmore sensitive detec-
tion instrument's-leads to increased understanding ot
the structure and atomic dynamics of molecules and
condensed weer.

X-rays have provided the classical technique for
studying the .structure of systems that have atomic
spacings Characteristic of solids, liquids, and mole-
cules, because these spacings are df a size comparable ,
to X-ray wavelengths. X-ray measurements detect the

. positions- of heavy atoms, and also, along with mea-
surements using, ultraviolet radiation, yieleyaluable
information on electron ;structure. In more \recent.
gears, neutrons have been used for similar purposes
because they, too, have a comparable wavelength'and

own specific purpdseS.
Similar remarks are applicable to w hat might be

described as integrated facilities, that .is, facilities in
which- no single large, item of equipment is involved
but in whiCh a number of smaller instruments collec-
tively constitute a major facility. For example, some of
the most important experiments, in surface physics
require the use of an array Of;_s_everal different of
surface probes_ (electron and ion probes, electron
microscopes) used under such high-vacuum conditions

. that not only the measurements themselves but also
the preparation of the sample must be carried out in
the final vacuum environment. A second e::ample
occurs in the field of very small-scale electronics,
where a number of different techniques 'must be
brought to bear on the fabrication and study of
structures with dimensions on a scale of millionth.of a
meter or less. The trend toward more costly instru-.

. .provide a.particularly sensitive means for determining --mentatiOn and toward centralization o f facilities has
tile -positions and momentaof the lightestatoms; such. important consequences for the style of research in

.as those found di Organid materials. these fields of study.
Circular electron accelerators (synchrotrons), and

storage .rings, such .as those designed for high-energy
physic's research, are the most intense sources of
radiation in the ultraviolet and X-ray regions because
electrons -traveling at high speeds 'in a curved path
emit abroad spectrum of electromagnetic radiation.

Proton accelerators may be used to produce an
intense source. of neutrons since the collision of
energetic protpns with a target of heavy material such
as uranium produces a burstof neutrons. through a
,,process called "spallation.7. A pulsed spallation source
of this kind is now tinder-construction in England, and
a 'more modest version is being-constructed in the
United States.

On a smaller instrumental scale, studies of con-
densed matter and of molecular and atomic structure
will continue to depend upon the techniques provided
by.. electron m icroscopes, ion sources, lasers, and
magnetic resonance devices. As before, each of these
techniques will. be used in structural or spectroscopic
experiments-to disclose different aspects of'.matter, b.utp
'now with the greater sensitivity and resolvingolving power
that:precision measurements of more complex materi-
ats will require.

As an example of ..thig trencMoward increasingly
elaborate -and costly instrumentation:the rather sim-
ple and inexpensive nuclear magnetic. resonance (NMR);
equipment that was commercially available some 10-.L,
15 years, ago made the NMR technique readily accessi- .
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NUCLEAR STRUCTURE

THE NUCLEUS AND ITS CONSTITUENTS

Most of the apparent structure and behavior of atoms
is determined by the diffuse cloud of negatively
gharged electrons that surrounds the atom's other
constituent, the nucleus. However, the., mass of the.
atom is carried almost entirely' by the nucleus, since
even the lightest nucleus, a single proton, has a mass
more than 1,800 times greater than that of an electron:.
Because the atom is a whole is electrically neutral
under normal conditions, its positive electric charge,
which is determined, by the number of positively
charged protons within its nucleus, also determines
the matching number or ejectrons that the atom will.
have. Thus' the specific molecular and chemical
properties of matter are ultimately attributable to the
large relative mass of each nucleus and to its total
positiye'electric charge.
/The chemiCal elements found in nature exist be-

--cause the nuclei of their atoms are either completely
! stable or else so nearly' stable that their lifetimes are

longer than the'time ilia has elapsed since they were
first created: Most of the possible combinations of
protons and neutrons that form nuclei are in fact
Unstable, and one of the important problems in
nuclear research is that of-understanding the connec-



Lion between stability and nuclear structure. In a sense
it appears to be purely accidental that of the two
nuclear, particles it is the proton that is nearly stable,

Idle the neutron is not. Had the opposite been true,'
'"the universe as we khow it could not exist because

ordinary atoms and molecules of hydrogen would not
exist as a stable substance..,

Nuclear Forces

Since protons all havepositive electric chaige, they
must exert upon each other powerful forces of
electrical repulsion that would tend to blow them
apart. But since this does not happen, what holds the
neutrons and protons (nucleons)in the nucleus togeth-
er? Te answer is that the repulsive electrical force is
overpowered by a Much stronger force called the
nuclear force..This force bas associated with 'it an
interaction energy, called "strong interaction," which
acts to bind the neutrons and protons together in the
nucleus. The strong interaction 'has the unusual
Property that it acts only over a distance that is
comparable to the sizes of the smaller nuclei, about
10-1" cm, but within this range its strength is about
one hundred times greater than that of electrical
interactions.

The second unusual property of the nuclear. force is
that a' nucleon is attracted only to a few ,.of its
neighbors. even when there are .more oucleons present
within the range of the force. Because of this satura-
tion property and the short range of the forces,
nucleons are not bound into a large nucleus any more
strongly than they are into a small nucleus. In
contrast, the repulsive electric forces act over long
distances and are additive: the more positive charges,
the greater the .force. Thus as the number of protons
increases. he repulsive electrical force tending to push
a proton out of the nucleus eventually becomes as
large as, or larger than, the 'nuclear force tending to
hold it in, with the result that .ery heavy nuclei
containing many protons are unstable. This instability
is counteracted to some extent by the addition of
disproportionate numbers of neutrons to heavy nuc:ei

'to act as glue, but eventually the repulsive electrical
forces become decisive.

THE VALLEY OF STABILITY

In principle, any combination of neutrons and protons
would form a nucleus if they were brought together,
'within the range of their mutual strong interactions.
As we have noted, however, most such nuclei are
"unstable. The kinds of instability that occur can best
be understood by starting from the naturally occurring
stable nuclei.
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If the positions of the 'various possible nuclei are

plotted on a contour map showing contours of their
masses in terms of the number of protons and the
number of neutrons, as shown in Figure 14, the result
is a valley, the Valley of Stability. The strongest
mutual binding (lowest energy in accordance with E
= me2) and thus [lie most stabie nuclei are found at
the bottom of the Valley. Those on the slopes of
the ;Valley are unstable if they t-till drop to a lower
position by radioactive decay. There are essentially
two different kinds of instability of the lowest energy
(ground) state of a nucleus: instability by beta decay,
and instability by nuclear-particle decay.

Beta decay occurs when an unstable nucleus can
change into a more stable form by converting one of
its neutrons into a proton, or vice versa. In either case,
the excess electric charge is carried off by the emission
from the nucleus of a beta particle, with excess energy
carried off by the beta particle, aridia neutrino. Beta
particle is another name for either a negative or a
positive electron (a positron), while the neutrino is a
particle having no mass and no charge. Thus the total ,

number of nucleons in the nucleus remains fixed, but
the number of protons either increases or decreases by
one to form a nucleus of a different eiemely.

The second kind of decay process usually involves
the emission from an unstable nucleus of a composite
particle. consisting of two protons and two neutrons,
which is.known as an alpha particle (and is also the
aticleus of a helium atom).

Alpha-particle decay rates can be very slow, with
lifetimes up to billions of years. This why elements
heavier than lead (82 protons = element 82) are still
found in nature; all such elements are unstable because
of the mutual 'electrical repulsion of the protons in
their nuclei, but some are so tong-lived that they have
not yet had time to decay since they were originally
formed.

Artificially Created Nuclei

Although the naturally occurring nuclear spe-ies are
confined to the lower regions of the Valley of Stability,
it is possible by bombarding nuclei with charged

(-Articles such as protons, deutero 3 (the nuclei of
heavy hydrogen), and alpha partich,_ of high enough
energy to overcome the electrical repulsion forces to
create new nuclei that lie beyond the end and higher
on the slopes of the Valley. The availability of intense
sources of neutrons (nuclear reactors) has also been an
important source of such exploration. Since the
neutron carries no elects charge, it is not subject to
the repulsive electrical forces and can thus be intro-,
duced into nuclei at low energy. In this way, many
unstable isotopes have been produced, including those

9
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that decay into the transuranium elements neptunium
(element 93) and pletonium (element 94). The recent
developnient of powerful heavy-ion accelerators has
made it possible to produce short -lived nuclei with
considerably greater numbers of protons. The nucleus
with the largest proton number observed to date is
delimit 106.

Accelerators are now available that yield high
enough energies and a wide enough variety of particle
beams to explore the slopes of the Valley of Stability
over wide ranges. For example, the normal isotope of
sodium (11 protons) has a nucleus with 12 neutrons,
but isotopes of sodium having as many as 24 neutrons
have been produced.

The exploration of the rugged terrain beyond the
Valley of Stability is alstkof great importance. There
may be other "gorges" of stability far removed from
the Valley we new know about. It may be possible to
form super-heavy nuclei, having masses far beyond
those observeC. Thv e may even be nuclei with
peculiar elongated sLves, with densities twice that of
normal nuclear matter, or with other unusual proper-
ties that -would represerit entirely new forms of nuclear
matter. EXploration of this unfaMiliar nuclear terrain .
has now begun in experiments at existing heavy-ion
accelerators, and the future development of even more
powerful machines can be expected to extend this
promising field of study.

FIGURE 14 Valley of Stability. The
bottom of the Valley of StAility is oc-
cupied by the stable nuclei. This figure
shows the shape of the valley through
clement number 21 Nuclei on the
slopes of the valley are radioactive, de-
caying to stable nuclei through any of
the several decay processes. The highest
slopes of the valley consist of the 6,000
or so nuclei predicted to exist but not
yet discovered. These would be the least
stable nuclei and would thus generally
undergo the most rapid decays. (Com-
puter construction courtesy of Jef
Poskanier. From "Exotic Light Nuclei,"
Ly Joseph Cerny and Arthur M. Pas-
lcariter, Scientif;c American, June 1978.)

.NUCLEAR SIZES, SHAPES, AND DENSITY
.DISTRIBUTIONS

Certain gross features of nuclei can be described in
terms of the intuitive concepts of size and shape. These
properties may be characterized .by either the spatial
distribution of electric charges and electric currents
(charp..s in motion) in nuclei, or by the distribution, of
the nuclear matter itself. For a nucleus having
rotational angular momentum, or spin, the electric
currents produce a static magnetic dipole moment,'
like a simple bar magnet with a north and ....a_tuth pole.
Magnetic moments can be preciiely measured by
several methods, using techniques that also have had
important applications in many areas of material and _
biological science.

The scattering of high-energy electrons from nuclei
is a powerftil :means for studying the distribution of
electric charge in nuclei, since electrons interact only
through the electromagnetic field. Further, since the
electromagnetic interactions are relatively weak com-
pared to the binding forces of nuclear particles,
electron-scattering experiments cannieasure the struc-
ture of the undisturbed nucleus.

To measure the distribution of nuclear matter
(rather than electric charge) requires the use of
nuclear particles that interact strongly with both
neutrons and protons. Since this strong, interaction



usually causes the probing particles to disrupt the ,
nucleus, this method yields only klimited amount of
information about the undisturbed nuclear state. The
earliest information about the sizes of heavy nuclei
was obtained from measurements on alpha-particle
decay, and it has also been possible to obtain informa-
tion on nuclear sizes from the scattering of neutrons
and protons.

THEORIES OF NUCLEAR STRUCTURE

Nuclei present a wide range of empirical properties
against which theoretical notions of their structure can
be tested. Each nuclear state is characterized by it
energy, by its rotational angular momentum (or spin),
and by a number of other distinctive properties
(quantum numbers). In addition, there is a wealth of
information on decay and scattering processes, on
electromagnetic transitions, and on nuclear reactions
between different nuclear states.

The effort to extract order from this abundance of
information proceeds in two related steps. First,
qualitative patterns or systematic trends in the data
are sought. Second, the particular empirical properties
(such as spin, etc.) that underlie the systematic
features of the data are identified and built into a
simplified description or model of the nucleus. A
theoretical model of the nucleus can be thought of as a
kind of caricature wherein a few selected aspects of
nuclear structure are given particular emphasis.

The formulation of models of nuclear structure in
terms. of individual nucleons is not expected to be as
straightforward.as is the description of atoms in-terms
of electrons, because tpere is no massive center of
force to play the role of the nucleus in an atom.
Nevertheless, a model of the nucleus that is a direct
lineal descendant of the atomic shell model plays a
major role in the theory of nuclei.

Nuclear Shell Model

The basi6 assumption of the many-particle nuclear
shell model is that most of the nucleons combine to
form a,relatively inert inner core, a nucleus within the
nucleus. The significant properties are then those of
the remaining "valence" nucleonsthose that occupy
the lowest-energy orbits or shells outside the core and
are free to interact and sr'ter among the orbits
accessible to them. This sirnpb picture has long been
known to account for many qualitative features of
nuclei, but a thorough test of the quantitative power of
the model has taken much longer to achieve because of
the enormously complex calculations that many-body
problems require. As a result of advances in the
technology of computers and in shell-model computa-
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tions over the past decade, the interacting many-
pirticle shell model has now been applied in detail to
nuclei containing up to 40 nucleons and also to
heavier nuclei with no more than four or five valence
particles. In addition to fitting some of the energy
levels and a variety of other properties and transitions
with remarkable fidelity, the shell-model calculations
have succeeded in reproducing some of the systematic
trends of the collective models discussed below.

Collective Models

When many nucleons accumulate outside the central
core, the nucleus may assume a permanently deformed
shape roughly like that of a football. This deformed
nucleus can rotate in space in different ways that
correspond to different levels of excitation. In addi-
tion, the shape of the deformation can also change
periodically in time; leading to different vibrational
states of excitation. Rotation and vibration are the
typical collective properties of in the sense that'
they involve the cooperative movement of many
nucleons. Collective models can account for some of
the characteristics of a large class of nuclei.

Further tasks of nuclear theory are to relate the
collective models back to theshell model and also to
relate the basic elements of the shell model (the
binding energy and denSity of the core and the orbits
and interactions of the valence nucleons) to the forces
that act between free nucleons. Although progress has
been made in both of these undertakings, much work
remains. In particular, the many-body foundations of
the shell model are poorly understood, and it has not
yet been possible to use the qualitative insights gained
from the success of collective models to reduce the
complexity of shell-model calculations,

NUCLEAR REACTIONS

So far we have concentrated on the individual proper-
ties of nuclear states. A second major area of study
concerns the various processes that occur when nuclei
collide with each other Or are struck by other kinds 'of
particles that are capable of disintegrating them.
When such nuclear reactions are induced by energetic
beams of light ions (those consisting of up to 'four
nucleons), two general kinds of processes can occur:
direct reactions, in which projectile and target nucleus
interact peripherally and the reaction products emerge
almost instantaneously; and compound-nucleus reac-
tions, in which- projectile and target nucleus coalesce
to form a' larger nucleus that does not release the final
reaction products until a very much longer time has
passed. The study of light-ion induced reactions has
provided a great deal of information about the

t
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relations between similar states in nuclei that lie close
to each other in the periodic table. However, such
studies reveal-little of the response of nuclei to larger
disruptions or excitations.

In order to explore these more complex and radical
excitations, nuclei must be bombarded with heavier
ions so that many nucleons can participate in the
collisions. The following examples indicate some of
the important new processes that have been observed
jn such work:

Nuclear states are formed in which -the nuclear
rotation corresponds to very ..high values of angular
momentum. Such states are significantly different from
those previously studied in detail and should offer new
insights into nuclear structure.

In other collisions, the nucleons settle down into
long-lived cenfiguratibns that are simple but very
unlike those found in the normal ground states. A
striking example oC such configurations called fission
isomers has already been studied in heavy-ion experi-
ments.

New species of unstable nuclei are formed,
particularly proton-rich isotopes, which extend the
range of proton numbers over which nuclear proper-
ties can be explored.

Heavy-ion studies have revealed a qualitatively
new kind of reaction process that is intermediate
between the direct and compound-nucleus reactions.
Although these deep inelastic processes occur on the
very brief time scale of direct reactions, they are not
peripheral collisions because there is a large conver-
sion of kinetic energy into internal heating or excita-
tio of the colliding nuclei. These new processes can
hardly fail to shed important new light on the nature
of nuclei.

Under suitable conditions, nuclei can be excited by
the beam particles into collective vibrational motion.
The best-known example is the giant dipole excitation
in whiCh the neutrons in a nucleus oscillate as a whole
against the protons. Recently, several more complex
giant vibrational excitations have been discovered in
studies of the scattering of electrons, protons, and
alpha particles from target nuclei. It is clear that such
vibrational excitations must play a significant role in
the deep-inelastic processes described above, but the
precise nature of that role remains to be elicited.

NUCLEAR FORCES AND NUCLEAR STRUCTURE

Viewing 'the nucleus simply as a collection of mutually
interacting protons and neutrons confers fundamental
importance on the strong or nuclear force that acts to
bind these nucleons together. Scattering experiments

over a wide range of energies have provided a detailed
empirical description of the protonproton interac-
tion. The neutronproton scattering data is much
poorer and so, correspondingly, is our underanding
of this interaction. However, indirect information
obtained from the structure of light nuclei has led to
the tentative conclusion that the nuclear forces obey
the symmetry principle of charge independence, which
means that they do not distinguish between protons
and neutrons and thus affect both kinds of nucleons
equally..

Pions

The electromagnetic interaction between two electri-
cally charged particles is described in terms of a force-
carrying particle (or field quantum), the photon,
which is said to be exchanged between the two
interacting particles. In a similar way, the strong
interaction between two nucleons is 'believed to be
carried or mediated by the exchange of a field
quantum of a different kind. In contrast to the
massless photon, the field quantum of the strong
interactions must have an appreciable mass in order to
account for the short-range nature of this nuclear
force. This quantum has turned out to be the particle
knoWn as the pi-meson or pion (however, see p. 214).

The existence of pions as the intermediaries in
nucleon interactions introduces an additional factor
into the description of nuclear structure. 'One can no
longer hope to obtain a complete description in terms
of the motions of protons and neutrons alone but must
also include the contribution of pions to the structure.
For example, since some pions are electrically-
charged, their motions create electric currents within
the nucleus which affect its electromagnetiC structure.
For many years there has been unambiguous evidence
that some such mechanism was needed to account for
the magnetic properties (moments) of certain light
nuclei. Only recently, however,-have precise experi-
mental measurements been found in close agreement
with the predicted effects of pion currents.

,
THE NUCLEUS AS A MICROSCOPIC LABORATORY

The wide variety of states in which nuclei can exist
provides unique opportunities fo-r exploring the funda-
mental interactions. Of the four basic forces in nature
(strong, electromagnetic, weak, gravitaticinal),,all but
gravity play a measurable role in nuclear structure.

Strong Intera&ions

The first evidence of strong interactions arose from
studies of nuclei, and fundamental q.lestions about



these interactions continue to be investigated by the
"methods of nuclear physics. Precise quantitative Mea-
surements of nuclear forces provide an essential test of,
any theory of the strong, interactions. Furthermore,
the important internal symmetry principle of the
charge independence of nuclear forces mentioned
earlier has direct consequences for nuclear structure,
and through study of these consequences the principle
itself is being tested to increasing accuracy.

Weak Interactions

The earliest evidence of the weak interactions came
from observations of beta decay of nuclei, and the
study of nuclear physics has also provided much of the
subsequent information about this basic force. It was
an experiment with radioactive nuclei that first verified
the remarkable fact that the weak interactions govern
the only processes in nature that distinguish absolutely
between left- and right-handedness (parity violation).
Nuclear studies have been central to the efforts to
unify the weak and electromagnetic interactions, and
nuclear physics experiments are stringently testing the
validity of this proposed unification.

FUTURE DIRECTIONS

In the years ahead, nuclear physics research appears
likely to develop in both breadth and depth. Because
the great variety of nuclei provide a very complex
system requiring much further study, work will
continue in determining nuclear properties with high-
er precision. In addition the, availability of new
techniques will open up many new research opportuni-
ties that are likely to provide the major impetus for
progress in this field.

Nuclear Spectroscopy

Studies wil; continue in many areas of nuclear
spectroscopy: which deals with the simple modes of
excitation of nuclei, their properties and mutual
relationships, and the nuclear models that embody
their-salient features. The questions here are primarily
those that have motivated previous work, but that can
now be studied at much greater levels of precision and
sophistication. How are the various nuclear models
related, to each other and to the force between free
nucleons? Will the underlying assumption's of these
models- allow their application to states of greater
energies and angular, mOmenta or of larger deforma-
tion? Are the currently. recognized symmetries of
nuclei all that are required? These are typical of the
many questionsAhat await sustained theoretical study
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and experimental work with accelerators of high
precision and intensity but relatively low energy.
0

Extreme States of Nuclei

Our understanding of the structure of the lower
energy states of stable nuclei is based on such
extensive work that drastic changes in the overall
picture are not.likely. Instead, new phenomena are
much more likely to occur in nuclei that are in some
extreme condition, and the study of such extreme
states is expected to be a central focus of future work.
The advent of accelerators of higher energy and
greater beam diversity will be .m important stimulant
in producing and examining such states. Some of the
foreseeable systems to be studied are listed below.

`-)Nuclei on the edge of stability, with a large
imbalance between neutrons and protons. These neu-
tron-rich or neutron-deficient nuclei can be produced
in several' ways and studied on-line with isotope
separators. The shapes, moments, and energy levels of
some extraordinary isotopes of sodium and argon have
already been studied in this way.

Nuclei with extremely high masses, particularly
superheavy nuclei that are stable or quasi-stable.

Nuclei under extremely rapid rotaticn. Nuclei
possessing angular momenta of 40 or 50 units are
forced into unusual rearrangments of, internal struc-
ture by the very large centrifugal and Coriolis forces.

Nuclear matter in new states of very high density,
as may occur in high-energy collisions between heavy
nuclei.

Nuclear structures formed from unconventional
particles, for example, strange particles or antiprotons.

INSTRUMENTATION FOR NUCLEAR RESEARCH

For several decades the tools of nuclear science, the
electrostatic generator, cyclotron, and electron accel-
erator facilities, have provided a wealth of inforthation
on nuclear structures and nuclear dynamics. However,
some of the most challenging scientific problems
require capr.bilities that are beyond those of current
nuclear facilities but could be attacked by a modest
upgrading of them. And, although high-energy .accel-
erators (greater than a few billion electron volts) have
been constructed for elementary-particle research,
they are becoming increasingly valuable tools for the
acceleration of heavy ions for nuclear science research.
Machines for producing heavier ions of high energy
are now under development for this purpose.

Within recent years, intonse beams '6f. pOnesons
(pions) have become availablefor the study of nuclear
structure. The strong intemtion of pions with nuclei
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provides an effective means for measuring the forces
acting at' short distances from nuclear particles. In
addition, the transfer of a large amount of energy from
pion to nucleus can result in the creation of unusual
nuclei that lie far from the Valley of Stability. This
work is still in- its early stages, and in the next few

years it should produce important insights into nucle-
ar structure.

The very strength of the pion-nucleon interaction
becomes a liability when the intention is to study the
nucleus in its undisturbed state. For such studies, the
much weaker electromagnetic interaction is the pre=,-

ferred probe. In particular, beams of electrons and
photons (gamma rays). with energies up to a few
billion electron volts serve as a very sensitive means
for resolving the fine details of nuclear structure. Some
'studies of this kind have been carried out under special
arrangements at existing large electron accelerators,
but there is an important need for an electron
accelerator more closely matched to the purpose and
dedicated to experimental studies of this kind.

Studies of nuclear structure would also benefit
greatly from experiments in which the nucleus- is
probed by beams of neutrons of greater intensity than
now available, by neutrinos, and by high-resolution
laser spectroscopy. Each of these areas is now being
investigated for its scientific potential and for the
kinds of instrumentation' that would be required for
successful' experimentation. In the case of neutrino
beams, the required intensify would be very large

because of the weak neutrino-nucleus interaction. At
present, there are no sources of neutrinos of the
required intensity and correct energy range.

PARTICLE PHYSICS

The structural units of matter in its usual forms have
been described thus far as electrons, protons, and
neutrons. From these, nuclei, atoms; molecules, and
ordinary macroscopic matter, are constructed. As late
as the middle 1940's' these 'units were thought to be
indivisible and were therefore called elementary parti-
cles.6 In addition to those known particles, there was
at that time evidence from cosmic rays and radioactive
decay of the existence of other forms of'inatterthe
pion, the neutrino (one of the products of beta decay),
the muon (a heavy electron), the positron (a positively
cllarged electron), and, of course, the photon.

Throughout the subsequent decades, many new
kinds of particles were' discovered, most of them
related in some .way to the two nuclear particles, the
proton and neutron. These discoveries came slowly at
first, then at an ever-increasing rite. By 1960 the

number of known particles had grown from 4 to about
30, and most physicists had begun to have serious
diflibts that so many, different kinds of particles could
all be elementary in any meaningful sense.

Although the list of particles has now increased to
more than 200, evidence has been accumulating
during the past decade in support of the idea that none
of these nuclear particles, not even the proton itself, is
truly elementary. Instead, they all appear to be
composite structures built up' from simple combina-
tions of only a few kinds of basic constituents called
quarks. Quarks have not been directly observed in

experiments and are thus still hypothetical particles,
but the circumstantial evidence for their existence has
now become so various and persuasive that there are
not many doubters left.

\ -
FORCES AND INTEPACTIOn

The forces holding the building blocks of i:,atter
together have been described as gravitational, electro-
magnetic, and strong interactions. Just as the photon
is the quantum or packet of electromagnetic energy,
the pion was originally thought to be the quantum of
the interaction energy associated with the strong force
of the nucleus. This is another concept that has been
modified by recent developments bui, nevertheless, the
pions are a form of matter participating importantly in
strong interaction physics.

The electron, positron, and neutrino are emitted by
nuclei in the process of beta decay, or radioactive
decay. This decay is ascribed to some kind of
interaction with protons and neutrons, just as the
emission of light by atoms is ascribed to the electro-
magnefiC interaction. However, this interaction cannot
be represented as one or a combination of the three
forces mentioned above. It is a fourth form of
interaction, called the weak interaction since the
magnitude of the interaction energy required to
account for the rate of beta decay is found, to be very
nitich, smaller than that associated with the electro-.
magnetic interaction. This means that beta decay
processes occur very slowly.

In terms of the interactions that they are subject to,
it is clear that, except for photons,*particles fall into
%two general classes: those that are not subject to the
strong interactions' and those 'that are. Those not
influenced by the strong interaction-are called leptons,
and include electrons, neutrinos, and muons, the latter
behaving in every way like a heavy electron.

The particles undergoing strong interactions, which
include nucleons, protons and neutrons, pions, and
many others to be described later, are called hadrons,-
from the Greek form hadr- for "strong."
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MATTER AND ANTIMATTER

As far as we now know, every particle has associated
with it an antiparticle. For example, the positKon is the
antiparticle to the electron. The antiparticle has the
property that it can annihilate the particlethis
means that when the two combine they disappear and
can be replaced by photons; and photons in turn can
create another particle-antiparticle pair. One can
imagine a universe of material made up entirely of
antiprotons, antineutrons, and positrons composed to
form antiatoms and antimolecules; in other words,
antimatter.

The search for simplicity of the laws of physics led
naturally to this concept of antimatter and to the
simple principle that a universe of antimatter should
be indistinguishable from a universe of matter. This
symmetry concept is borne out by experience except
for a very subtle unexplained property of weak
interactions that does distinguish matter from anti-
matter. However, it should be kept in mind that an
unexplained phenomenon appearing to be subtle and
unimportant may signal a future revolution in science.

DISCOVEROF THE HADRON FAMILIES

A series of unexpected discoveries concerning the
hadrons began in the mid-1940's with the observation
of some particles produced by cosmio rays- that
behaved in such an unusual way that they could not be
identified with any particle known at the time. This
behavior was reproduced a few years later in the
laboratory by particles produced in collisions between
hadrons (protons, pions; and neutrons) at very high
energy. Because of their unaccountable behavior they
were. called strange particles.

Every type of strange particle is unstable and decays
in a short time (approximately 10-I° seconds or less)
into the ordinary; or nonstrange, particles: This
lifetime; while short on the ordinary scale of time, is
still very' long on the nuclear scale and is therefore
ascribed to the weak interactions.

There are two types of strange particles, one called
the 'baryon, for which, roughly speaking, one of the
decay products is a nucleon and the other called a
meson, which, again roughly speaking, never decays
into a nucleon. More precisely, a barycin can decay
into an odd number of nucleonic particles (usually
one) while A-meson can on' decay into an even
number (usually zero).

Further investigations of the consequences of high-
eneigy collisions between particles have led to an
enormous proliferation of new kinds of hadrons, nqw
numbering over 200 different species. This is a virtual
zoo requiring a great 'effort by a large number of
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experimenters to untangle and identify the particles
and the relationships between them. Although they
probably occurred in large quantity in the early
universe, most such particles are seldom observed now
outside the laboratory, because they have short life-

, times and the conditions necessary for their creation
occur infrequently. All of the particles decay into
combinations of lighter particles through a chain of
events ending in the stable building blocks of ordinary
matter and neutrinos.

QUARKS AS BUILDING, BLOCKS

As , the zoo of over 200 baryons and mesons of
different masses, both strange and nonstrange, reveal-
ed itself through high energy experiments, certain
regtdarities in the pandits of masses and other
properties of these particles became apparent, indicat-
ing that there must be an underlying structure, just as
the regularities in, the behavior of the chemical
elements or the regularities in the patterns of stable
nuclei indicated the important underlying structures
of those systems.

An early step in arriving at a description of families
of hadrons was the recognition that symmetry could
account for many features of the observed regularities.
This symmetry wasp a generalization of the simple
symmetry between proton and neutron already recog-
nized asa fundamental aspect, of nuclear structure. As
we have noted, the proton 'and. neutron differ only
because one is electrically charged and the other is
not. Their strong interaction properties, that is, their
characteristics as hadrons, are the same, although
there is a slight mass difference presumed to be caused
by electromagnetic effects.

In an analogous way, similarities were found among
other groupings of particles and these similarities were ..

regarded as an expression of a basic internal symmetry
among the particles. In its original form, this symme-
try could be accounted for by treating all baryons as
composites of just three particles, the quarks. The
name quark arose from -the quotation "Three Quarks
for Mbster Mark" from Finnegan's Wake because
there were just three kinds,' now Called "up," "down,"
and "strange" quarks.

At the time this model was proposed, baryons
corresponding to all combinations of quarks except
that of three strange quarks had been obserVed. From
the model, not only was it predicted that such a
baryon should exist, but also it was possible to
estimate the mass of this unknown particle. This
prediction set off a frantic scramble aniong the high-
energy laboratories to produce and identify the parti-
cle, already named the "omega-minus." It was soon
found; with a mass within' one-tenth of a percent of
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that predicted. This great triumph lent strong cre-
dence to the basic symmetry ideas underlying the
quark model but it did not convince physicists of the
existence of the quark, especially since no one had
seen one.

While baryons were accounted for as combinations
of three quarks, the very different characteristics of
mesons could be accounted for if each meson was
assumed to be made up of a quarkantiquark pair. The
existence of an antiquark to go with each.quark was a
natural .abd necessary consequence of the assumption

-- of symmetry between matter and antimatter.

Charmed Quarks

The notion that a fourth kind of quark must exist first
arose in connection with attempts to relate the weak
and electromagnetic interactions. The fourth quark
was called a "charmed" quark by the theorists who
posed the hypothesis, and charm emerged as a reality
as the result of experiments establishing the existence

-of an entirely new kind of meson, called the "J" or
"%Y," or even the, "J /WY," in 1975.7 This meson has a
mass greater than, that of three nucleons, and a ,
lifetime for decay into other mesons that is much too
long to be accounted for as a pair of normal quarks,
but that is in accord with the predictions of the charm
hypothesis, it it is assumed io be a combination of a
charmed quark with a charmed antiquark. Predictions

c.
O
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O

were, also made about the masses to be expected for
excited, of this system. These predictions were
quickly confirmed by experiments. _

It is also to be expected that a charmed quark could
combine with one of the original three antiquarks to
form a charmed meson, and such a particle, the D
meson, has also been found (Figure ;5). Similarly,
charmed baryons are on the menu, and therels recent
evidence for their existence.

Six Quarks?

The existence of four quarks is generally accepted by
physicists as being well established. However, as a
result of another surprise, in 1977, there now appear
to be more. At that time a meson having a mass more
than nine times that of the nucleon was discovered,
requiring the introduction of a fifth quark into the
picture.

Finally, the unity of the theory of weak and
electromagnetic interactions turns out to call for an
even number of quarks. Therefore it is generally
assumed that evidence for a sixth quark remains to be
discovered.8

Where Are the Quarks?'

Many experiments have been carried out in an effort
to detect a free quark but have not been successful at

FIGURE 15 Decay of a 'charmed particle is
reconstructed in a computer-generated dis-

, play. The innermost circle represents the
beaM pipe in which electrons and their anti-
particles, positions, collide to produce other
particles. The particle track at 12-o'clock
has been identified as that of a negatively
charged K meson; and the track at 7 o'clock
as that of a positively charged pion. These
particles arc thought to be the decay prod -
ucts of a D° particle, bearing a property

.called charm. The po particle decays too
quickly forit to be detected directly. (Jon
Brenneis. From "Fundamental Particles
with Charm," Scientific Anierican, October
1977.)
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writing.9 The list of experiments
includes not only those carried out at accelerators but
also those involving analyses of seawater and of moon
rocks, magnetic levitation of small metal balls, cosmic-
ray studies, chemical reactions, and so on. .

The key to identifying quarks is their remarkable
assumed property of having electrical charges of one-
third or two-thirds of the "indivisible" unit of electri-
cal charge, 'that is, the charge of the electron. This
eccentricity of charge means that the electrical charge
of deg-lark-cannot-be-neutralized in ordinary matter so
that a quark should exist until it meifs-another-quark_
with which to combine. This also provides a means for
identifying the particle.

Since the chemical properties of atoms and mole-
cules are controlled by the electrostatic forces holding
them together, it is clear that quark' matter would have
quite different properties. One can speculate about the
possibilities and they are quite interesting, indeed. The
only difficulty is that no one has been able to collect
even one quark.

Evidently the quarks are bound together to form
baryons and mesons in an unshatterable way. -Of
course, the energy required to smash them into quarks
may simply be much higher than is presently' avail-
able. Or it may be that quarks are a mathematical
fiction, yielding the correct properties in a mathemati-
cal way, but not real otherwise.

Neither of these explanations is satisfactory and
there is a growing general belief among physicists that
the explanation lies in an unusual direction. If the
quarks are bound together by a force that increases in
strength as the distance between them increases, much
as would happen iQ they were bound together by
rubber bands, then one could understand that they

-could; never be separated. Theories along these lines,
are being pursued vigbrously and, in the near future, it
-will probably be possible to propose definitive tests to.'
validate them.

Such forces would represent ffie.,basic strong inter-
action, which binds the quarks together. Just as the
electromagnetic fields binding electrically charged
.particles together can be described in terms of quanta,
the photons, so this basic strong interaction field must
hive its quanta, which lid-Ilubris"-because
they gl ue the quarks together (logic of nomenclature
at long Ustl). Gluons as particles would necessarily
have very unusual properties in order to account for
the rubber bancffike forces proposed to exist between
quarks. Although gluon may not be observed
until° quarks become available to generate them, there
are indirect ways of detecting their existence within
particle structures and these effects are being investi-
gated.
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LEPTONS AND WEAK INTERACTIONS

The leptons provide the only examples Of observed,
truly elementary particles; they behave in all but some
very subtle ways as "point" particles, that is, as
structieless objects.

The existence of muons, or heavy electrons, came as
a special surprise since there seemed to be nothing in
nature requiring it. One famous physicist is'quoted as
saying, "Who ordered that?" when it was discovered.
Another made a habit for years of keeping "p" written
in a corner of his blackboard to remind him of the
mysfetious-role of this heavy electronin physics.

Another question that has often been raised is: If
there exists one heavy electron, why not more? The
question recently has been answered:- A lepton, called
the "tau," having a mass 3,500 times that of the
electron, or twice that of the nucleon, has recently
been discovered.

Some inkling of the role in nature of the muon
results from the knowledge that the neutrino associ-
ated. with the muon is-adifferent particle from the one
associated with the electron. Since leptons undergo
interaction in pairs, this pairing off of an electron with
one kind of neutrino and the anion with another
suggests that these pairs of particles may have some
fundamental significan,:e -in the structure of the
physical universe.

The statement that leptons undergo interaction in
pairs applies both to their electromagnetic and to their
weak interactions. In the case of the former this may
be seen by noting that an electron-positron pair is
annihilated, or created, in interaction with a photon.
For the weak interactions the appropriate neutrino is
always associated with the emitted electron or muon
in beta decay:

Since hadrons are subject to the.weak interaction, so .
must be the, quarks that compose them. The sugges-
tion that there_must be a fourth quark; the charmed
one, arose from the desire to.give the weak interac-
tions of quarks a structure analogous to that of the
weak interactions of leptons, thereby requiring that
quarks alsosoccur in pairs.

All of this leads tb a rather simple picture of nature:
Matter-is-made_up_of_tw,oparallel families of elementa-.
ry particles: the leptons and the quarks. An t ere r`s
one-to-one relationship between them (Figure 16). The
quarks, being subject to strong interactions, are buried
in hadrons, but the leptons are freetoroam. When the
tau lepton was discovered, it seemed inevitable that
another (fifth) quark would be found, and it was. The
assumption that there must be a neutrino to so with
the to lepton then leads again to the need for a sixth
quark, as already mentioned.
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Unification of Weak and Electromagnetic
Interactions--

It has been recognized for some years that there are
certain similarities between' the weak and the electror
magnetic processes, but attempts to formulate unified
theories and experiments designed- to demonstrate
their validity ran into serious difficulties until' recently.
Now it can be said that a very promising unified
the-60i making uses of the concept or pairing of
particles as above, has been developed.1°

One of the earliest questions was wliy, if these
phenomena are so similar, is the weak interaction ,.so
very much weaker than the electromagnetic interac-
tion? From the beginningthe answer' to this question
was assumed to be related to the °nature Of the
quantum of the weak field. This woulbe the analog
of the photon except that it would need . to be

FIGURE 16 Basic building blocks of
all matter. The evidence for quarks re-
mains circumstantial.

n.

electrically charged if it were to couple to an electron
and neutrino the way a photon couples to an electron
and positron.

If this charged 'quantum called the W-1,- or W- has
large mass; the effective beta-decay coupling would be
correspondingly weak\or small. However, there were
serious difficulties until a- recent refdrmulation of the
theory that included an electrically neutral W. This
implied the existence of weak decay processes which
did not involve charge, such as the emission of
neutrino-antineutrino pairs. These are known as
"neutral weak current effects." Such effects can be,
and have recently been, observed in high-energy
neutrino experimenter

A.

Thus a promismg theory has now emerged which,
among other things, predicts the mass .of the W to be
ahout.75 times that of the proton.There is at present
no accelerator capable of producing "a particle of so

18
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- large-a-mass,_but _efforts in this direction will be one of .

the principal objectives of, iircipiiiedintersectingbeain
machines that will be able to attain the required level
of energy.

CREATION AND ANNIHILATION OF PARTICLES

There are two ways in which the unstable forms of
matter are produced, by decay of more massive

.nnstable forms or by creation processes at high energy.
Several decay processes leading to stable particles are
familiar to us, for example the decay of an atom in an

_excited quantum energy state to a lower quantum
energy state with the emission of a photon. This
photon, having an energy equal to the difference in
energy between the atomic states, may be said .to be
created in the process. By using the equivalence /of
mass and energy, one may also say that the total mass
of matter

a
was unchanged, the mass of the atom in the

excited state being greater than the mass of the atom
in the lower state by just the right amdunt to account
for the mass of the photon.

,In a similar way, electrons and antineutrinos are
created in the beta. de: ay of a nucleus, when it is
energetically possible. The positron, which is a stable
particle,,is also produced, along with a neutrino, in
beta decay when the ,unstable nucleus has a larger
positive charge than the product nucleus.

Positrons don't-persist in matter because they are
annihilated by contact with ordinary matter contain-
ing electrons, their antiparticles. This process, and its
reverse, electronpositron pair creation, is an' example
of the processes involved in the "creation and annihila-
tion of particles.

We know that a positron and electron can swallow
one another, ;leaving behind nothing but the energy
represented by the two masses. This energy appears as
electromagnetic eradiation or in the form of other
particle's. One can sayLhat "matter" (the electron and
positron) has been anflihilated. Similarly, a photon of
energy greater than twice the electron mass can, Under
the right conditions, be converted into an electron
positron pair; thus matter is "created."

Of course one can take the view that photons,
having mass, are alsO matter and that there has been
no change in the amount, or mass, of matter; there has
simply been a change of form: Thus we arrive at the
point of view, that matter is conserved, but it may
appear in a great variety of forms as long as they all
have the same total energy.

Exotic particles may be created by such processes or
by collisions between energetic particles. The mass of
the pion is about° 270, election masses and it can
therefore be produced in collision between protons if

.
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they have enough energy to produce this mass by ,a
process like

ntp , p+n+ 7T+

which means that two protons collide to produce a'
proton, neutron, and positively chargopion. Protons
of sufficient energy dccur in the cosmic radiation o.

falling on the earth-from outer space, and it is for that
reason that pions were first observed in cosmic ray
experiments. The pion decays into a muon and
neutrino in about 10-8 seconds. Muons, which have a
lifetime 100 'times longer, were discovered much
earlier than pions, also in cosmic rays. 'lie muon
decays into an electron and two neutrinos.

PRODUCTION OF PARTICLES IN THE LABORATQ.RY

In order to produce pions in the laboratory 13y, the
process just described, it is necessary to have machines
capable of producing about 400 million volts to yield a
proton beam of adequate energy. Since the pion is the
lightest of the mesons, machines of much higher
energy are required to produce the other mesons and
baryons. With sufficient energy (a machine of over 5'
billion volts) it is possible to REoduce antiprotons and
antineutrons paired off with protons and neutrons;
respeCtively. At even higher energies the antiparticles
of the- strange baryons and other members of the zoo
are produced.

One may ask how it is possible to identify and work
with 'particles whOse existence. is so transitory. For
those of very short lifetime, observations and measure
ments are made on the decay products. Particles of
lifetimes 10-10 seconds or greater are observable
although ..that time is only long enough for a light
signal to travel three centimeters. HoWever, at high
speed the particles actually travel much farther than
this because of the relativistic effect of time dilatatipn
predicted by Einstein: A moving clock appears slower
to a stationary observer than does a stationary clock:

. This effect becomes large, at speeds cldie to the speed
of light. Because these particles areproduced in very
high-energy collisions, they' mnVe with such high

' speeds. The relativistic effect can be so large that, for
example, it is possible to produce intense beams of
pions over long distances despite their short 'lifetime
(at rest) of 10-8 seconds. Such beams are used to
bombard -targets to produce other kinds of particles.

RESEARCH INSTRUMENTS FOR PARTICLE PHYSICS

The primary beams of high-energy particles, required
for particle production experiments and other high-
energy studies are prOduced by large particle'accelera

1 1 9
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tors that are 'direct descendants of the atom smashers
developed in thg early days of .nuclear physics. As we
have seen, the more deeply one .probes the substruc-
ture of nuclei, the greater the energy requiredrto take

--advantage of the shorter wavelengths of higher-energy
particlessoAarstructural details can be "seen" over
short distances and to have enough eneisy to knock
apa the strongly bound part Of ',system or to create
particles of nigh mass (in accordance with E = mczJ2

The primary beams may consist of either electrons
or protons. The acceleratorS may be.either circular
machinei (synchrotrons) or linear machines,' Since
electrons copiously emit energy in the form of
synchrotron radiation when moving at high speed on-a
curved path, there is a point of diminishing return in
trying to accelerate electrons in circular machines.

In the United States the highest-energy (22 billion
electron volts or GeV) electron accelerator is located
at the Electron Accelerator Center, (sLAC),
and there is a lower-energy (about 15 GeV) electron
synchrotron at Cornell University. The highest-energy

t proton synchrotron at the Fermi National Laboratory
usually operates at about 400 GeV although it has
been pushed to 500 GeV.\iAdditionAlproton Machines'
are the. 30 GeV ,Alternating Gradient Synchrotron
(AGs) at Brookhaven National Laboratory and the
12.5 GeV Zero Gradient Synchrotron- (zGe at Ar-
gonne National Laboratory.

Developments for the future include the construc-
tion of an energy doubler at the Fermi Laboratory to
increase the proton energy available to 1,000 GeV = 1
TeV (1 trillion electron volts).. At the other ac,aelerator
lahoratories, several colliding beam devices are
planned that increase the effective. energy even more
for reasons to be .given later. To increase the available
resources needed to carry out.these plans, it has been
decided to shut down the ZGS at the end of fiscal year
1979.

Electron and proton accelerators n.usi g a fixed target
are very effective because the primary. beams have a
very high rate of interaction with a target and
therefore Provide a large number -of events for

rtn, eas dement. They also produce intense secondary
beams of particles moving at high speed. However,
there is a disadvantage 'to these machines associated
with the high speed of the protons, namely, much of
the energy of the primary ;beam goes into the motion .
of the secondary particles and not into their mass.

To realize maximum use of a machine's energy, the
'beam can collide with another high-energy bean'
-moving in the opposite direction instead of making it
strike a fixed target. When two similar beams of the

_ .

same energy collide there is no, wasted energy; all of
the collision energy can go into the mass of the

produced particles. Devices making use of this princi-
ple offer the ideal way to explore 'fitr particles of-
extremely high mass.

As a means for following up the dvery'of.newnew

particles_ with precision measurements, colliding
beams do have limitations. The most serious is the
rather small interaction rate resulting from the low
"trget" density, since ,the target of one beam is the

beam. This can only be overcome by substitntial-
ly increasing both beam intensities, but under no
circumstances can event rate comparable to that of
fixed target machines be anticipated. The other limita -'
tion is that the secondary particles produced are
moving too slowly to be useful as beams. If they have
short lifetimes`, they decay quickly because there is no
appreciable time dilatation.

Colliding beams of electrons with positrons, each
with 4 QeV of energy, are, provided by the facility
called SPEAR at SLAC. PEP, also, an electronpositron
colliding beam machine, with each betm having an
energy of 15 GeV, is also under construction at SLAC.

A facility comparable to PEP is operating at-Hamburg,
Germany. 'The only protonproton colliding beams
presently in existence are-provided by the intersecting
storage rings (jsit) at. the international facility, CERN,

in .Geneva, Switzerland. The energies of the two
proton beams. are 31GeV each: To produce the mass
equivalent to, the 62 GeV available at 'the ISR would
require a fixed target machine of about 2,000-GeV
energy.

Construction has justbegun at Brookhaven Nation-
al Labdatory nn an intersecting proton beam machine
designed to produce colliding beams of 400 GeV
protons. At the same time, an effort is under way at .
CERN to use the 400 GeV Super Proton Synchrotron
(the equivalent of the Fernii Laboratory machine) to
circulate protons and antiprotons in opposite direc-
tions and bring them.into collision. Thus the region of
very high masses, such as that of the hypothetical W
to be described later, will be explored.

7

--MEASUREMENTS ANL/ INSTRUMENTS

Meaisurement of the properties of the particles pro--
duced in collisions of the beams with targets, or with
each other is the principal objective of the science of
particle physics. Such measurements including num-
bers,.bers,. directions, momenta, masses, and energies of
particles must be made with high precision.' It is also
necessary to separ events at incredibly close tithe.
intervals. The instruments required fOr the, purpose
become Ancreasingly complex as the energy increases.
There are at least two reasons for this. Oneis that the.

.

J



number of particles produced in a collisioi, increases, CONCLUSION
making it more difficult to sort out the particles '.of
interest. The..other is that the higher the energy, the

THE ROLE OF MEASUREMENTmore difficult it i to measure the momentum of a .

Precise' measurement is the hallmark of the remark
able advancement in understanding the physical uni-
verse in modern time. Quantitative description of
matter leads to mathematical formulations of the laws.
.of nature, which, after many tests of their validity,
may tentatively. be regarded as established truth.
Reproducibility and predictability of data go hand in
hand with precision of measurement. Understanding
grows as the character of observation shifts increasing-
ly from the qualitative to the more _pfecrse and
quantitative. What is perceived as a color becomes a '
precisely- measured wavelentth of light. A :shape is
related to carefully measured angles of cleavage planes
of a crystalpSuch measurements attach numbers such
as length, time, and angle to physical phenomena, and
these numbers may be remeasured many times to test
their reproducibility and validity, thus helping lay the
foundation of a science.

SIMPLICITY OF THE LAWS OF NATURE: THE ROLE
OF SYMMETRY

Precisely measured numbers :alone are not enough,
however. A complete description of matter /requires
that it be related, according to a set of rules formulat-
ed in terms of simple mathematical expressions. These
rules transcend the boundaries of scale, and it is an
axiom of science, consistent with a vast amount of
experience, that they are based on principles that
apply everywhere and for all. time. The simplicity of
the -mathematidal expressions may be manifest in
either their 'structure on,the -statement of symmetry
implied, or bosh, when the two are related.

The elementary concept of symmetry is that of
geometrical form. For example, the geocentric and
heliocegtric models of the universe take the sphere as
the natural geometrical form. The eventual realization
of the role of spherical,, symmetry in nature is
expressed in terms of the homogeneity of the space
around usno matter which way we turn, the
character of 'empt3r space is the same. This leads
directly to the pervasive fundamental law of conserva-
tion of angular momentum, which plays as important
a role in the structure of atoms as it does in the
structure of the planetary system.

There are many other important geometrical ex-
pressions. of symmetry in physical science, including
the description of the :structure of crystals, the
behavior of conduction electrons (those carry' ing
eler deity), and the structurepf molecules. The whole
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particle by bending its trajectory in a magnetic field:
Iii order to capture the necessary information, the
instruments must increase in size as well as in
complexity.

Required instruments include particle detectors,
huge magnets, Lvery fast response .electronic circuits
and on-line computers to digest the incoming informa-
tion, The detectors depend on the ionization that
charged particles produce in going through matter,
while the detection of nonionizing particles, such as
photons, neutral pions, or neutrinos, depends, on their
production of charged particles, Which are then
detected. A charged particle passing thiough a gas or
liquid leiVes a trail of ionizing particles that can be
made visible as a vapor trail in a cloudchamber, a trail
of bubbles in-a bubble chamber, or as.sparks in a spark,
chamber. As the need to obssae a multitude of these \
trajectories more and ni,orelriccurately has grown,
special electronic devices have been developed, the
most recent being the drift chamber, which operates
inside of itrong magnetic fields to give a very precise

. measure of points along particle trajectory (to better
than 0.1 millimeter), and handles many, trajectories at

1.-- the same time. This information is combined with that
obtained by 'Other methods, such as total energy'
,calorimetry, which measures tho energy absorbed in a
mass large enough to absorb all of the energy of jet

"of many particles. With these and other techniques it
is possible to collect information at an enormous rate.
It then takes powerful, fast computers to analyze these
data to the extent that the experimenter knows what
has happened in his apparatus. The final step, scien-
tific interpretation of -the data, requires the most
careful attention of the best scientific minds.

A major experiment at a high-energy accelerator
requires a large team of .physicists7 baCked up by
engineers, 'technicians, and computer personnel fo
plan and design an experiment, develop and design the
apparatus, design and prepare the data-acquisition
system, and analyze and interpret the data. One
experiment may involve 30 or 40 physicists, plus a

, comparable.number of support people and require two .
years of-planning and preparation, another two years
for. running the experiment, and at least a year for
analysis and interpretation. This is a far different
picture fromthat of the lone scholar in his laboratory,
but the scholarly consequences in terms of the depths
of insight are different, -,too, and 7:such formidable
efforts are required to reach to these depths.'
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understanding of the chemical behavior of the ele-
ments turned out to depend on a very, general internal
.ratheithan geometric symmetry property of electrons,
related to their interdhangeability-l-the fact that two
e,..xtrons are indistinguishable. This concept ,of a
symnietry resulting from the interchangeability of
particles has been generalized, as in the case of the
neutron and proton, with remarkable consequences for
our understanding of the fundamental building blocks
of matter.

'4thic

UNITY OF THE PHYSICAL SCIENCES

The fact that the complex behavior of the physical
universe is governed by a set of universal principles
and mathethaticil lawS implies unity among the
various fields of physical science, but unity at a deep
theoretical level not readily apparent. Nevertheless,
because of a commonality of the underlying principles,
there i6 a unity of method both in theory 2 and
experiment. The result is that the subfields interact in
a supportive and synergistic fashion., Physical science
has an organic quality, with the whole being Mitch
more than the sum of the parts.,

The unity of method and structure is manifest in the
understanding .of cooperative quantum behavior of
many-particle systems, whether they be elections in
solids, atoms in liquids, nucleons in nuclei, or neu-
trons in neutron. stars:. Symmetries and "broken"
symmetries play. very similar roles in the theories of

OUTLOOK

elementary particles and the theory of macroscopic
phenomena such as mapetisni. The properties of the
elementary particles play an role in theories
of the origin of the universe, and some recent ideas
arising from . the unified theories 'mentioned below
suggest a previously unanticipated picture of the way
in which matter may have been :created in the
beginning.

This unity of ,method is a reflection of an even
deeper-unity-Of fundamental principles. The history of
physics has been marked by a struggle for ever deeper
unifying principles. Examples of successes are mud;
fold: Newton's connection between the earth's gravity
and the motion of planets around the sun; the
unification of heat and energy iv Clausius; the
unification of electricity, magnetism, and optics by
Maxwell and Faraday; the unification of the corpuscu-
lar and wave theories of light by, quantum theory; the
unification of chemistry and physics by quantum
mechinics; and the current, -apparently successful
unification of electromagnetic and weak interaction
theories. Recent work has led to the hope for an early
extension., of this last concept to include the strong
interactions of particles. .,

Einstein sought the unification of gravitational and'
electroma-netic theories as his ultimate aim.. Through
the study of quantum effects of gravitational fields, we
may see his hope realized on a much grander scale
than he ever imagined by the unification of gravita-
tion, electromagnetism, weak and strong interac-
tions all of the known forces of nature.4

ASTROPHYSICS AND
COSMOLOGY

The following outlook section on structure of matter is based on
information xtracted from the chapter and covers trends anticipated

' in the near future, approximately five years

\Rapid developments in astronomy and space science during the. past
few decades have led to an entirely, new perception of the cosmos.
Observations of almost the entire electromagnetic spectrum from ra-
dio and infrared Through visible and ultraviolet to' X-ray.. and gamma
rays have been made possible by new' ground-based instruments and
space probes. Similarly, important progress in the, study of comic
rays has also been Made possible by new instrumentation and the
mounting of instruments in space w.hicles.

The detection of 3°K _radiation has provided convincing support
for the Bib -Bang concept Of the origin of the universe., The evidence
for the existence of neutron stars confirms theories of stellar evolu-
tion and the- strong suggestion of evidence 'for black holes,. tends to

2
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confirm one of the more remarkable predictions of Einstein's general
4 theory of relativity.

The proipects are for continued rapid advances in this field. Ob-
_ servation and measurement are just beginning at both the infrared

and gamma radiation ends of the spectrum. The planned gamma-ray
space observatory will permit astronomers to make measurements
with abiut To times the sensitivity now possible. The space telescope
seheduled fOr. Lumen in the space shuttle, the new-. ground-basxl
large multiple-mirror teleScope, and the very laige array radio inter-..

ferometer will permit muchedeePer peaptration into the universe.
These' and other new instruments may help resolve some 'of the

iinportant cosmological a'nd astrophysical questions concerning the
' structure of die Universe, fbr example, whether it Is open or closed,

ad the actual existence
'Also significant questions concerning stellar processes such as nu-

clear 'synthesis Of the elements will be addressed by cosmic ray
experiments. Neutrino. detection methods mity help resolve qUestions-
about energy sources of the sun raised by recent exPerimental re-.
sults.

CONDENSED MATTER Research on
. matter in the laige, on the macroscopic scale, has an

impact on all the Ways in which materials are .used. There have
been an enormous number of advances in our. understanding and
application of the science of condensed. matter. Some Of the most
recent developments showing promise for' substantial progress in the
next five years are studies of amorphous materials, surfaces, and
exotic new materials, as well as atomic and molecular engineering
and study of systeins far from equilibrium. The trend is toward
dealing with systems of increasing complexity at 'higher levels of
precision.

An important theoretical advance has -been our improved under-
standing of phase transitions, such as transitions from gases to liq-
uids or nonmagnetic to magnetic phasei in solids. This °Fundamental
work is applicable to a remarkably wide range of phenomena.

Since instrumentation. has become more elaborate and expensive,
ways of sharing apparatus among institutions are being explored.
Already possibilities for qualitatively new experiments off condensed
matter with major centralized facilities are being realized. For exam-
ple, the new research frontiers provided by synchrotron radiation
sources of high-intensity ultraviolet and X-radiation, which are pow-
erful tools for studying the structure of condensed matter, are being
approached by several' new facilities presently under construction.

Intense neutron sources that can be used to study different aspects
of the structure of condensed matter represent another example.
They also are avvery powerful tool for the study of atomic dynamics
of liquids and solids. Great progress' in this field has been made in
Western Europe, which for some time has had the most intense
steady source of neutrons, at' the Institut Laue-Langevin in France.
In addition, a new high-intensity pulsed source is under construction
at the Rutherford Laboratory in England. Somewhat more modest
steady, sources have been available in this country for many years,
and a considerably more modest pulsed source is under construction.

Since condensed matter science serves as a.technology base both
for other fields of science and for industrial development, it is essen-
tial to maintain our strong capability in the field.
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MOLECULAR AND ATOMIC Progress has been rapid in the study of the structure of molecules,
STRUCTURE especially large organic molecules 'such as those occurring in biologi-

cal systems. Developments in instruments and spectroscopic tech-
niques paralleling those used in investigating condensed matter have
been largely responsible for this. Exploitation of nuclear magnetic
and electron paramagnetic `resonance methods has, been especially
fruitful, 1;ut again," increased sophistication of these techniques has
raised the cost of instrumentation so *hat new institutional arrange-
ments to replace the one-scientist-one-instrument tradition must be

explored. '
eynchrotron radiation sources and intense neutron sources also

hold great promise for research in this subfield. The use of neutrons
is now at, its most primitive stage, beginning with small -angle scat-
tering to obtain gross features of large molecules. Ah order-of-magni-
tude inbrease in the intensity of neutron beams is needed to realize
the potential of this technique:

Because of the coherence, intensity, and spectral purity of the light
they produce, lasers have become a powerful tool for high-precision
molecular spectroscopy, making it possible to observe molecular frag-
ments in, for example, chemicala reactions occurring in very short
time intevals of 10-12 secondsa picosecond.

The continued deepening of our understanding at the basic. level of
processes taking place in and between molecules, especially large
crganic molecules, may make it possible to mimic some biological
processes.

A number of elegant developments in atomic physics make possi-
ble very precise tests of some of the fundamental laws of nature.
Again, lasers have greatly .increased the precision of atomic spectros-
copy. They hive also made it possible to isolate and study a single
atom at a time, and to investigate the structure of giant atoms in
highly 'excited energy states, which occur naturally only in outer
space. ,Laser techniques also may enable the separation of isotopes of
an atom for practical applications. .

Very unusual atomic forms, -exotic atoms, made up of unstable
particles that can be produced by high - energy machines are being
studied. These, along with other forms of advanced atomic spectros-
copy, are making it possible to, determine the fundamental constants
of nature with ever increasing precision.

NUCLEAR STRUCTU

PARTICLE PHYSICS

Here, too, the physicist, has moved into an. era of great understand-
ing. The availability of high-energy particles enables the study of r
already known nuclei and the production of heretofore unfamilar
ones. Pion, electron, and photon beams are being used to probe the
nucleus. Nuclei, and therefore atoms, of much greater mass than
those occurring naturally may be produced. Production r of such nuc-
lei and even of grossly deformed nuclei with beams of fast heavy
ions is just beginning. It may be expected that the discovery of new
states of nuclear matter will shed further light on fundamental ques-
tions concerning combinations of large numbers of particles.

The problems of nuclear theory have much in common with those
of condensed matter, especially those associated with quantum fluids,

and there has been a successful sharing between these fields.

Of the many particles known, one group continues to be regarded as
elementary, i.e., indivisible. They are the leptons: electron, muon, the
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tau particle, and the neutrinos associated with each. The "zoo" of
more than 200 other particles called hadrons differ explicitly from

-the leptons In thatthe forces between them are very strong, like the
forces holding protons and neutrons together in nuclei. Hadrons are
not belitived to be elementary; indeed, very recent developments have
convinced most physicists that they are made up of quarks, although
they Shave not been seen as separate entities. The recent develop-
ments in particle physics have resulted from a beautiful interplay
between theory and experimenttheory governed to a considerable
extent by the idea that there is a simplicity and symmetry in nature
waiting to be revealed. For example, there appears to be a match-up
between the quarks and the leptons; thus, the discovery of the tau
particle, a form of the electron 3,500 times heavier, is associated
with a new quark suggested by the discovery of the upsilon.

The quest for simplicity and symmetry also stimulates the qUest ,

for unification of apparently different kinds of fields and forces, such
as the gravitational and electromagnetic .fields. Although success has
not as yet been achieved, there has been a recent important ,advance
in tying together weak interactions -with electromagnetism; weak in-
.teractions being responsible for beta radioactivity of nuclei and elec-
tromagnetic interaction for the decay of excited states of atoms by
emission of light.

It. is expected that there will be rapid progress during the next
few years in unraveling the relationihips between particles, and be-
tween forces. We seem to be on the threshold of tying together the.
weak, 'electromagnetic, and strong interactions. Theoretical progress
in avoiding some of the poor approximations used in. solving these
problems is. expected. Whether new particles yet to be discovered
will modify cuitent ideas abort . quarks cannot be predicted. There
will be a major effort to search for the W particle, the quantum of
weak interaction, at the international accelerator facility in Geneva.
The W is beliei,ed to have about 75 times the mass of a proton,
and no existing machine is capable of providing the energy to
confirm its existence. However, a method capable of doing this, a
beam of protons colliding with a beam of antiprotons, is being .
developed. The discovery of this particle would be a.great step
forward in the unification of the fundamental forces of matter.

The present health of U.S. phyiical science depends on three major
faC that have played a decisive role-in, establishing the present.
remarkab strengths of *the field. The first is the quality of the
personnel. We have benefited from a rich diversity of scientific man-
power, selected on a worldwide basis, and from very special educa-
tional opportunities.

The second factor is the nature of available instruments and facili-
ties. These depend on the industrial, and technological environment
and the technical ingenuity of the scientists, as well as on financial
resources.

Finally, there..is the difficult to define but important element of
style. This includes balancing risk and certainty in the selection of a

-task, choosing between simple and complex methods and techniques
of accomplishing it, and the judicious selection and use of needed.
resources. Style also relates to the way in which the interaction
between experimental and theoretical aspects of the science takes
place. It is influenced by the objectives of the work, whether it is
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oriented toward basic knowledge or applications. It reflects the de-
gree of commitment, motivation, and faith in a successful outcome
on the part of investigators.

The traditional setting for fundamental research is the university,
and the burden for maintaining the thrust of the research, as well as
the auality of the personnel falls on universities. A current trend
toward reducing this traditional role has significant implications for
the future. For one thing, inflation, funding' that has leveled off, and
fewer academic jobs have reduced the opportunities for academic
work and careers. This situation is affecting what has been for three
or four decades the very high quality of our scientific manpower,
and emphasizes the need for new institutional arrangementS.

One such arrangement that is having an important influence oil
ome academic institutions is the addition of a number of "perma-

nent," nonacademic, postdoctoral research positions, thereby changing
the balance between the faculty, research associates, and students.
This trend has been given "strong impetus, not only by the changing
job market, but also by the growth in research activities centered at
large and complex off-campus facilities, since the team effort associ-
ated with these activities usually must make use of some experimen-

tal full-time scientists.
The growing need for more complex, larger, and more expensive

instruments has been manifest for many years in fields such as
astronomy and high-energy physics.' However, in many other fields as
well, the advanced status of research requires more sophisticated
instruments in the laboratory and also an increasing need for large

centralized facilities.
Except for astronomy, where the need for centralized facilities has

been generally recognized, scientists have usually resisted the transi-
- tion from 'the small, one -man laboratory to the large centralized

facility. The idea of the independent scientist and a few of his

- students working together with apparatus that each can comprehend
completely and control is rooted in tradition and continues to be
attractive. However, as physical science has become more complex, it
ha:s become increasingly evident that the complexity of the apparatus
and extent of the facilities must increase if ,pertain research opportu-
nities are to be fully exploited. This leads to a major, shift in style
to team research; to the' commuting professor, to the student resident
at a facility hundreds or even thousands of miles from his universi-
ty. Such adjustments were made in the field of particle physics and

_ in space sciences some years ago; they are currently taking place, in
nuclear physics and are about to occur in some special areas of
condensed matter science.

Of course, team effort is not new to engineering development. It
:

has been the necessary style in applications of technology on a large
scale. However, the need to speed up the translation of the results
of recent scientific research into high technology, as in the develop-
ment of nuclear fusion energy,/ is introducing new relationships, lead-
ing to increasing importance of interdisciplinary work between the
basic sciences and' engineering.

The ubiquitous computer has also profoundly affected the style of
physical research as has almost every other information-related hu-

man activity. High-powered computers, which make possible the so-
lution of scientific problems that cannot be treated by other methods,
have become poWerful scientific tools.
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Recording and analysis of experimental data have taken on new
dimensions through the development of small computers. Computers
linked - with scientific apparatus are now essential whenever large
amounts of data are involved. They also make possible continuous
monitoring of experiments so that adjustments can be made during
the course of the experiments. Furthermore, much of the analysis of
a complex experiment, can be completed within a short time after
the data are taken.

In summary,. it can be said about the prospects for the science of
structure of matter that while the field is in good health in the
United States now, there are trends suggeSting a weakening of the
fabric in the immediate future. Their cause and effects must be given
close attention if, we are to overcome theM.



120 SCIENCE

REFERENCES

1. Gott, J.R. III. Will the Universe Expand Forever? Scientific
A merican.2343):62-79,,1976.

2. Weinberg, S. The First Three Minutes: A .4.:oderit View of
the Origin of the Universe. New York: Basic Books, 1977.

3. Kaufman; W. Cosmic Frontiers of General Relatively.
Boston: Little Brown, 1977. .

4. Hartline, B.K. In Search of Solar Neutrinos. Science
204(4388):42 -44, 1979.

5. Schawlow, A.L. (ed.). Lasers and Light. San Francisco:
W.H. Freeman, 1969.

6. Drell, S.D. When is a Particle? Physics Today 31(6):23-32,
1978.

'7. Schwitters, R.F. Fundamental Particles with Charm. Scien-
t?fic American 237(4):56 -70, 1977.

8. Glashow, S.L. Quarks with Color and Flavor. Scientific
American 233(4):38 -50, 1975.

9. Nambu, Y. The Confinement of Quarks. Scientific Ameri-
can 235(5):48760,1976.

10. Weinberg, S. Unified Theories of Elemefitary-Particle
Interaction. Scientific American 231(1):50-i9,1974.

11. .Kirk, W. Parity Violation in Polarized Electron Scattering.
SLAC Beam Line (Stanford'Linear Accelerator Center). Report.No.

8, October 1978. (An example of the nature and difficulty of
experiments in high-energy physics.)

BIBLIOGRAPHY

Eisenberger, P., and B.M. Kincaid. EXAFS: 'New Horizons in
Structure Determinations. Science 200(4349):1441 -1447, 1978.

Estrup, P.J. The Geometry of Surfaie Layers. Physics Today
28(4):33 -41, 1975.

Ferris, T. The Red Limit: The Search for the Edge of the Universe.
New York: Wm. Morrow, 1977.

Field, G.; D. Verschinier, and C. Ponnamperuma. Cosmic
Evolution. New York: Houghton Mifflin, 1978.

Friedrnap,,H., The Aniazing Universe. Washington, D.C.: National
Creographic Society, 1975.

Mermin, N.D., and D.M. Lee. Superfluid Helium 3. Scientific
American 235(6):56 -71, 1976.

Physics in Perspective, Volume I and Volume..II, Part A. (NRC
Physics Survey Committee). Washington, D.C.: National Acade-
my of Sciences, 1972.

Rhodin, T.N., and D.S.Y. Tong. Structure Analysis of Solid
Surfaces. Physics Today 29(10):23 -32, 1975.

Tauc, J. Amorphous Semiconductors. Physics Today 29(10):23-31,
1976.

.

Ir



I TECHNOLOGY



.t!

Computers and Cornmunications

INTRODUCTION
4

Over the next five years, we can expect that technical
factors will continue to drive computer dexelopment.
The rapidly falling cost of computational power
already has led to amazingly inexpensive andversatile
computer circuitry and to significant though less
dramatic reductions in the cost of data storage, input,
and display equipment. All this is making for a swift
development in breadth, and allowing computers and
computer - controlled equipment to . penetrate even
more bioadly into the daily reality of factories, offices,
and homes. In the next -few years, the computer uses
we already see about usresuvation systems fir
airlines and hotels, microcomputers that control
cooking times and temperatures in microwave ovens,
chips that adjust the flow of fuel to automobile
engines:-S-will expand rapidly.

These near-term uses, in which millions of micro-
computers may conife to be used during the next
decade, will also have an impact on many large
systems. Telephone automatic dialing systems that
allow call:backs and waiting for busy signals are
already in use. The technology 'that makes Passible
today's cash-dispensing terminals will grow, as will

4:;ffir'..e text-editing and document preparation and
'. distribution systems. Continually improved computer

'capability and lower cost are the keys to this expan-
-'sion.

CURRENT TECHNOLOGY AND SYSTEMS

ORIGINS FROM SOLID-STATE PHYSICS

Mechanical aids to computation such as the abacus
have been in use since ancient times. And a great
many . machines for adding and' multiplying had
already been proposed by the end of -the eighteenth
century. Many of the mogi'ftindamental ideas used in
today's computers can be traced back to the nine-
teenth- century British inventor Babbage, who with
Admiralty support attempted to build a computer
organized in a manner very similar to today's.

After World War II, a whOle generatior of vacuum-
.

tube based computers was developed, that routinely
. accomplished large computational tasks. But i4:actical

computers of today's high speeds are very much the
product of sophisticated electronic technology.

HISTORY OF INTEGRATED CIRCUITRY

Early in the history of electronics, and radio, experi-
menters recognized that certain materials had special
electrical properties. The crystal detectorsthe "cat's
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whiskers"of the first radios,and the selenium rec-
tifiers of 'the 1930% prized because they allowed
electrical current to pass in only one direction, were
soon in wide use.

- As the quantum theory of crystalline materials
stabsecrusntly developed,. physicists came to under-

'Itand that semiconducting elements like selenium and
germanium constituted a potentially useful borderline
between the conducting materials, such as aluminum
and .copper, which ports electrons freely, and the
insulators, which do not. Research on these semicon-
ducting materials in the Inid-1940's revealed that it
Might be possible to build electrical amplifier circuits
by forming junctions between semiconducting zones of
different properties and that solid-state amplifiers of
this sort might replace the inefficient and bulky
vacuum tube: Starting from their observations on the
use of' semiconductors, Shockley, Bardeen, and Brat-
tain of Bell Laboratories mounted a systematic theo-
retical and experimental thrust toward this goal. By
December 1947 their work, and in particular their
ability tomanage the science of materials, resulted in
their creating the first transistor.

This Nobel Prizewinning breakthrough was at once
recognized as a revolution in electronics. Not only
were transistors much smaller and more reliable than
the vacuum tubes they replaced; but, more important,
they did not require a .hot cathode as a source of
electrons, and hence consumed very little power. This
revolutionized the form and functi6n of everything
electronic, from the portable radio up. Moreover, the
transistor's advantages in size, reliability, and low
power-consumption made it practical to put together
much' more complex electronic assemblages than had
previously been attempted.. This fact is a technological
cornerstone of the computer age.

STEPS TO LARGE-SCALE INTEGRATION,

Between 1947 and 1957 germanium was the dominant
semiconductor material :n transistors, But it was soon
realized that silicon,. another attractive semiconduct-
ing material; had one great advantage: When it is
heated in the presence of oxygen, a layer of quartz
forms. upon its surface. Quartz is one of the best-
known insulating materials and also is relatively
impervious to most of the environmental impurities
that can degrade transistors. The possibility of encap-
sulating silicon in very thin quartz films simply by
heating, and then of etching controlled patterns
through the quartz, led in 1960 to silicon planar
technology: the basis of all current microelectronic
technology. In this technology, small regions with
special electrical properties are formed in- silicon by

diVusing impurities, such as phosphorus, through
holes etched in the quartz layer on top of a silicon
wafer. Metallic conductors connecting these regions
are then deposited in patterned strips atop this same
quartz layer. This technique, which can be used to
create very complex circuits with individual compo-
nents of microscopic size (e.g., 0.004- millimeters), is
the basis for today's sophisticated large-scale integrat-
ed (Lst) technology.

CHIP ,SIZE AND COSTS

Solid-state, technology has surged forward during the
past decade, revolutionizing the computer industry. A
tey factor has been an increasing ability to install
complex lcigical functimis on -a single chip. (In the
manufacture of semiconductor devices, large sausage-
shaped single crystals of silicon are sliced into thin ,
circular wafers with the circuitry then developea on
their surfaces. After processing these wafers are cut
into small chips, about one-fourth 'inch on a side.)
Starting from a one-transistor-per-chip technology in
1960, the number of transistors on a single chip has
approximately doubled each year. Chips manufac -'
tured today routinely contain tens of thousands of
transistors and other components, complete with
electrical connections. Today's LSI chips can, for
example, store 64,000 binary bits of information
(Figure 1-7) and make them available to A computer
within a small fraction of a microsecond. A complete
microcomputer, with processor,_ memory, and input
output circuitry, can now be built on a single chip.
MoreoVer, 1st chips are manufactured by a kind, of
photolithography, in which cost is relatively indepen-
dent of the pattern being developed. As the capability
of chips has risen dramatically, chip cost nas remained
nearly constant.

More complex functions are attained merely by
_imprinting a more complex, finer-grained pattern on
each chip, producing a larger number Of individual
electronic elements. Smaller elements tend to increase
operating speeds and decrease power requifements,
which makes the dominant trend to finer structures
especially important. To maintain the momentum of
this trend, it is -necessary to maintain the accuracy
with which parts are shaped and the accuracy with
which successive layers of microscopic parts . are
aligned. It also means increasing the number of layers
of metal and glass that can be accurately built up on
the surface of a chip. Where processes involving five
and six layers dominated in the late 1960's, new chip
manufacturing processes typically involve 8-12 layers.
This trend may be expected to slow since it is difficult
to manufacture many layers without raising chip costs



FIGURE 17 64K-bit chip stores infor-
rna tion roughly equivalent to 1,000
eight-letter words. (International Busi-
ness Machines Corp.)

and lowering chip yield (i.e., the number of chips that
pass electronic inspection at the end of the manufac-
turing process).

Components used in today's high-volume complex
integrated circuits are as narrow as four micrometers,
and new optical image projection systems arexpected
to reduce this to onetwo micrometers over the next
several- years. Historically, the size of integrated
circuit elements, i.e.,single transistors, has been cut in
half every six years. Progress at ,,uout this rate can be \
expected to continue through the next decade, putting'
circuits, with one-micrometer dimensions into mass
production by about 1990. Nonoptical techniques
(electron -beam writing and X-ray lithography) may
provide even smaller structures, those 'in the submi -.
crometer range.

Chip costs can be controlled' and even reduced by
degreasing the number of defects on a processed Wafer'
of silicon through improved process control and
manufacturing cleanliness. A significant factor here is,
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the broader application of new processing techniques,
such as projection masking, plasma etching; and ion
implantation:

An additional favor,able cost facto? is the use of
larger silicon wafers, which allows more chips to be,
produced per processing step. Wafer sizes have- in-
creased from the two-inth standard dianieter of 1968 = -

to threefour inches today. Equipment for processing .
four-inch wafers is now generally available; further
expansion to five, or six-inch wafers in the early 1980's

,
, is. expected. -However, upgrading production facilities

Will require much present equipment to be replaced by
larger, More expensive equipment.

The, rapid growth within the solid-state induatry. of
smallei''.devices, greater complexity, and more func-
uuns per Chip is well illustrated by Figure 18,,showing
the rising number of bits per solid-state memory chip.
This developMent has take; us from 1,024 bits per
chip in 1971 to 64,000 bits per.,chip in 1978, has kept
chip cost apPrOximately constant, and has thus
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FIGURE 18 Growth of semiconductor technology.

decreased oak per bit by a .factor of roughly 16. It
seems reasonable; to extrapolate this trend, end to
anticipate 256,000-bit memory chips in the early
1980.'s and million-bit memory 'chips by the mid-
1980's;

The deVelopment of microcomputers shows a simi-
lar trend. MicrOcOmputers have evolved from minimal
units involving -2,000 transistors in 1971 to devices
that today integrate 30,00e transistors on a chip. Here
also progress will continue for the foreseeable future.

Speed has also increased substantially, from the
microsecond speeds that typified early integrated
circuits to today's fastest commercial chips, which are
capable of adding a pair of decimal digits in less than
five-billionths of a second. This development should
also continue, but at a decelerating pace unless the
industry progresses to a new technology, such as the
Josephson devices discussed below.

ALTERNATIVE TECHNOLOGIES

Throughout its history the silicon integrated circuit
has faced potential competition, but thus far none of
these competitors has become important. :Neverthe-

, less, it is worth having a look at two of these
alterhatiye technologies, one. oriented toward storage
applications, the other toward extremely high-speed
computation.

The first of these is the so-called magnetic bubble
technology. This technology exploits the. fact that
discrete regions of deformed magnetic fields can be
formed within thin films of crystalline garnet and then
moved under the influence of external magnetic fields
along precisely controlled paths. These special mag-
netic regions or bubbles can be used to store informa-
tion in much the same way as the, magnetized spots in
a conventional magnetic tape; except that in a bubble
memory, it is the stored spots that are moved magneti-
cally, thus the medium that contains them need not.
move. This allows much faster data Motion and makes
for much more reliable devices. Unlike silicon circuit

piemories, bubble memories retain information even
when power is turned off; in this respect, they are
similar to magnetic discs or tapes.

Another advantage of bubble memories is that their
extremely simple physical structure may enable very
high storage. densities* with several million bits stored
per garnet. hip. Their disadvantageis that'they dcr not
offer the sank type of ultrafast information access,
within 0.1 microsecond, that silicon memory devices
do. Rather, they musk, cycle thrdugh a potentially
large number of stored words' of information to reach
a 'particular item. This requirement increases typical
information retrieval times for magnetic bubble de-
vices to hundreds of microseconds. They thus repre-
sent potential /all-electronic substitutes for electrome-
chanical bulk storage devices and for the cheapest
forms of electronic storage, rather than for fast
memories.

The first commercial bubble memories appeared in

1976, some eight years after research had first demon-
strated their feasibility. Bubble devices storing 256,000
bits arc.expected to be available in 1979, and 1-million
bit tares are expected a year or two later.'

Josepczon junction technology is a. second alterna-
tive to tcday's silicon chip. It represents a superspeed
circuit technology that may begin to be used, at least

for special applications; "Within the next decade.
Josephson devices have been showniin the laboratory
to switch at speeds of fractions ofone-billionth of n
second. Moreover, the power dissipated by devices of
this kind is very low. The most likely initial use for
this telhnology is in special ultraspeed applications
beyond the capacity of silicon devices; for example, in
extremely high bandwidth inaltiplexers for satellite
data reception. The rate at which Josephson devices

are perfected will be determined by the extent to
which resources are committed to thiS development
during the next few year's; but it does seem unlikely
that any commercial computer will use this technolo-
gy during the next five years.

It is worth noting that the finite speed of light limits
computer performance in a manner that is steadily
becoming more significant as circuit speeds increase.
Present-day circuits switch .in about one-billionth of a
second, which is the time required for light to travel
about one foot. Josephson circuits could switch in the
time it takes light 'to travel an inch. Since light is the
fastest of all physical signals, ultraspeed computeri
will also have to be physically small.

We have discussed' some of the more radical
alternatives, but many variations are- also posSible
within the area of semiconductors themselves. These

include logic designs(based on gallium arsenide and on
silicon on sapphire and's great variety of process
innovations and new logic designs.
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MICROCOMPUTERS AND MINICOMPUTERS

By 1971 semiconductor technology reached a point at
which it becanie. pradtical to build a complete small
computer central processing unitor microcompu-
teron just-one or two silicon chips. When combined.
with Appropriate memories, themselves consisting of
only a fel'', t.si chips, the, resulting microprocessors
were capable of performing a very wide variety of
high-speed control or computational functions. The
advent of inexpensive microcomputers has made it
practical to employ computer control in hundreds of
applications, from sewing machines to television
games, which had 8previously been out of reach for
size, cost,. or other reasons. Total design' costs are kept
low because a microprocessor consisting of just a few
standardized chips Could be used in a great Variety of
applications, ensuring that a single- design could be
produced in hundreds of thousand of identical copies.

The first microcomputers had simple overall struc-.
tures involving, relatively few transistors. Evolution
since 'these first designs has been rapid and is expected
to ;continue 'for many years. Microcomputers bave
already developed to a 'level of function overlapping
that of yesterday's minicomputers. The computer size
and cost spectrum now runs from the largest machines
costing several . million dollars to the one-chip ma-,

'chines costing less than five dollars.

Directions of Microcomputer- Evolution

The evolution of Microcomputers is dominated by tw,o
major design considerations. The first is that the
manufacturer must choose between offering a fixed
processor versus a compatible family of chips that can
be combined in many ways. The second is the size of
the arithmetic quantities that can be' manipulated
directly on a single chip.

Fixed-design microcomputers are now being deliv-
ered by several manufacturers. Generally these are
intended for specific control applications, where very
large vofume use is anticipated, for example, the -
control of automobile engine spark timing, fuel injec-
tion, or exhaust gases. As performance requirement§
for these high-volume applications expand; single-chip
microcomputers will grow in capability and in memo-
ry size.

Microcomputers oriented toward complex control
applications and toward data processing are evolving
into families of 'compatible chips, allowing very
flexible ranges of small systems to be built. One
popular approach is to provide chips that can be
connected end to end to form arithmetic processing
units capable of manipulating quantities of any desired
size. In addition to general-purpose microcomputer

Computers and Conimunications 1,27

chips, such families will include memory chips, chips,
to control peripheral devices such as printers or data-
storage discs attached' to computers, communication
controllers, and special processors, such as high-speed
arithmetic units.

. Ai(other. major trend is toward the development of
more sophisticated basid microcomputer designs fea-
turing increased 'word size. The first microcomputers
operated on only four binary bits (essentially one 's
decimal digit) of information at a time. With such
short words, many cycles were' required to handle
multidigit arithmetic clata.-Consequentli, these first .

'microcomputers-were relatively slow and also hard.to
program. .

The second generation of midrocomputersotill in ' "
wide use today, provided units capable of processing

.8-bit words (essentially two decimal digits) in Parallel.
Recently microcomputers have been extended to 16- ..
bit words. These new microcomputers, which are also
more 'advanced architecturally? exploit the new semi-
conductor technology that allows the manufacture of
semiconductor devices .10 to 50 times more cemplei
than the first such devices. Some of these 16-bit
microcomputers are more tium 10 times as fast as the
earlier 8-bit ones. -

'Micros and Minis,

,Today microcomputer performance overlaps asig=
nificant portion of the range that has teen covered by
minicomputers; distinctions between mini- and micrb-
cqmputers based on hardware pirforinance will tend
to blur over the next~ five years. Increasingly, the
distinctionbetween micro -, mini-, and larger coniput-
ers will depend on the peripheral devices to which

anthey are attached and the software syStems with which
they are offered. MinicOmputers will be those small
computers,that are supported by substantial peripher-
al devices, including high-speed discs and printers, and
extensive software systems; while microcomputers will
be those small computers, consisting of a very few
chips, which are buried within some larger device and
not separately visible. High-performance computers,
some perhaps consisting of only a few dozen chips,
May manage very large storage systems and numerous
attached peripheral devices representing most of a
system's- total bulk and cost. Moreover, such large
systems will typically be provided with extensive
applications-oriented software, translation programs
for languages, and complex multi-user operating
systent. Microcomputers typically are supplied with
only minimal software support packages; minicompu-
ters are h. between.

We can also expect microcomputer technology to
reach out in a number of important specialized
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directions. Special -signal-processing applications can
exploit many of the design knd logical control tech:
niques.developed in connectia with microcomputers,
and this wilt allow an increasing, pant of currently
analog-signal processing to be accomplished digitally.
This makes possible great improvements in the fidelity
of signal recording and transmission, a technical
development that may eventually lead to home sound-
and video-recording systems of the highest quality.
Another .specialized direction growing in importance
is represented by fast, arithmetic units to supplement
microcomputers.

Over the next five years, microcomputers of truly
impressiye performance, incorporating advanced de-
signs, will appear. It, seems only a matter of time until
microcomputers possess the 32-bit word length now
employed in many large data-processing systems.
Indeed, in the next' decade, micros will possess the
computing capabilities of all but the largest existing
machines. The microcomputer, by immensely extend-
ing the range of economical computer applications,
will become a major computational workhorse for the
future.

VERY LARGE COMMERCIAL AND SCIENTIFIC
COMPUTERS

An important trend in commercial data/processing is
toward increased use of large, constantly active data
bases. Therefore, effective use of memory hierar-
chiesi.e., data-storage systems that combine very
fast electronic memories for storage of transient data
with very large but-Much slower rotating disc memo-
rieswill be a central design concern. Inexpeffsive,
magnetic-bubble memories or' systems based upon
arrays of charge-coupled de-vices may win a place for
themselves in the price and performance range some-
where between fast electronic. storage and bulk disc
storage. If thren-level memory systems involving fast
electronic, magnetic bubble, and bulk disc memories
cpme to be widely used, hardware and software.
syStems that help manage the resulting problem of
data Motion between memories of different speeds will
be required.

The Reliability Problem

Organizations are becoming increasingly dependent
upon the uninterrupted functioning of their comput-
ers. The trend to larger volumes of on-line data in
normal commercial operations increases this depen-
dency. Hardware and software reliability will there-
fore become a central issue in computer system design
ancican be expected to absorb a good deal of design

attention. To achieve hardware reliability in the
Present environment of fixed design costs and falling
circuit costs, designers will probably tend to use
redundant circuitry more and more.. The problem of
software reliability is not amenable to any equally easy
solution, but useful., techniques of data duplication,
which allow file recovery ,after hardware or software
failure, 'are starting to develop. Special hardware and
software features that ease the

operations
need. for such data-

backup operats will be considered intensively.
Distribution of computational tasks over computer,

networks is another approach to system reliability.
Consider the case of a distributed system that inter-
connects several computers. If one machine fails, its
tasks can-be transferred to the others ih the network.
This achieves many of the benefits of circuit redundan-
cy.

Competing Designs

Scientific computation exhibits an insatiable demand
for raw computatioffal power. In the search for ways
to meet this demand, the computer designer may .find
it appropriate to use computing circuitry much more
lavishly than would otherwise be reasonablefOr
example', duplicating elements so that Many compgta-
tions or computation fragments can proceed simulta-
neously.

Two main types of general-purpose scientific com-
puters' have been developed: single data-stream com-
puters and vector processors. The faStest sinVe data-
strgim computers, which execute a series of instruc-
tiffs to produce a single data result, has;e now
attained instruction rates in the neighborhood of 20-
40 million instructions per second. Vector processors,
which execute similar sequences Of instructions but
apply them in parallel to produce multiple outputs,
can generate results 10 times as' fast. In a single-stream
processor, computation speed can be increased, up to a
certain point, by adding circuitry. t.

This added circuitry can serve a variety of purposes.
Arithmetic operations such as multiplication can be
accelerated by combining the action of large numbers
of individual circuits; multiple arithmetic processing
units can be provided sand their use scheduled by
special hardwai:e. Overlapped or look-ahead comput-
ers containing multiple arithmetic units can be pro-
grammed in the same straightforward way as strictly
serial computers; butsgain additional Speed by inter-
nally overlapping the various subphases of instruction
execution. If pursued s igorously, the use of overlapped
instruction scheduling should allow serial computers
capable of executing 100-300 million instructions per
second, as compared with the present 20-40 million



instructions per second, to be developed 'by the mid-
1980's.

However, this overlapped serial approach to compu-
ter design does have its limits. As the number of
circuits used in a computer grows beyond 100,000, the
marginal effectiveness with which computation can be
accelerated by integrating additional computing ele-
ments diminishes. In this range the alternative vector

* processor design begins to aRpear attractive, especially
since the inherently repetitive design .of vector proces-
sors allows relatively low-cost, mass-produced chips to
be used. Moreover, since vector processors apply each
instruction to many data items, their requirement fOr
high-speed instruction handling is diminished.

The main problem of such vector processor systems
is not their design or production, but the software
problems connected with their use. Present problem' -
solving approaches cannot easily be adapted to run
efficiently ,on vector processors.. Straightforward pro-

. gram adaptation often leads to programs that use only
a small percentage of the computing power actually
available from a vector processor, but no very system-
atic program translation procedure for doing better
than this is available. Moreover, our theoretical

o understanding of programs and computational proce-
dures appropriate for vector processors is still slight.
For this reason, high-speed overlapped computer
architectufes, which can be programmed effectively
using well - established current techniques, are bound,
to remain.;attractive for scientific and commercial
processors, in spite of the advantages of simplicity and
ease of manufacture that favor vector processors..

Micfocompulers, which are produced in very large
volume and attain very high' levels of integration,

"provide exceptionally cheap arithmetic computing
capability; For this reason, it has been suggested that
large - scale scientific cOmputations be performed by
large networks of microprqcessors working in parallel.
However, the problem of programming such systems

-effectively is even more severe than that of vector
processors. Nevertheless, the strikingly low cost of
large-volume-microcomputers erriphasizes the consid:
erable significance of design cost in the total cost of
large computers. Given that the quantities of.comput-
ers ,produced- and sold will range from about a
thousand fOr'intermediate sizes &machines down to a
dozen, or so for the very largest supercomputers, a
concerted effort toward autornation, in chip and
computer design may -significantly lower costs and-
increase performance. c,

Current design procedures for integrated circuits
still tend to- incorporate many manual steps, driving
design costs to a level that is sometimes estimated as
high as $100 per transistor.'This cost level is clearly
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unacceptable in a technology thtt is making it possible
to put hundreds -of thousands of individual transistors
on a chip. We need much more thoroughly automated
design practices; ones that will in time resemble the
computerized translation 'techniques' we use to gener5
ate machine -level computer codes from programs
written in less detailed programming languages.

SOFTWARE: PROBLEMS, AND. TECHNIQUES

The rapid rise of computer science has now made the
words algorithm and computer program familiar to
most educated people. But, there are ,several other
words that almost, but not quite, capture these
concepts: procedure, recipe, process, routine, method.
Like them; an algorithm is' a set of rules or directions
for getting a desired output from a specified input. A
program is the statement of that algorithm in some
well-defined language that a computer is able to
handle either directly or after mechanized translation.
Although each computer program represents an algor-
ithm, 'the algorithm itself is a mental concept. that
exists independently of any specific representation.'

The distinguishing, feature of both algorithms and
programs is that they cannot tolerate the slightest
degree of vagueness. In other words, they must be so
well defined that a mere machine can follow them as
written. `

The difficulty of software, that is, program, develop-
ment springs directly from this and from the fact that
large programs are among the most complex objects
that mankincl_kas ever attempted .to build. In this
regard, proIramming ,contrasts sharply with othen,
kinds of engineering development. No matter how
complex, most other engineering projects will' always
be governed by a few dozen physical principles, whose
mastery will open up a relatively smooth road to a
valid design. By contrast, completion' of a large _
programming project can require' the mastery of
thoUsands or tens of thousands of interwoven details.

Software engineering aims to control this avalanche
of detail by disco Bering principles that allow program-
ming to be approached systematically,' organized in
standarciizediways, and reduced in mass by elimina-
tion of redundant details. Related goals are to find
effective ways of using a computer to check the
internal consistency of large programs, to pinpoint
discordant, details, and to define formal techniques
whereby programs can be proved correct or the
generation of incorrect programs rendered impossible.
But 'progress -toward these goals has been limited, so
that programming costs have been a steadily' growing

_fraction of the -costs experienced by private and
governmental-computer users.
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PROGRAMMING LANGUAGES

Early in the his ry of computing, the buyer of a
computer expect(.. to receive only the basic hardware.
He counted himself fortunate if '.at hardware was
fast, not too expensive, reasonably reliable, and service
was available. In the mid-1950's, however, a dramatic
change began. Customers began to realize that the
effective use of computer hardware also required
software packages, including both operating system
programs to regulate the flow of work through a
computer and specialized language translators that
could convert formal programming language into
detailed sequences of instructions for a particular
machine. Except in the case of very inexpensive (mini-
and micro-) computers and some very large one-of-a-
kind systems, it became conventional for tne computer
manufacturer to supply this software. The quality and
diversity of this software has become an important
factor in deciding between competing computers.
Recently computer purchnsers have even come to
expect vendors to supply major items of application-
oriented software: data-base management systems,
inventory control systems. typesetting systems, to
name but a few. This trend will continue.

To understand the techniques and difficulties of
developing programs, one Can think of the processes as
an operation whose stages resemble the three main
phases of architectural development: stage 1 corre-
sponds to an architect's rough rendering; stage 2, to
detailed architectural plans showing all dimensions,
walls, shafts, and plumbing lines; .stage 3, to full
fabrication drawings showing every ,bolt-hole and
electrical fitting.

Stage 1. Program development usually begins
with a statement of a problem in rough terms: Read
the information file on company employees; then read
the pay-period records on hours worked and overtime;
correlate these records with thq employee records, and
print out a payroll check for each employee.

Stage 2. A programmer must then convert that
rough specification into a running computer program.
To do so many problems of representation and of
method must be faced and solved. A typical represen-
tation question would be: In what, format should the
employee information file be laid out?

Method questions would resemble the following: By
what sequence of actions will one convert hours
Worked and overtime into a paycheck for an individual

c, empkvee, complete with the necessary tax, insurance,
and other deductions? How will error situations, e.g.,
overtime records that .do not correspond to any
employee in the employee file, be handled? What

backup files will be maintained to guard against record
loss, and how will they be maintained?

Stage 3. The final step is conversion of the
sequence cf instructions produced by',the programmer
into a minutely detailed sequence of machine instruc-
tions, which answers such questions as: In what
precise order will the subparts of expressions like NET
PAY = GROSS PAY (1.00 - TAX RATE) - INSURANCE
+ BONUS be evairated within the computer? Where,
within the memory of the computer, are the various
quentities th& appear in such expressions to be
stored? In what pattern, and to what memory loca-
tions, is the computer tci jump between its elementary
instruction subsequences?

Stage 2 in the above sequence is normally accom-
plished manually, and stage 3 automatically. A crucial
question is where to craw the line between these two
levels of detail. For example, how are data layouts and
detailed instruction sequencei to be chosen: automati-
cally, by the computer, or manually, by a program-
mer?

Were efficiency no problem,' the designer of a
programming language could r educe the distance
between stage I and stage 2 by syLtematic use of "very
high level" programming languages. These languages
make significant abstract structuressuch as map-
pings, patterns of characters, curves and surfaces in
space, all of which can be represented in many ways
within a computer directly avai able to the program-
mer. They also allow free use f new techniques for
the combination of processes, s ch as parallel explora-
tion in many directions at once and the direct
programther manipulation of programs as objec-ts.
However, free use of such powerful but abstract

.operations creates programs that do not always use
computers in ways that Vain maximurn'efficiency.

The oppositeapproaci is to use a so-called assembly
language, much more similar to the internal instruc-
tion language of the computer itself. Such a language
makes it possible forfa, programmer to control all of
the computer's features and to attain efficiency in a
particular applicatiOn. Use of a high-level language

eliminate much expensive detail, but by the same
token will give the programmer less control over the
machine operati6ns and reduce the, extent to which
coding skill can' be used to generate hi.1) efficient
sequences of computer instructions.

Efficiency-Related Considerations

Until recently, efficient use of computational power
has been crucial. For this reason most of the program-
ming languages in broad use today are sufficiently



detailed to be translated easily into efficient internal
instructions for a computer. However, the rapidly
failing cost of- computation can be expected to
motivate more aggressive attempts to replace highly
detailed programming with more abstract approaches.
A crucial technical question is the extent to which the
process of translation from condensed, somewhat
abstract programs to internal machine language can be
made more sophisticated. Today's program translation
routines look at the texts that they translate rather
myopically, concentrating on one detail at a time. To
do better, one needs to develop' translation routines
able to uncover those significant overall facts about
particular programs that good human programmers
exploit. For example, to choose the most appropriate
layout for a collection of data, one needs to determine
all the operations a program will apply to these data,
the order of these operations, and the places in the
program ar which all or part of the data is no longer
required.

These questions belong to the discipline of program
analysis and optimization. Much attention has been
devoted to this area, and it is developing, but its
problems are inherently difficult. Although progress to
date has been slow, the current research in program
optimization. techniques should lead to increased
understanding of this area in the next few years. Such
.research seeks to develop systems that will efficiently
and reliably transform programs written in powerful,
abstract programming languages into efficient machine
codes.

COMPUTER CONTROL OF CONCURRENT PROCESSES

Despite the difficulties outlined above, programming
language designers have several substantial accom-
plishments to their credit. There can be little doubt,
for example, that by reducing the mass of detail
required to put business and scientific application
programs into a computer, the developers of the
COBOL and FORTRAN programming languages greatly
accelerated the growth of the computer industry.

The much more recent development of languages
oriented toward tl-e control of concurrent processes is
another success story, and one that is still unfolding.
These languages and important to those classes of
programs that must function in real time and manage
many peripheral devices in parallel. This requirement
typifies computer operating systems. These regulate
the flow of work steps through a-computer and see to
the simultaneous reading of input, printing or display
of output, and movement of data -between storage
devices. The requirement also typifies military soft-
ware, which may have to regulate computer systems
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consisting of dozens of small and large computers
distributed over many command posts, aircraft, ships,
and weapons. Software of this sort has been notorious-
ly difficult to produce, delaying major computer
applications or making them prohibitively expensive.
ReCently, however, programming languages that make
concurrent-control software considerably easier have
begun to appear.

These languages embody several significant ideas.
The first is that of coordinated parallel processes.
These arise naturally out of the need to regulate
external devices, having their own timing constraints.
Consider an operating system that manages rotating
electromechanical data-storage discs. When an in-
put/output operation addressed to a disc is executed, a
long wait for particular data to appear will be followed
by a period in which these data must be quickly
transferred. A natural way to organize this is by
parallel processes. In this case, it is natural to think of
an input/output process.as an activity that monitors a
turning disc until a critical position is reached, at
which point the process is activated and transfers data.
However, this process must alternate its activity with
that of other computational, communi tion, and
device management steps, which are in turn ctivated,
suspended, or resumed. A second importan notion is
that of shared data structures, through which pro-
cesses acting in parallel can communicate with one
another.

These two ideas made conveniently and directly
available briug a higher degree of organization to the
writing of concurrent s-'1ftware packages; they marked-
ly ease the writing o" f parallel control software, and
allow flexible software systems to be created for a
great variety of applications. This exemplifies the
ability of programming language design to supply
programmers with clean conceptual approaches to
their practical problems, thereby accelerating the
application of computers to new areas:

THEORETICAL COMPUTER SCIENCE AND
THE CONTRIBUTION FROM MATHEMATICS

Computer science has been able to draw many of its
most fundamental concepts ready. made from mathe-
matics. This fact has greatly accelerated the practical
development of computing. The computer industry,
for example, could not have developed as swiftly as it
did without the principles of Boolean algebra from
nineteenth-century mathematics. Similarly, program-
ming found its universal possibilities and its limits laid
out at its very beginning, in the work of the great
mathematical logicians Godel and Turing. Generally
speaking, those theoretical computer science areas
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that have been able to draw upon the mathematical
tradition have advanced surely and rapidly.

ALGORITHM DESIGN AND EFFICIENCY

The contribution from mathematics has been particu-
larly helpful in the design and analysis of algorithms,
which, again, are patterns of steps or directions that
govern the actions of a computer.

It turns out that for any desired result many
possible patterns of steps or algorithmssome rela-
tively obvious, others highly ingeniouscan be used.
However, the total number of elementary steps re
quired will vary enormously with the algorithm used.
For important problems, the right_ approach may be
billions of times more efficient than a more. obvious
approach. Thus the choice, of an algorithm to achieve
a desired end is in many cases the, single decision
having the most impact on computer efficiency, one
that can vastly exceed the impact of machine speed or
code quality.

To see why this is so, consider an important but
elementary problem: that of searching for a given
namefor example, the name of a particular client of
some large public P.gencywithin a computer's mem-
ory. Computer memories are normally organized in
sequeLtially numbered smali subareas called cells or
words. Suppose that we need to deal with 1 million
such names, occupying 1 million cells. If a name is not
found, the computer is to respond: "No such custom-
er." This is, for example, a very important operation
in computerized cash-dispensing systems.

If the names are held in random order within the
cells, then, in searching for a given name, the
computer must examine every cell, comparing the
name in this cell with the name sought. No cell can be
ignored, since any omitted cell may aornain the

'sought-for name. A million comparisons will therefore
be required to ensure that a particular name is not
present, and half this number of operations, on the
average, to locate a name that is present. Even on one
of today's fast computers, this will take about a
second.

Now suppose that the names are kept in alphabeti-
cal order. The search can begin by looking at the entry
in :the middle of the table. If the desired name is
alphabetically before this middle entry, the entire
second half of the table can be eliminated and need not
be searched; similarly, if the name IS alphabetically
greater than the middle entry, one can eliminate the
entire first half of the table. Thus a single comparison
yields a search problem that is only half as large4s the
original one. The same technique can now be applied
to the remaining half of the table, and so on until the
desired name is -.:ther located or proved to be absent.

Since one, doubled 10 times, is 1,024, another 10
doublings gives a number more than a. million:
Therefore, to search an alphabetized table of a million
entries by this so-called binary search method, Only 20
comparisons are required. By proceeding in this more
efficient way, the same computer could handle at least
50,000 different name searches in a second, rather
than just one search.

As with all algorithms, two questions arise in
connection with this binary search procedure. In how
wide a range of circumstances will it retain full
efficiency? Is binary search actually the best possible
search procedure, or can we devise same other still
more ingenious search method? It is clear that if an
unchanging collection--.-e.g., names or words in a
dictionaryis to be searched repeatedly, the initial
labor of setting up an alphabetical arrangement is
easily worthwhile, since the time saved in later
searches will .more than ,recover the cost. Suppose,
however, that the collection is changing rapidly
because of insertions and deletions. Is it then worth
maintaining the alphabetical order. If so, how can this
order be maintained most efficiently? :.iaintenance of

. order is not a trivial matter, since a !naive attempt to
' insert a single new element into the middle of a million
alphabetized elements could make it necessary to
move as many as 500,000 elements up or down one
place.

It turns out, however, that there are special arrange-
ments of alphabetical data that allow arbitrary inser-
tions and deletions to proceed just as rapidly as binary
searches, so that alphabetical order can be maintained.
The ideais to lay out the data items as the twigs of a
branching, treelike arrangement of data. The details of
this arrangement, and of the pattern of actions needed
to maintain it as insertions and deletions are made;.are
by no means obvious. This v, nole approach must be
regarded as a significant algorithmic invention, intel-
lectually comparable to the discovery of a mathemati-
cal theorem.

Algorithm Analysis

Algorithm design has established itself as a major
branch of computer science. Something like a thou-
sand ingenious algorithms and groups of related
igorithms have been discovered and described. This

includes algorithms for many kinds of numerical
computation, for searching and sorting, manipulating
algebraic and logical formulae, developing optimal
plans and schedules, compressing and expanding data,
checking for and correcting errors, translating compu-
ter languages, working out effective geometric layouts
for computer and otl-- integrated circuits, calculating
properties of important abstract mathematic,a1 struc-



tures such as graphs, and dozens of other purposes.
The overall aim of algorithm design is to analyze every
computational task and to find the best possible way to
accomplish it. We can expect this effort, which makes
effective use of mathematical tools and ideas, to
continue to grow as one of the most stable and
productive branches of computer science.

Since many algorithms can be devised for any task,
we need to be able to calculate the efficiency of
competing algorithms. In doing this, computer science
has used all the most highly developed enumerative

tools of mathematics, including techniques originally
used in combinatorics, number theory, probability
theory, and mathematical analysis. These applications

' have in turn begun to have measurable impact on
mathematics, one that is bound to grow; for example,
computer se:, rice has been important in the remark-
able revival of combinatorial mathematics during the
past two decades.

To calculate the efficiency of an algorithm that
performs a given task is one thing; to prove that the
algorithm is the most efficient among all possible ways
to do this task is considerably harder. To see this,
again consider the problem of searching. The binary
search tccionque is quite efficient; in particular, the
work it expey.!s in searching a table of given size
grows only slowly with the size of the table. A table of

million entries can ue searched with only 20 probes,
and only 30 probes are needed to search a billion
entries. But is this the best method? In fact, there is a
technique, even more ingenious than binary searching,
that is able to search a properly laid-out table of a
billion or a trillion names just as fast as it can search
among a thousand or a million names. It deliberately
scrambles the names in a predetermined manner that
allows a name to-be looked up, on the average, in a
fixed number of probes independent- of table size. The
point is that the designer of algorithms must never be
content with an algorithm that is merely good. Until it
can be proven mathematically, there is always the
possibility of a much better algorithm.

LIMITS OF CALCULABILITY

A rigorous mathematical proof that a given algorithm
cannot be bettered will alWays tend to he difficult,
since it must examine all possible ways of accomplish-
ing a given task. Nevertheless, by using the theoretical
tools originally developed by logicians for proofs of
undecidability and unsolvability, it has been possible
to give such proofs in a number of cases. These same
tools have been used to prove certain problems
inherently difficult or impossible, an thus to define
the theoretical imits of computability (Figure 19).

Proofs of this kind are particularly interesting when
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they show that significant problems arising in practice
are inherently difficult. The bin-packing problem is an
example. Here we are given a collection of sticks of
various lengths and then required to arrange them end
to end into groups of no more than a yard in length
(although groups of less than a yard in length are
allowed). The objective is to end up with as few groups
as possible. (This problem arises, for example,.when
strips of paper of various widths have to be cut from
yard-wide rolls, with as few rolls cut as possible.
Another example is that of loading trucks without
exceeding a stated weight limit.) Small problems of
this kind can, of course, be solved by enumerating all
possible groupings into two, three, or more subgroups
and by testing each such group to see if it meets the
criterion that no group should have a total length
exceeding one yard.

However, for a case that is even moderately 'large
(e.g., 100 sticks) this approach is totally unworkable,
since the number of possible groupings is enormous.
For example, the total number of ways in which 100
sticks can be separated into two groups is 2t00, or
approximately

t

1,000,000,000,000,000,000,000,000,000,000.

This raises the question of whether there exists any
algorithm that will find a best possible soludon in all
cases without having to examine some substantial part
of the collection of all possible groupings. Very
substantial theoretical evidence indicates that the
answer to this question is "no," i.e., that the problem ,
of best possible stick packing is inherently hard.
However, quite good approximate solutions can be
found in most cases, as can exact solutions in many,
but not all, cases.

The stick-packing problem has been related to a
very wide variety of other packing, graph-analysis,
and arrangement problems, all of which have been
shown to be equally difficult in a preCise theoretical
sense. It is likely that none of these problems can be
solved much more efficiently than by a comprehensive
search over an exponentially enormous space of
possibilities. Other slightly deeper problemsfor ex-
ample, various problems arising in computer manipu-
lation of mathematical formulaeare known to be
unimaginably difficult. Such results remind us that the
outer boundaries of the calculable are more restricted
than initial enthusiasms for the raw speed of comput-
ers might suggest. Other algorithmic approaches, such
as heuristics and probabilistic algorithms, may provide
approximate solutions to some of these problems.
Nevertheless, Since these results apply to calculating
devices and robots of every kind, they also warn us

I 4100
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FIGURE 19 Algorithm efficiency illustrated by the spanning-tree problem. The problem is to find the she: test network of lines con-
necting a set of points. For example, the'shortest railroad system linking a set of cities (a). If the lines meet only at cities, the problem
is solvable with an efficient algorithm. First, the closest pair of cities are joined, then the next-closest, and so on (b). Lines joining cities
already connected indirectly are then omitted, producing the optimum spanning tree (c). An even shorter network is possible if lines
can meet outside of cities. However, there is no efficient algorithm for finding the points where the lines should meet. The optimum
network (d) was found only by exhaustive search. (From "The Efficiency of Algorithms," by ilarry R. Lewis and Christos II. Papa -
dimitriou, C January 1978, Scientific American, Inc.)

that the path to development of artificial intelligence
cannot be broad or trivial.

Faced with theoretical obstacles of this fundamental
sort, computer scientists have begun to search for
ways in which the very notion of calculability could be
relaxed so as to allow a wider range of possibilities. An
interesting recently discovered possibility is that of
working with algorithms that need not yield correct
results in all cases, provided that the probability of
error can be estimated rigorously in advance and can
be shown to be extremely small. A number of
interesting examples, such as testing an integer for
primality or a polynomial formula for validity, have
been found in which by allowing even very minute
probabilities of error (e.g., one error in every 101°°°
cases processed) much faster algorithms can be de-
vised than seem otherwise possible. Algorithms of this
type illustrate some of the imaginative new possibili-
ties that algorithm designers may be able to exploit.

COMPUTERS AND COMMUNICATIONS

The enormous advances in integrated chip technology
have combined in recent years with major advances in
communication technology to create a computer-com-
munications environment that promises to have major
commercial and social impact. This technological
development has made large computers more usable
by decentralizing access to them and moving the
facilities to the everyday locations of their actual
users. It has also helped the trend toward intercon-
necting computers from different locations into com-
puter networks. This. trendfueled by rapidly falling
computer equipment costs and also by a somewhat
less steep decline in communications costswill
continue over the next five years.

These developments make it possible to connect
banks, retail stores, travel reservation systems, credit
verification services, and inventory control systems
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within a unified data-communication environment.
This, in turn, has given rise to a number of experimen-
tal national and international computer networks,
some of which have been in operation for some time:
ARPANET, TELENET, and TYMNET in the Uhited
States and DATAPAC in Canada. Other such networks,
only just beginning, arc TRANSPAC in France, EPSS in
England, EURONET elsewhere in Europe, and DDN in
Japan.

ImprcAmments in- communications technology that
have strengthened the trend toward the network use of
computers include digital encoding and transmission
of signals, grouping of signals into intense bursts that
can share a common channel with other such bursts,
new switching techniques, and satellite transmission.
The basic technique of digital transmission, i.e.,
transmission of precisely controlled streams of bits
rather than waveforms as with voice or TV, allows
digital computers to be interconnected over compat-
ible digital communications channels.. It also allows
digital error-correction to preserve the accuracy of
information transmitted over long distances. Burst
multiplexing and switching increase the efficiency of
communication channel use by allowing single chan-
nels to be shared among multiple data sources and
receivers. A variety of useful multiplexing techniques
such as electronic fast-connect circuit switching and
highly flexible time-division networks have been devel-
oped, but in recent years the packet-switching tech-
nique has become particularly important. In packet
switching, data to be transmitted are partitioned into
small bundles, called packets, each of which carries its
own destination address and can therefore make its
independent way through a communication system.
Pulse-code modulation converts analog signals, such
as voice or TV signals, into streams of bits, thus
allowing analog traffic to flow along the Fame trans-
mission channels used by computers.

SATELLITE COMMUNICATIONS

Communications satellites have developed enormously
since their initial appearance in the late sixties (see p.
35). In 1970, 14 satellites had been i.laced in geosta7
tionary orbit, and 96 additional satellites will probably
be in orbit by 1980. The decade since the launching of
the first stationary communication satellite has also
seen a 10-fold increase in the communication capacity
of satellites, an almost 100-fold increase in their
effective radiated power, and a roughly 100-fold
decrease in costs. Increasing satellite power has been
particularly significant since this has decreased the
size and cost of satellite eartkstations, from the 30-
meter diameter, 53,000,000 station required for the
original INTELSAT system, to the 5-meter, 530,000

Computers and Communications' 135

station available today. Earthstation costs will con-
tinue to drop as we go to hiLher frequency (12-14 and
20-30 billion cycles per second) systems. Among other
advantages, low earthstation costs will allow direct
satellite communication between business establish-
ments.

In addition to these important advances, the next
five years will see significant advances in the following
areas: larger satellites with greater on-board power
generar;on and with on-board transmission-processing
capabilities, multiple-spot satellite communications
beams, and more sophisticated access and channel
sharing schemes.

LOCAL COMMUNICATIONE

Satellite communication . long-haul cable and
microwave systems address t ing-distance commu-
nication problem successfully But a great need
remains for technical advances in short-distance com-
munications. The local communication problem is no
longer that of connecting the telephone central4office
to another central office, but rather economically
connecting these central nodes to large numbers of
individual end-users. CUrrently, the most prevalent
local communication technology is the same One in use
since the invention of the telephone and telegraph over
a hundred years ago: signal transmission over pairs of
copper wires. Still, wire-based communication tech-
niques will continue to improve and will supplement
the medium-range wireless and long-range satellite
digital communication techniques.

One local communication problem receiving a great
deal of attention today is in-plant communication, i.e.,
the flexible transmission and switching of large vol-
umes of voice, image, and data traffic among a single
contiguous group of user - owned premises, such as
adjacent factories or offices. Current in-plant schemes
commonly involve a time-shared wire or group of
wires, ranging in length from a few tens of feet to a
mile or so, connected to a group of terminals or other
signalling devices that share access to a single long-
distance, possibly broadcast, channel. A common idea
in such systems is to provide a means for burst
communication at full channel capacity, but to share
this capacity among many-data sources and receivers
under the control of some mechanism that allocates
the channel oil' a demand basis. A properly designed
system of this kind can replace the large numbers of
wires that are ordinarily used for local data and
telephonic transmission. This technology has great
potential for in-house communication in office build-
ings, factories, or ships.

We can also expect a continuing development of
ground radio systems for computer communication;
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some will divide a geographic 'area into local cells,
while others will make use of a packet-switching
technology like that suggested for long-distance com-
munications. In the near future these will be attractive
to data-communication users who must remain mo-
bile, such as doctors, taxis, and ships.

OPTICAL FIBERS'

Fiber optic-transmission systems are a relatively new
technology that may enhance the information-carry-
ing capacity both of local wired communication
networks and of somewhat longer-range networks (see
p. 176). These systems use modulated light sources to
transmit digital information along fine fibers of optical
material. Compared with copper-wire systems, they
offer large bandwidth (large information- carrying
capacity), low weight, small diameter, freedom from
crosstalk, and low cost. Fiber optics provide an
information-carrying capacit- as high as that of
expensive shielded video cable at a cost comparable to
that of the conventional copper-wire pairs used for
telephones. Their ability to carry enormous amounts
of data in a physically small cable suits them ideally
for use in metropolitan areas, where underground
conduit space is limited and difficult to expand.
However, optical fibers still require special handling,
protection, and splicing equipment, and are not yet
fully ready to compete with copper wires.

Experimental communication links using optical
fibers have already been implemented at all of the
standard wideband data communication speeds, rang-
ing from 1.5 to 274 million bits of data transmitted per
second. In principle, fibers can accommodate still
more enormous rates of data transmission, although at
present the optical dispersiveness of fibers, as well as
the limitations of the transmitting and receiving
technology, do not permit more than a hundred
million pulses per second on a single fiber. Current
research is aimed at development of more powerful
and longer lasting light-emitting elements, more com-
plex fibers that will reduce the attenuation of optical
signals below their present level of approximately 10
percent signal loss per kilometer, betier fiber-splicing
techniques, and more adequate optical amplifiers for
use as receivers.

ELECTRONIC MAIL

The sending of messages directly between computers
or terminals has a number of advantages over today's
letter mail. A message can be delivered reliably and
almost immediately, can be read by its recipient at
leisure on a terminal, and can be acknowledged.
Messages can be filed for later retrieval, answered and

automatically addressed back to the original sender,
and copied for retention by a sender or for transmis-
sion to third parties. Multiple addresses can be easily
specified, and address lists for special purposes easily
generated and maintained by each sender. Messages
can be sent, not to a specific terminal, but to a person
wherever he happens to be located; the receiver can
retrieve his mail using a terminal wherever he happens
to be. All of these facilities exist today on a number of
systems.

The use of such systems is expanding rapidly,
particularly within corporations. Indeed, most of the
currently important computer-based electronic mail
systems are used to connect dispersed locations of
single firms. Rapid growth in the interconnection of
these systems will soon permit electron;: mail between
firms. These electronic mail systems already handle
computer-generated information and information di-
rectly keyed into the system. The development of
facsimile scanning equipment, inexpensive high-reso-
lution display terminals and printers, and new meth-
ods for efficiently encoding graphic information is also
strengthening the capacity to transmit printed and
handwritten documents. As such devices develop, they
may lead to integrated communication services in
which not only data and facsimile, but also voice and
video, are carried on a unified network. Unified
transmission of different types of traffic is already here,
but the development of well-defined unified applica-
tions is taking longer than predicted.

SECURITY AND ENCRYPTION

The sharing of an electronic communication system by
many people, and also the transmission of great
volumes of data over easily intercepted satellite
channels, create serious issues of privacy and require
special t-,:-.,,hniques both to guarantee security and to
authenticate message authorship. This is largely a
software, rather than a hardware, problerii and has
been addressed through improved encryption tech-
niques. Such techniques protect computer communi-
cations both from unauthorized reading and from
attempts to insert, delete, or alter their contents. Such
protection will become increasingly important as
electronic transmission of mail, stock market transac-
tions, and banking transfers begin to be more com-
mon.

Promising research is now under way in the
development of electronic signature systems that can
be used to sign or notarize transactions,--for example,
in messages between stockbrokers. Certain types of
arithmetic computations, which are inherently difficult
to reverse, probably can be made the basis for
unforgeable electronic signatures. Such signatures can



be added to any messages and used by the sender to
authenticate his presence while a message's receiver
can usea corresponding decryption technique to verify
the source of a message.

OFFICE SYSTEMS

The past few years have demonstrated the usefulness
of office typewriter systems based on computer-driven
machines with televisionlike display screens. Savings
in labor and speed of operation have justified the
installation of such systems at many large- to medium-
sized offices. These systems, which allow a great deal
of flexibility in text editing, make it possible to change
a particular word automatically wherever it appears in
a manuscript or completely rearrange paragraphs and
sentences. Other new systems can verify and correct
the spelling of every word in a manuscript. Office
directories are being made available on computer
displays; here the ease of making new entries, dele-
tions, and fast look-ups, to say nothing of the savings
in printing costs for directory reprints, are all very
attractive. These new systems are already beginning to
change the offices in which they have been installed
and are starting to have noticeable impact on day-to-
day office procedures, on the way in which informa-
tion circulates within offices, and on the daily work of
secretaries.

ELECTRONIC FUNDS TRANSFER SYSTEMS

Numerous forecasts proclaim that electronic funds
transfer systems will shortly usher in an era of
checkless banking, if not a completely cashless society.
Almost as numerous are articles dismissing this
perspective as illusory, arguing that the public does
not trust computeri, wants to have pieces of paper in
hand as evidence of funds available, and prefers to
delay payment of a bill until some time after it has
been received. Neither of these polar viewpoints
captures the fact that electronic funds transfer is not a
single entity that will either take over or fail complete-
ly. Rudimentary electronic funds transfer systems,
e.g., furls transfer by telegraph, have been with us for
over a century. The question now is in what form and
how rapidly such transfers will grow, in' what areas
they will grow most rapidly, and what their impact on
commerce will be.

Certain environments in which the growth of
electronic funds transfer has been particularly rapid
are easy to note. One such is the telephonicallyand
soon to be electronicallyverified credit card. When-
ever a customer submits such a credit card for
verification and it passes, the credit card company is in
effect instantaneously creating money, giving credit to

Computers and Communications 137

the customer and guaranteeing payment to the vendor,
whether or not the custonier,has cash on hand at the
moment. At the end of the month the customer
receives a consolidated statement (which testifies to his
continuing desire to see and validate a written
statement before authorizing payment) and discharges
his obligation, generally by writing a check on a bank.
Further developments are possible here, including the
presentation of monthly statements at a terminal
within an electronic mail system and authorization of
payment from a terminal without any paper check
being necessary. .

Large corporations are increasingly making credit
arrangements directly with business customers rather
than paying a bank to arrange them. Computers,--
which make it easy for an accounting office to do
complex, bankerlike calculations, are one factor work:
ing towards this do-it-yourself financing. Of course
businesses, like individuals, are eager to maintain their
access to cash float; but this can be handled in a
computerized business environment by appropriate
systems of discounts or f,es for early or late transfer of
funds.

All this makes it plain that the growing use of
electronic funds transfer will affect ordinary consum-
ers, businesses, and banks in ways that should be
better understood. For example, consumer privacy
may be compromised by systems that allow all the
details of a consumer's pattern of r urchases to be
marshalled centrally. The pattern -of cash floatthe
interval between billing and paymentupon which
firms now depend may change radically. These issues,
which have already received considerable attention,
need to be explored further, since they may have
significant impact on the whole structure of major
financiabinstitutions.1

HOME COMPUTING

We can expect that within a decade most homes will
contain at least one computer and that within two
decades virtually every home will. The homeowner
may not know that it is there if, for example, a
computer chip controls the tuning of a color TV or the
defrosting of a refrigerator. In this section, however,
we concern ourselves with more explicit home use of
computers. Many such applications are conceivable
although speculative:

The combination of computer and telephone may
be useful for remote control of household appliances
and heating systems, delivery of personal reminders,

`'medical onitoring, security alarms, and baby sitting.
A wide variety of useful information services may

be delivered via home computer terminals. These can
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provide anything from encyclopedias or libraries of
relatively filed information to highly dynamic infor-
mation on current news, market conditions, supermar-
ket specials, and want ads. Hundreds of thousands of
pages of useful, highly organized information May be
accessible to the subscribers to such systems' through
their telephones, home computers, and attached dis-
plays.

Computer games and clubs linked by computer
may provide an attractive social milieu' for many
enthusiasts.

Home computers, which are steadily becoming
more powerful, can be terminals communicating with
larger and more powerful central computers. This
raises the question of the degree to which home
computers will offer extensive computational capabili-
ty versus the extent to which they will remain limited
devices depending strongly on a central facility.
Related to this is the question of how extisively
home computers will be tied to the nation's telecom-
munications network. Currently advertised home
computersover 100,000 have already been sold in
the United Statesare sold .as stand-alone devices,
with little emphasis on their communications capabili-
ties or even on the fact that they are fallen linked on
hobbyist networks. Nevertheless, it is possible that the
use of home computers for communication will grow
very large. They may, for example, come to be used as
electronic mail stations. .

It is also true that the home computer of the future
is likely to provide a substantial computing capability
in its own right. Available for only a few hundred
dollars, future home computers may have speeds now
associated only with large computers. Nevertheless the
home computer will need to become easier to use if its
use is to spread beyond hobbyists.

In time, the need for a link to a central computer
will become greater since a central computer can
provide major information services; such as daily news
bulletins and market quotations. Moreover, natural
language processing, graphic capabilities, and sophisti-
cated error handling are all important for most people,
and these require substantial quantities of memory
likely to be available during the next five years only
through large central computers.

Sophisticated software will be required for home
computing, and this raises significant questions. Ven-
dors of home computers now cater to a market of
hobbyists who -enjoy programming. Typically, such
vendors put BASIC or some even more primitive
programming language on their machines and let the
buyer write useful programs. Very little by way of
prefabricated programs is offered. However, the
broader public will not want to program home

computers but to use them directly and flexibly. This
paints to a very large market for software packages,
including programs capable of dealing with various
types of natural language queries. Development of
such packages, and of the advanced programming
tools needed to build 'them; should be spurred by the
increasing use of home computers, but not much has
yet been done. Likewise the legal protections required
for the adequate functioning of a broad software
market, e.g., protection for intellectual property main-
tained in electronic form, have not yet been adequately
defined. Because of these unresolved problems and its
inherent technical complexity, software is likely to be
a thorny obstacle to the spread of home computing.

Traffic patterns on other communications networks
may- be substantially altered as home information
systems become practical, particularly to the degree
that they are linked to central or other remote home
computers. Over time, this can have a major effect on
communication facilities that have been designed to
accommodate traffic patterns characteristic of voice .
communications. This could substantially change the
economics of proposed systems. Although there is
little understanding of what these effects will* be, they
cannot be ignored.

A related question is that of the balance between
specialized, one-program devices like computer games,
and multifunctional, general-purpose terminals. De-
pending on the direction in which software for home
computers evolves, the trend may be either to single
computers, or groups of identical computers, provid-
ing many services, or to a variety of separate devices
that compute, but which individually provide very
different services and are called by different names.
Regulations established by government, as well as
pricing decisions taken by the administrators of
centralized computing services; will affect this out-
come.

REGULATORY ISSUES

For computer communication systems to attain their
full potential they will have to be ubiquitous, cheap,
and very easy for most persons to use. A number of
key regulatory uncertainties will have to be resolved
for this to be possible. Are systems of computers and
terminals data-processing systems (and so unlicensed)
or .comfnunication systems (and therefore licensed)?
Should electronic mail be viewed as a service, having
the character of a national monopoly and therefore to
be offered on a universal basis by a monopoly carrier,
be it the Post Office or the telephone industry, or
simply as a set of products to be developed and offered
by a wide range of competitive suppliers? What will be
the impact of electronic mail on the postal system?



What charge structure. is appropriate? How can the
needs of small users be served best?

Distinguishing Computers and Communications

In the all-digital systems of the future, it will be hard
to draw a clear technical distinction between commu-
nication services and computerservices. Both will use
computers to manipulate bits and to transmit them
between points. Identical processing and transmission
equipMent will be used to pull segments together into
a text, edit it, address it, and distribute it: Yet the
Communications Act of 1934, by authorizing the FCC
to regulate electronic communication, requires the
commission to seek some kgal formula distinguishing
between digital communication and digital data pro-
cessing if it is not also to be drawn into regulation of
the computer industry. That the FCC should seek some
such formula is understandable and proper, but it
would be an illusion to believe that such a formula,
whatever it is, can easily be applied to technical reality
or that this formula could be effective for very long,
considering the rapid and unpredictable course of
technology.

While some portions of the communica-
tion/computer industry naturally require regulation,
others are best served by fostering vigorous' technical
and economic cooperation. Regulation of limited and
eventually congested satellite "parking space" and
communication bandwidth is of course required. As
with ground radio, a limited spectrum must be
organized and allocated. Continued regulation is also
likely to be required in the use of public right-of-way
for information distribution systems, whether copper-
wire pairs, coaxial cable, or optical fibers. In its role as
guardian of the quality of public communication
services, the FCC must also bear in mind the potential
impact of sudden and heavy computer-generated
demands for communication bandwidth on the ser-
vices received by more conventional systems users.
Moreover, alongside the electronic compatibility and-
standardization reqiirements of the past, a new and
far more complex set of compatibility issuesthis
time related to softwareis growing. However, in
responding to these problems by new regulations, the
FCC must also avoid hampering the use of new digital
communication equipment the provision of new
computerized communication services:

Still another range of problems relate to the First
Amendment. The Constitution guarantees the free-
dom of the press, but not particularly the freedom of
business machines.. Freedoni of the press has been
construed to include radio and television. Are comput-
er communications also protected? in,this connection
the rather different legal history of the telegraph- and

Computers and Communications 139\
of radio is interesting.,, If one looks back at the history
of telegraph law, few references to First Amendment
issues are seen. Yet such references are frequent, and
have often been central, in the legal history of radio.
The, reason is that the telegraPh has been thought of as
a business machine, not a device to which a citizen
would rush to express his concern. By contrast, radio
was a means of expression from the beginning.
Although computer communications were first regard-
ed as adjuncts of business operations, there is good
reason to believe that such communication will
eventually encompass a great part of our society's
means of interpersonal contact and expression, If
home computer- terminals become a major channel for
mail, for consumer information, for education, and
perhaps for political campaigning, they may end up
being as important to the twenty-first century as the
printing press has been for the past .500 years. If so,
the First Amendment will become important to
practices and arrangements for the regulation of
computer communications.

Besides regulation and competition, another impor-
tant force affecting the rate of development of new
computer/communications services is the U.S. gov-
ernment's own large equipment and service purchases.
The government has procured the most sophisticated
technologies available fcr its national security and
space programs, but not for its ordinary civil activities.
Here government has a significant chance to promote
technological innovation; to develop a technical base
upon which more sophisticated applications must rest.

ARTIFICIAL INTELLIGENCE

Since this report is concerned with the next five years
rather than the next few decades, we have focused
most of -our attention on practical technological
developments that are most vigorous today. Even so, a
short survey of the revolutionary long-term efforts to
create humanlike capabilities in computers is in order.

The computer is not just an adding machine; it is a
universal information-processing engine, one which
may be capable of duplicating -many of the most
characteristic capabilities of the human brain. This
possibility, intuitively grasped by such pioneers of the
computer age as Turing and von Neumann, has
continued to motivate and fascinate computer scien-
tists:

But even if we admit construction 'of artificial
intelligences and superintelligences to be the ultimate
perspective of the computer age, it still does not follow
that one or another branch of computer science should
be emphasized, nor can we tell what discoveries, still
hidden from us, will emerge, nor whether the neces-
sary development will take decades or centuries.
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Work on programming computers to display hu-
manlike problem-solving characteristics is' widespread
and ranges from work aimed at modeling human
performance in specific problem-solving areas, such as
medical' diagnosis, to programs whose search tech-
niques are based on heuristics and "rules of thumb"
and even to- the use of computerlike models of
thinking as a tool in cognitive psychology. The use of
human intelligence ,in real world situations requires an
intimate coordination of thinking with seeing pr
hearing and motor action. The branch of artificial
intelligence research that seeks to design systems
capable of sensory-motor Coordination is generally
called robotry.

While only a small fraction of artificial intelligence
research has been directed toward sensory-motor tasks
and robotry, this domain does provide a rather broad

. view of the nature of the research problems across the
whole field. For this reason, and because of the

owing practical importance of industrial robotry, we
will look a little more closely at the current status of
artificial intelligence research on robots.

O

ROBOTS

Thq. general goal of research on robotry is the
development of versatile robots that can perform
varied mechanical tasks' in homes, factories, offices,
and out-of-doors:To be successful such robots require
a broad range of abilities. They must be able to plan a
sequence of actions and to simulate and test 'the
execution of these actions in a model of the environ-
ment. Continuing correspondence of the model to a
dynamically changing environment will depend on a
robot's ability to acquire and analyze sensory informa-
tion. When surprises occur, the robot must be able to
plan and tarry out corrective actions.

Even though these abilities do not seem to require
high "intelligence," their realization in machines is a
complex matter. Techniques powerful enough to
permit development of truly flexible 'robots still elude
us. However, specialized robots that can automatically
perform many assembly, materials handling, and
inspection tasks are now coming within reach.2 These
systems are much more versatile than the numerically
controlled machine tools now in use; they 'are con-
trolled by small, general purpose computers that
respond to touch, force, and television inputs and are
guided by general descriptions of the task. The
evolution of robot assembly systems should henceforth
be continuous. Ultimately these can be expected to
develop into "automatic factories"versatile comput-
er controlled systems for processing raw materials into
finished goods.

The more elusive goal of a general service robot will
require programs capable of analyzing major sensory
inputs and responding to them' with something like
human sophistication. Researchers are already.. at-
tempting to duplicate all important sensory functions,
including speech recognition, language analysis, and
analysis of visual patterns. Machines are now capable
of recognizing small numbers of words and short
phrases spoken in isolation, bit correct response to
continuous speech is much more difficult. A recent
fivt-year research, effort demonstrated the feasibility of
experimental systems capable of responding to spoken
vocabularies of -several hundred words, but much
more basic work is needed before practical speech
recognition systems can be built. Challenges will
continue to inspire work over many decades.

LANGUAGE AND ROBOTS

It is of course much easier for computers to deal with
information in printed than in spoken 'form; but even
for written material the subeety of language puts truly
flexible natural language processing somewhat beyond
a computer's grasp. Translation between natural
languages and intern 1 Computer languages cannot be
accomplished by rudi ntary dictionary look-up tech-
niques. To understand atural discourse, one must
have a reasonably good model of the content of the
discourse. (To see this, think of what is needed to
understand the following sentence properly: "The
rancher, returning his pen to his pocket, stepped into
the pen.")

The development of such models and their ntegra-
tion into language-analysis programs is a formidable
task, on which only experimental starts have been
made. However, there are information retrieval sys-
tems that allow one to communicate successfully with
a computer using subsets of natural English dealing
with restricted subjects. Meanwhile, researchers &
currently experimenting with more sophisticated natu-
ral language systems possessing larger knowledge
bases. Here it is reasonable to hope that within the
next ten years computer teaching systems, where
natural language capability is highly desirable, will be
able to carry on adequate English dialogues with
students in certain specialized subjects.

Large bases of knowledge concerning particular
subject domains are also of central importance to
evolving computer systems of the consultant type, in
which fragments of knowledge collected from expert
practitioners in a specialized field, such as medical
diagnosis or ore prospecting, are collected and orga-
nized to attempt duplication of human judgments.

,



SIGHT' AND ROBOTS

General purpose robots 'would certainly have to
process visual information. The problem of visual
perception by computer is'a minefield of subproblems.
At the simple end of the scale, systeins already exist
for comparing what the robot's' eye would see with
stored pictures; these are used today to guide a missile
toward a target. The problem of interpreting objects in
photographs collected routinely by weather and, sur-
veillance satellites is somewhat more difficult, but still
feasible. Reliable techniques have been developed, to
automate parts of these photo-interpretation tasks.
Similar systems can also be used to spot roads,
bridges, or railroads in aerial photographs. Related
techniques allow machine reading of printed text.

Somewhat more sophisticated vision systems are
now being introduced into factories to control indus-
trial robot arms during materials handling, inspection,
and assembly. Research in machine vision is con-
cerned with such issues as reconstruction of the three-
dimensional shape of a solid body from the pattern of
lines and corners that constitute its image on an
electronic retina. Work has also begun on the detec-
t the' presence and form of bodies, parts of which

by other bodies. Visual abilities of thi&
level of sophistication will be required by general
purpose robots intended for household or outdoor use.

The widespread research effort to endow machines
with abilities of this sort is contributing to the
development of a computational theory of intelligence

OUTLOOK
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.that is beginning to have an impact on psychological
theory. Significantly, one of the most important
scientific insights resulting from the work is the
realization of how complex the processes underlying
intelligent behavior must be and what ,a vast, but
somehow patterned, storm of perception-and selection
must underlie every conscious act or thought:' How-
ever, beyond this sheer complexity, there seems to be
no conceptual barrier to the eventual synthesis of
intelligence in machines; which may very well. be the
final, outcome of the march of technology that welave
described. .

For now we can epitomize the attainments, hopes,
and disappointments surrounding the field of artificial
intelligence by glancing, at one, of its amusing, yet
typical and challenging efforts 'the design of chess-
playing computer programs.

The first serious attempts to develop game-playing
programs go back to the 1950's. Progress with simpler
games (such as checkers) was swift and dramatic.
Chess proved more difficult. In fact, computers still
cannot match the ability of the human' chess master to
discern critical sequences of positions without explicit-
ly examining a very large number of cases. Neverthe-
less, chess-playing programs have improved Meadily.
In 1977, a small but significant landmark was passed:
CHESS 4.6, a program developed at Northwestern
University, drew one game and won another (although
losing its match) against ,British chess master, David
Levy. And these programs continue to improve.

The following outlook section on computers and communications is
based on information extracted from the chapter and covers trends
anticipated in the near future, approximately five years.

Over the past two decades, electronic computers, initially the esoteric
tools of a small scientific community, have become familiar presences
in daily life. As a result, the shopper who keys ':in for a caick
infusion from a computer-controlled cash disperser and the child
whose exposure to computers begins with a video game are both
beneficiaries- of this new technology. More and/ more of the informa-
tion upon, whiCh business and administration depend is available in
machine-readable form and managed by computers. The technology
that has made this development possible has drawn ideas from many
areas ranging. from mathematics to linguistics. But its driving, ore
during the last decade has been the_ amazing decline in the cost of-
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semiconductor chips. As chip costs continue to fall during the next
five years., thi; trend will put more and more computing capability
M the handS of the public. In turn, this will lead to further im-
provements in all the areas now touched by computers and an
expansion into new fields.

The developments- of semiconductor technology has taken us from
1,024 bits of infOrmation per chip in 1971 to 64,000 bits- per in

and d has _kept chip cost approkimately constant, actieVing 16-

fold cost reduction. Looking forward, it seems reasonable to an ici-
pate ,256,000 -bit memory chips in the early 1980's and a millio -bit
memory chips by the mid-1980's.

Miring the same period, 'Microcomputers evolved from mini al
units involving *2,000 'transistors in 197,1 to devices that_today nte-
grate 30,000 transistors bn a chip. This progress has made it ossi-
ble to enjoy the size Savings and low cost of microcomputer contr I
in hundreds of applications, from sewing machines to television
games.- Similar progress in size, costs, and applications will continue
-over the 'next five' years. The microcomputer .of the mid-1980's, often
consisting of only a few Chili's, will be capable of truly impressive
perforinanCe and will employ advanced architectures and likely the
32-bit word length used by the larger systems of today. This micro-'
computer will not only .extend the range of economic computer
applications, but will also become a major computational workhorse .
of the future. -

Device 'Speed, has improved ft:oni the microsecond speeds of early.
integrated Circuits to today's fastest chips, capabk1/4of
adding a pair of decimal digits in ess than five-billionths of a
second. This development should also ',continue, but at a decelerating
pace unless the industry introduces , new technology.'

Two pogible future technologies are buale memorie d Joseph-
son junctions. Magnetic6<bubbles, which allow data to be stored very
densely and' moved magnetically, can provide fast, reliable bulk-data
storage and retrieval. Josephson junction technology is a superspeed
logic technology that may begin to be used, at least for special
applications, within the next decade.

OUTLOOK FOR COMPUTER -Prograniming, the writing of instructions to tell computers what to
SCIENCE do, has become a major element in the 'cost of computer operations. ,

'Software erigineiring is intended t9, control the avalanche's, of detail
that makes programming so expensive by discovering principles that
allow programming to be approached' systematically, organized in
standardikd ways, and reduced in mass by elimination of all redun-
dant cleta0s. Related goals are to find effective ways of using a
computer to check the internal consistency Of 'large programs, to
pinpoint discordant details as fully as possible, and to define formal
techniques whereby programt can be proved correct or the genera-
tion of incorrect programs rendered impossible. Progress toward
these important goals has, however, been. limited.

An important field of research is the development of new, more
powerful programming languages that can make program developt- ;-
ment easier without losing effitiency. Improved techniques for writing
programs to control 'many simultaneously, active devices are also
being developed. 'But, since all this is basic research, some time' will

elapse ,befOre its impact, is felt by either the industry or the public.
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qomputer science in the past has made use of a great many silent
.

bottowings from mathematics. Theoretically work is continuing in
many areas related to the mathematics of computers and ..is gradually'
transforming the ad hoc design, approaches of a decade ago into a

\
v . more mature, theoretically; based undertaking.

The \ possibility of using computers to create artificial intelligences
displaying humanlike capabilities has continued' to fascinate . and in- .

spire computer researchers. However, except in a very few -areas, we
are still far from being able to do this.

. .
.

The use of \ computers in coinmunications,has already beg to have
an important effect on_ the way we- live. The airline reservation'
systems, long-distance bibliographic searches, and credit-card
verification schemes of today will expand during the next five ,years,
as will office text-editing systems: The coming period will also see

-,, the spread of computing power, to mo e people than -.ever before:
Centralized computersconnecting sets by various telephone and

direct-wire' linkscharacterize both th 'early days of cothputer use
and many systems still .in use today. There is, however, a treed
away from centralized computers toward decentralized systems in
which significant computing power is (locate'd as close as possible to
the actual users. c.

.,..

Computer technology has made many new ways of communicating
possible. Examples include data networks, satellite and digitally. oil
coded telephone communications, optical fibers, electronic mail, text
editing and distribution r, y s ten's, and electronic funds-transfer sys,
terns. ;

1`..1 ,
1The role of these computer communications systems raises basic

regulatory,questions; for exampTe, whether the' First Amendment ap-
plies CO computer communications, and whether security and privacy`
are adequately guarded by current Encryption techniques. Thise ques-
tions, however, are overridden by .the fact that progress has come so
rapidly that computer technology and communications technologY are
converging. This raises important questions for an agency like the
Federal Communications Commission as it seeks to protect the pub-

lie interest././

t

e s
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5 Energy-

INTRODUCTION

The U.S. energy sector is changing: rapidly. Oil and
natural gas, which provide three-fourths of our energy
and upon which depend most of our technology for
transportation, space heating, and industrial heating,
are being depleted and must be conserved, At the
moment; and for the next few decades, the principal
alternatives are coal and nuclear fission, mainly in the
form of electricity.' '

Both of these alternatives have limited futures given
the current technologies. By the turn of the century or
somewhat later, depending on energy consumption
rates in the meantime, \ they in turn must begin to be
replaced. We must then be well on the way to
deploying sustainable, \ environmenta.11y acceptable,
long-term energy sources, compatiblein the interest
of international stability-Lwith the changing roles and
aspirations of the developing countries.

Meanwhile we must Use / what is availablecoal,
nuclear fission, vigorous energy conservation, some
solar energy, and small amOunts of c -:.z.-,thermal heat

'This chapter benefitted greatly from the work of the National
Research Council Committee on Nuclear and Alternative Energy
Systems (CoN4Es). HoweNer,.t.he contents of this chapter have not
been reviewed by the Committee and do not necessarily reflect its
views.

to reduice our dependence on oil and natural gas.
However, the rising concern with environmental
quality and the political and economic friction of
making large industrial shifts, will make this difficult
and will tend to focus attention on short-term expo
dients. It will be necessary to take broader, Ion .r
views of this problem than those to which we are
accustomed.

Many of our energy .,onsumption systems cannot be
substantially changed in one or two decades. Large
urban areas, where most energy is used, have made
their greatest growth in the past 40 years. During this
period the real price of energy fell as large oil and gas
discoveries were inade worldwide, electric utilities
took advantage of technical refinements and econo-
mies of scale, and the environmental costs of energy
use were largely unknown or-ignored. People thus
paid no penalty for energy use that under today's
conditionsand tomorrow's even morewould s be
considered very inefficient. Long-distance commuting
by energy-inefficient automobiles became common-
place. Too much insulation was a waste of money. The
size of the average house rose, and more and more
were detached, with all four walls exposed to the
elements. Most industries optimized their capital
equipment with energy consumption as a minor
con si aeration.

145
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That is now changing. The price of oil has quintu-
pled since 1973, with coal and gas prices not far
behind; and U.S. dependence on oil imports has
increasingly apparent political and strategic implica-
tions. Nuclear fission,: once promoted as a source of
clean and nearly liniitless power, faces major and
increasing difficulties,/ (although it could have a pro-
ductive future. While coal is abundant, it is ironic in
this time of general concern about the environment to
be forced back to a fuel earlier abandoned for most
uses in part because of its potential for pollution.

Still, only coal and nuclear fission can be widely
available over the next two or three decades, and we
must find some acceptable combination of the two,
with much less reliance on oil and natural gas. We
must also do the work that will be necessary to put
sustainable long-term energy sources in place.

SOME IMPORTANT TIME PERSPECTIVES

Difficult choices arise. Short-term expedients may
'foreclose serious long-term options, and the nation
must take great care that its accommodation to
today's realities does not limit its scope irkdealing with
the more distant future. For example, strong emphasis
on expanding domestic oil production, without com-
parable attention to how it is to be used, may tend to
deepen our dependence on oil and to intensify the'
harshness of the eventual and,inevitable withdrawal.

Financial and political institutions are more respon-
sive to the short-term view dictated by market rates of
return and by electoral intervals than to the longer
and broader view determined by the depletion of
domestic resources and the international implications
of growing reliance on imported energy. It will require
an educated public and enlightened officials to temper
this disparity through responsible efforts to avoid the
future economic and political difficulties to which
short-range expediency can commit us.

The shortest meaningful time perspective for serious
social decisions in the private sector is determined by
normal market expectations of rate of return on
investments. This leads typically to time horizons
usually of five ,e-as, and rarely as great as 10 years, in
present industrial practice. Investments maturing later
are relatively unattractive compared to more immedi-
ate payoffs. Exploratory research aimed at very distant
returns can be justified, but the cost must be low by
normal market rules. The political sector has a similar
time perspective, determined by the intervals between
elections.

For energy technology the shortest time perspective
is given by the time it takes to zlevelop and commer-
cialize new major technologies: solar power, new and
cleaner ways of using coal, more resource-efficient

nuclear fission reactors and fuel cycles, nuclear fusion,
and mature energy conservation technologies. This
time varies somewhat depending on the technology,
but many take 20 years or more, except under the
most exceptional conditions-and strong government
incentives. Civilian nuclear power, for example, which
was Accorded remarkable federal priorities, was first
seriously explored in the United States in the early
1950's and only by the early 1970's was well enough
developed to contribute 2 percent of the nation's
electric power. (But the industrial momentum built up
during all that time led to a 12 percent contribution in
1978.) The magnitude of a development program
similar to that of nuclear, and the length of time
before it ---tuld repay the initial investment, '.lace it
clearly beyond the view imposed by the maricz.t.

This disparity between the economic and technolog-
ical time perspectives leads to market exploitation of
existing options and neglectpossibly foreclosureof
potential new ones. GovernMents can correct this
imbalance by either underwriting the long-term devel-
opment itself, as a nonmarket social good, or con-
structing appropriate market signalstax and other
incentives, regulations, and so onto stimulate option
development by the private sector.' Governments in
fact do both.

Several yet-longer time perspectives are also impor-
tant. The time it takes to deplete a particular energy
resource, so that more supplies become too expensive
for their accustomed buses, should exceed the time it
takes to develop and deploy alternatives or to adjust to
a social and technological position of doing without.
Thus, the perception that the rescurce depletion time
for oil and snatural gas in the United States may be
comparable to or shorter than the time it will take.to
produce a replacement is a principal cause of concern.
It leadsfor example, to demands for new technologies
on short notice.

Another important time perspective is even longer.
The urban and industrial infrastructures if civiliza-
tions, which heavily influence our energy use, can
persist for centuries. Cities, for example, last for
centuries and change fundamentally only over genera-
tions.

MID-TERM ENERGY OPTIONS

In the next two or three decades, the range of energy
options available to us is rather strictly limited to
existing technologies. Oil, natural gas, coal in various
forms, and nuclear fission must among them supply
most of the nation's energy to 2000 and somewhat
beyond. The declining supplies of oil and gas further
Emit the scope of our actions, forcing us to rely
increasingly heavily on coal and nuclear fission for any
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real increase in energy supplies. Given the many
environmental, political, and resource uncertainties
plaguing coal and nuclear fission power, it is obvious
that energy conservation must play a large and
increasing role in the national energy programs. But
no one source of energy or conservation alone will
suffice.

DISCOVERING PRIORITIES: CONSERVATION FIRST

The broadest questions that can be asked about energy
policy deal with the balance of emphasis between
supply and conservation. In general, supply is relative-
ly overemphasized, because the supply sector is
simpler and better organized. to provide its products
and to receive and recognize rewards. Energy conser-
vation tends to offer rewards that are received later in
time by a diffuse and ill-organized population. Thus
effective energy conservation requires either generat-
ing a strong public awareness or providing govern-
ment financial incentives, or both.

Energy conservation consists of two different cate-
gories of activity. The first is relatively simple cessa-
tion of present waste: Turn down the thermostat
instead of opening windows, turn out the lights when
leaving the room, don't leave the car's engine running
when you go back into the house on a last-minute
errand. These steps reflect simple social concern and
thoughtfulness, and should become more general as
people arc made aware of the costs of waste. The
second category concerns deeper changes in the
economic structure, the designs of what we use, and
-public incentives. It is here that we focus our principal
attention.

Energy supply costs money, and-the marginal cost
of energy increases as more is demanded; however, in
the relatively pristine field of energy conservation
large savings can be captured at low cost. An analysis
by Gibbons and his colleagues2 suggests that even if
real energy prices remain roughly constant from now
to the year 2010, all sectors of the economy will find it
profitable to raise their energy efficiencies sig-
nificantlyby as much as 25 percent in some indus-
tries.

There are many good technological opportunities
for using energy more efficiently and thus conserving;
for example, leveling electricity demand over the day,
storing energy, using electric automobiles in cities,
developing new thermal cycles, and using new less-
energy-intensive processes for industry.

Related t' energy conservation is the question of
how energy use and GNP (a convenient but imperfect
measure of publi. well-being) are related. In the short
run, reducing the number of Btu consumed reduces
GNP, but the long-term p.ossibilities are much better.
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As capital equipment is retired it can be replaced by
equipment designed to use less energy, generally at
higher cost.

The time scales for such transitions are different for
different things. Well-built houses last a hundred
years, but recent experience in residential energy
conservation shows that old houses can be much
improved; new ones require only half as much energy
or less, for heating. That comes out to halving the
energy requirement per unit of service in 100 years, or
about 0.7 percent per year. Cars last on the average 10
years, and we are requiring that the fleet fuel-efficiency
of new cars almost double between 1976 and 1986.
The life of industrial plants is intermediate, averaging
about 20 years; new equipment uses typically perhaps
three - quarters as much energy as the old. Applying
those simple numbers, we find that industrial energy
per unit output could be approximately halved in
about 45 years.

Further detailed analyses,3 taking into account
these and many other replacement possibilities, sug-
gest that, overall, energy used per unit of GNP could be
as much, as halved in 40-50 yeirs, with negligible
effects on GNP. This means that conservation incen-
tives, including rising energy costs, could be struc-
tured so that by the year 2020 half as much energy as
is now used would suffice for today's national total of
goods and services; that is, the same amount of energy
could accomplish twice as much. The detailed strategy
for doing this would involve frequent reviews and
appropriate corrections from time to time.

The key to effective energy conservation is planning
for the long term in the sense just described. Attempts
to induce efficiency by replacing houses, cars, and
factories before they pass their useful lifetimes requires
that useful things go unused, which in turn generally
implies drops in both energy consumption and GNP
growth. As stated earlier and repeated here for
emphasis, short-term energy consumption and GNP
tend to be closely coupled (as experience in the 1973-
74 oil crisis demonstrated); but over periods of
decades large beneficial changes can be made.

An example of how one group ceives the range
of possibilities will help to focus this discussion.
Gibbons and his colleagues,2 in a stuly for the
National Re-carch Council, projected U.S. energy
consumption to the year 2010, using four scenarios
representing . t range of plausible movemepts in energy
prices to tha date. Table 1 gives assumed prices in
2010, with th 1975 prices listed for comparison. The
scenarios wet T. developed on the assumption of 2.
percent average GNP growth between 1975 and 2010; a
variant of scenario III, which allows for 3 percent
average GNP growth, is included. Table 2 shows the
general results of this scenario analysis. The highest
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TABLE I Assumed Energy Prices for 2010 Demand Scenarios

Energy
Conservation
Policy

Consumer Price (3 /Million Btu)

Distillate Natural
Oil Gas

Utility
Coal Electricity

Scenario
Very aggressive: deliberately

arrived at reduced demand
requiring some life-style
changes

13.49 14.84 3.24 .26.37

Aggressive; aimed at maximum
efficiency plus mind:. life-
style changes

13.49 14.84 3.24 . 26.37

Slowly incorporates more
measures to increase
efficiency

6.74 7.42 1.62 15.82

1111 Same as Ili. but 3% average 6.74 7.42 1.62 15.82
GNP growth

IV Unchanged from present
policies

2.81 3.09 0.81 7.91

Actual

1975 2.81 1.29 0.81 7.91

TABLE 2 Energy Demand for 2010 (quads)

Build-
ings

Indus- Trans-
try. port Total Losses°

Primary
Con-
sump-
tion°

Scenario

6 26 10 42 16 58

11 10 28 14' .S2' 22 74

Ill 13 33 20 66 28 94

1113 17 46 27 90 44 134

IV 20 39 26 85 51 136

Actual

1975- . 16 21 17 54 17 71

Losses include those due to extraction. refining. conversion. transmission. and disinhu.
nun Electricity is converted at 10 NV 131wkWh coal is convened to synthetic liquids
and gases at Nl percent efficiency
Reese totals include only marketed energy Active solar systems provide additional
energy to the buildings And industrial sectors in each scenario Under the most aggressive
assumptitm. IScenano II Chit amounts to 5 quads

and lowest scenario totals differ by more than a factor
of 2. The panel found the whole range consistent with
the assumed rate, of economic growth; the variations in
energy consumption reflect the variation, from scenar-
io to scenario, in energy prices and other incentives to
substitute inputs such as labor and capital for energy
in the economy.

THE EXAMPLE OF CITIES

It is in and near cities that most energy is used, and
urban life shapes and is shaped by how energy is used,
both positively and negatively. Air pollution peaks in
cities, but so does the ease and efficiency with which
heat, light, and transportation can, at least in princi-
ple, be provided. The ease with which cities can adapt
to changing energy realities is therefore an important
question.

There is a good deal of inertia in the nation's urban
and industrial infrastructures. Buildings and industrial
plants have lifetimes measured in decades. A realistic
conservation.. strategy must therefore deal not only
with the opportunities afforded by the new but also
with the resistance to change of the old.

The kinds and amounts of energy demanded depend
in complicated. ways on ingrai ;led features of urban
structure and urban life. Most of the large urban areas
in the United States had their greatest growth in the
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past 30 or 40 years, when energy prices were falling
and energy efficiency thus mattered little. Settlement
and transportation patterns, building standards, and
industrial equipment all developed in this period-in
essentially their present forms, and to varying degrees
they resist fundamental change. Basic transportation
and settlement patterns, for example, may persist for
centuries.

In the long run, one may speculate that with
escalating energy costs,' cities will slowly evolve into,,

TABLE 3 Energy Conservation
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more compact forms, with less suburbanization
more focused suburban centers. Given the probable
energy supply options, cities may come to depend
more on electricity. Basic services may be supplied
from larger energy units to take advantage of district
heating using "waste" heat from nearby power plants
and industrial facilities, as is now done in some parts
of northern Europe.

But there are many improvements that can now be
made. Table 3 lists both short- and long-term prob-

Problem. -Relation to Energy
Consequences If
Problem Is Unattended What to Do?

Some Impediments to
Implementation

Housing Poorly insulated build-
ings cause heat loss.
expense (this is but one
example)

Pollution Mainly caused by high
energy use

Transportation Reliance on energy-
intensive modes

Waste heat from power Obvious
plants

Urban waste

Housing less desirable Insulate. retrofit. new
because of increased housing codes, public
living cost. Poor people education
suffer most

Bad health. loss of eco-
nomic values. ltiwered
quality of life

Pollution, congestion,
run out of energy
resources

Poorer urban micro-
climate. higher energy
use. pollution

Stricter standards and
better energy technol-
ogy for cities. espe-
cially. with respect to .

automobiles. Also co-
generation, district
heating where tippro-
priate.

Higher taxes on park-
., ing. vehicles. Bike-

ways. Zone for high
population density
near public transport.
BusesAprobably elec-
tric) and rapid transit
extensions where
feasible:

District heating. cogen-
eration

Energy content equals -k Environmental degrada- Recycle. pyrolize.
several percent of tion, waste of resource methariate. etc.

-city's needs

Cost of municipal gov- High energy cost High tax rate. services
ernment

Welfare

cut

Higher energy costs hurt Worse health problems
those least able to af- because of inadequate
ford them heating

Initiate program of
energy awareness.
audits, capital im-
provements

Winterization programs
for the poor, emer-
gency assistance

Building codes. initial
cost. lack of informa-
tion, lack of low inter-,
est loans or tax re-

. bates. landlord-tenant
dilemma (who pays?)

Reliance on cars for
commuting, ability of
business to`escape
antipollution laws.
Lack of information on
pollution effects.

Special interest groups.
commuters. desire for
personal security and
private transportation.
Substandard mass
transit.

Utility. regulations.
piecemeal planning and
zoning. short time per-
spectives. lack of over-
all policy

Disorganization of re-
cycle industry. organi-
zation of electric utili-
ties and of urban ref-

. use sector. Regional
political fragmentation.

Lack of expertise. short
time perspectives.
lack of funds

Insufficient funds.
poorly used

1 5 3
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lems and potential solutions, all of which might benefit
from prompt attention.

MID-TERM SUPPLY STRATEGIES

The next important issue is how to develop energy
sources. The difficulties of supply appear to lie

primarily in oil and gas, but many of the alternatives
being. prepared are designed to provide electric power.
Nudlear fission, 'nuclear fusion, geothermal energy,
much coal combustion, most large-scale solar con-
Cents, and othersall are either exclusively or mainly
for electricity. Synthetic liquid fuels from coal or
biomass' could amount to only a small fraction of
present °l and gas use (about

and
quads per. year)*, in

any event for several decades and possibly also in the
indefinite future. The same can probably be said of
synthetic fuels derived from domestic oil shale, even
though the emerging in situ extraction processes may
reduce the water consumption and general environ-
mental damage that have' hitherto been serious deter-
rents to exploiting this huge resource.4 Biomass from
municipal, agricultural, and forest wastes could pro-
vide at most about 10 percent of present use of oil and
gas, and even then only after the year 2000.5 So-called
energy farms could supply a good deal more in
principle, but at the cost of undue competition with
food' production and ecological risks typical of any
monocultured crop-2-

The prospects for producing coal-based synthetic
fuels are limited also. For example, water supply may
perhaps be a major limitation in the production of
synthetic fuels from coal, and possibly oil shale. A
very pessimistic view is presented by Harte and El-
Gasseir, who assert that freshwater supplies will limit
production of synthetic fuels from coal in the United
States to about eight quads per years Critics of this
work feel, that insufficient account was taken of the
potential for more efficient water use, including
recycling, for interbasin transport, and for tapping
new sources such as brackish, underground water. All
would agree, however, that water availability and
competition from other water uses will impose severe
restrictions on the siting of plants, and will require
major technological developments in efficient water
use and large water-related investments.

There are further problems in using fossil fuels;
especially coal, some complicated by considerations
truly global in scope. (We will see that nuclear power
too has its problems.) The most urgent of concerns in

The term "quad" is short for "quadrillion Btu's." It is used
throughout this chapter as a means of putting different energy
'sources on an equivalent basis. One quad is equivalent to about 186
million barrels of oil, a trillion aline feet of gas, or 40-50 million
tons of coal (depending on type).

burning fossil fuels is the continuing buildup of carbon
dioxide in the atmosphere, apparently due in large
part to fossil-fuel combustion, as well as widespread
deforestation, especially in the tropics. A likely result
of such a buildup, if it continues, is an overall
warming of the earth's atmosphere, which holds the
potential for shift.4 iii, global wind currents, rainfall
patterns.and temperature distributions. The outcome
of such climatic shifts are pOorly understood; world
agriculture, whose capacity is even now strained, in
many ways, could be severely disrupted. This possibili-
ty is being seriously studied, and a-continued, coordi-
nated effort at understanding this effect is a necessity.

The increasing demands of developing nations for
their share of dwindling oil and natural gas supplies
further emphasize the need for this nation to move
away from reliance on fossil fuels. The current world
oil supply and price situation already forces some
nations to choose between slower economic progress
and rapidly growing indebtedness.

The, United States uses 55 quads of petroleum and
natural gas annually. This seems considerably in
excess of what is producible from politically secure
reserves or from coal-derived synthetics. over the long
term. Faced with this apparent imbalance between the
need for and the supply of liquid and gaseous fuels, we
can either try to shift technological development more '

toward' synthetic liquids and gas (mainly from coal
with much better technology), or to restructure the
technological basis of the civilization to reduce perma-
nently the current heavy dependence on such chemical
fuels. In practice, both these approaches will be
necessary, but the balance of emphasis between them
is complicated, important, anckill-understood.

Summing up, the central issues in U.S. energy
policy are conserving, preparing for long-term shifts in
energy sources, anticipat ng .a possibly more electric
future, and planning to phase out fossil fuels. These
are all difficult, and ,opinions differ on the extent to
which each is needed or feasible. HOwever, they
remain the key issues, and policy as yet displays no
very coherent or comprehensive, view of their relative
importance.

Oil and Gas

Recent estimates of total =gaining recoverable re-
sources* of petroleum available in the United States at
a cost not higher than about P.:ice the present world

The quantities of resources are defined in terms of reserves and
resources. In general, reserves are the amounts that can be extracted
economically (that is, with current technology and at prevailing
prices). Resources represent the total amounts known or estimated
to be in place, without regard to the feasibility of extracting them.



pricethat is, about $30 per barre17are estimated at
100-125 billion barrels. Present total domestic use is
about 7 billion barrels per year, of which nearly half is
imported. Although oil will not abruptly stop flowing,
one may think in a general 'way of the recoverable
resources as representing a little more than 15 years'
supply, or 32 years' at the present import rate. But
these figures are only approximate, because of uncer-
tainty about both resources and projected consump-
tion.

Oil obtained by secondary recoverysuch as water
or gas injectionhave been already figured into these
estimates; but in general tertiary recovery schemes
such as file- flooding or use of detergents to release the
oil from its rock matrixhave not, because both the
cost of these methods and the outlook for substantial
addition:; to reserves from them remain very uncer-
tain.

Domestic oil-shale resources are estimated to con-
tain, 3,660 quads of recoverable oil (the equivalent of
about 680 billion barrels); this is several times the size
of the domestic oil and gas reserves combined. A
technology for exploiting the resource does exist, and
in principle production could begin almost immediate-
ly. But there are serious .difficulties. Virtually the
entire resource is concentrated in a small, arid, and
ecologically fragile area on the western slope of. the
Rocky Mountains, and the problem of water supply,
spent shale disposal, and air and water pollution are
formidable. Also, the ,raw shale oil would need
substantial refining even for use in large boilers and
utility stations; among other things, it contains large
concentrations of arsenic, for which the removal and
disposal technology is not yet available. One should
not count on large contributions from this source for
many years, 'though, a small pilot program might not ,
be out of place.,

Tar sands represent a possible major resource 'to
Canada and Venezuela, but domestic deposits are of
much poorer quality and are unlikely to figure
strongly in the U.S. energy economy.

A., principal difficulty With all these unconventional
sources of oil (and also those of gas) is that they are
very capital-intensive and expensive,to produce; it is
therefore unlikely that they could more than partially
offset `the decline in production from conventional
sources.

The total world resource of oil is figured by Moody
and Geiger and others as about 2,000 billion barrels,
about 50-60 years' supply, depending on both patterns
of use by industrial countries and growth rates of
developing countries.8 The present high and prospec-
tively higher oil prices have damaged many plans of
developing nations,. and have led to undesirable
increases in the use of local noncommercial energy
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sourcesmore deforestation of India and Nepal, for
example. The .2,000-billion-barrel estimate presumes
that a number of large oil fields will be discovered,
such as in Mexico. _

The United States' ultimately recoverable resources
of natural gas have been variously estimated at 500
trillion cubic feet, and maybe much more, depending
cn whether large amounts of methane can be extracted_
from the geopressured brines of .the Gulf Coast at
reasonable prices, perhips $5 per thousand cubic feet
or less. Prudence advises against counting on much
from those brines. Present annual domestic use of
natural gas being about 20 trillion cubic feet, we See a
resource time of some 25 years. The prospects for
importing large amounts of natural gas ate problemat-
ical, because liquefying and shipping' the gas is
expensive and hazardous. A possible exception is the
prospect of importing large quantities from Mexico by
pipeline. Thus finding more gas, making substitute
gas, and reducing consumption must all receive urgent
attention.

These findings, agreed to by most analyses, coupled
with the material in earlier sections of this chapter,
pose a series of policy difficulties, most of which will
be compounded when we consider coal a little later.
As an. example of such difficulties, note that with a
prospective U.S. resource base for oil and gas of 15-30
years but shorter economic time perspectives, short-
term optimization urges expansion of domestic pro-
duction capacity as rapidly as prudently possible. But
that- decision perversely tends both to expand, or at
least maintain, petroleum- and gas-dependent technol-
ogies and to exacerbate the global environmental
problems of fossil-fuel use. Also, petroleum- and gas-
dependent technologies will be all the harder to
readjust later on even shorter time scales.

What seems missing, or at least insufficiently
"considered, is a strategy or series of possible strategies
not only to reduce dependence on imported petroleum
via short- and medium-term domestic expansion, but
also to greatly reduce total dependence on gas ancroil
over approximately the next 25 years. Recent delays in
gaining public acceptance of even much more modest
adjustments to national energy policy suggests such
strategies will be hard to implement and will,reqpire a
better public understanding.

Regarding domestic policies to siimulate petroleum
rconservation in the short term and domestic explora-

tion for the medium-term transition, fuel taxes have
been suggested as effective instruments and require
serious study. The long-term objectives of U.S. policy
for oil and gas should be to have prices more nearly
reflect the replacement cost of supplies. The actual
U.S. technology for petroleum and gas exploration
and development is in private haals and unexcelled.
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Coal

Altbnugh coal has many unattractive features, it is the
only 11, 'e, assured fossil energy source available to the
United :states that can' in principle be exploited fairly
quickly...

The coal reserve base in the United States, perhaps
500 billion tons (4,000-5,000 quads), exceeds the
petroleum and gas reserves. The total coal resource is
several times larger than this. Nevertheless, coal does
not appear as attractive for the long term as these
numbers might indicate. In the first place, an energy
growth rate of 2 percent per year (compared to the
actual 2.5 percent growth between ,1920 and 1972)
would exhaust the reserves in One century, assuming
that coal -must account for almost all the increase. In
the second place, the potential climatic impacts of
global carbon dioxide emissions from fossil fuels and
other sources could dictate a much earlier transition
from so much use of fossil fuels; this will be discussed
later. In the third place, coal has problems of its own.

The supply situation is not straightforward. The
price of coal may tend to rise, for example, to keep just
under the oil price by whatever are the incremental
costs of transportation, pollution control, and so on.
Labor costs in a rapidly ,expanding coal industry
would be an especially important source of upward
pressure on prices. Indeed, the unavailability of labor
at almost any price could place a ceiling on the rate at
which coal can be mined. The Tennessee Valley
Authority recently.contracted for eastern Appalachian
coal that conforms to sulfur emission and other
standards at $50 per ton, far above the typical steam-
coal price of $20$30.

Besides large problems of environmental damage on
local, regional, and global scales, coal presents a host
of lesser ones. Here are some:

Legislative decisions requiring -that sulfur oxides
be scrubbed from the stack gases from all new large
coal- burning plants (irrespective of the coal's initial
sulfur content), ;which effectively keeps low-sulfur
western coal out'-of eastern markets.

The enormous need for upgrading railway tracks
and roadbeds, if most coal is to continue being carried
by rail.

The problem of polluted-water disposal at the
output ends of proposed coal slurry pipelines, if they
become a dominant mode of coal transport.

Research, development, and demonstration related
to coal suffered until the early 1970's from near-
starvation; the Office of Coal Research,, for example,
was ftinded at only about $10 million annually
through the 1960's. Nuclear options, at the same time,

were funded generously. The results now appear in
urgent demands for new coal technology on a too-
short tithe scale.

Fluidized Beds Taking the pragniatic view that, coal
use must be increased for several decades despite a
poor long-term outlook, .ve should attempt to use the
best technology likely to be available. One promising
approach is .fluidized bed combustion, in which a' bed
of ash plus continuously fed pulverized coal is kept
levitated by streams of air blown from below. The coal.
-burns at a relatively low temperature in the bed, thus
minimizing the formation of nitrogen oxides. Further-
more, sulfur dioxide absorbers such as crushed lime-
stone can be added to the bed, and most of the sulfur
is removed with the dry ash. Some remaining prob-,
lems are:

The carry-over of particulates and hydrocarbon
into the hot gas stream is still not well enough known.

The erosion and corrosion of steam-raising pipes
that pass through the bed,t- giving very good heat
transfer from the bed to the steam, may require the
use of special steels.

Compared with typical problems faced by the
nuclear power industry, these seem simple. The main
impediments to resolving 'them are a legacy of very
conservative attitudes in the coal-equipment industry
and coal-burning utilities.

The other main desulfurization scheme, and the one .
most used now, is scrubbing the exhaust gases; this,
unlike fluidized bed combustion, does not remove
nitrogen oxides or some other pollutants. The use of
regenerable scrubbing chemicals, as in the so-called

-double-alkali system, may be the best approach; it
tends to minimize the large amount of polluted
limestone slurry that comes from the once-through
systemi now used.9

Coal Conversion

The art of making clean synthetic fuels from coal
progresses, but slowly. Fuels of this kind are 'envi-
sioned both as substitutes for both petroleum and
natural gas in applications that require liquids or gases
and as cleaner burning substitutes for coal. They are
not expected to contribute "yery substantially before
the 1990's, and apparently will never be able to replace
much more than half of even our current imports of
oil and gas, largely because of the perceived limita-
tions of water supply. Furthermore, there is some'
question about the net benefits to pollution abatement
in using such fuels to generate electricity; this might
only shift certain environmental impacts from the



power plant to the synthetic fuel plant. As supple-
ments to the supply of oil and gas, however, they may
be important.

Synthetic Gas The main step in converting, coal to
gas efficiently consists of adding hydrogen to the coal.
This is usually done by partial combustion in the
'presence of a hydrogen-rich material (usually water).
The result is dissociation of the complex molecules in
coal into simpler and lighter substances consisting
mainly or solely. 'of carbon and hydrogen, plus a
variety of residues. In simple 'gasification processes
coal reacts in air .with steam to produce carbon
monoxide and hydrogen, with heat for the process
provided by burning of some of the coal. This
produces so-called synthesis. gas, which has a heat
content about 10-15 percent of that of natural gas.
This low-Btu gas is suitable for onsite use, but_because
of its low heat content is not economical to transport
very far. If oxygen and hydrogen are used in the
gasification process; a somewhat higher-quality gas
can be produced, having about 30-35 percent of
natural gas' heat content; such intermediate-Btu gas
must also be used onsite, but may have advantages
over low-Btu gas in some applications. Finally, syn-
thetic gas, fully equivalent to natural gas and therefore
useful in existing pipelines, can be manufactured by
adjusting the hydrogen-to-carbon monoxide ratio of
the raw gas to about 3 : 1 and passing the mixture over
a catalyst at high temperature to yield almost pure
methane.

Promising early technological developments in us-
ing .gis from coal, ranking almost equally with
fluidizea bed combustors in timing and importance,
are some combined-cycle systems using low-Btu gas
from coal prepared and burned onsite to generate
electricity. Technologies for producing low-Btu gas
have been in hand for many years; present environ-
mental and economic conditions require some techno-
logical improvements deemed quite feasible. Cost
estimates are high, running to $3-$4 per million Btu,
corresponding to $17-$23 per barrel of oil; but other
gaseous fuels may be in such critical supply as to be
disallowed for electricity generation in the late 1980's.
The overall thermal efficiency of a combined-cycle
system can exceed 50 percent from input gas to
electricity, and 40 percent or more on the basis of raw
coal. These efficiencies are satisfactory for a clean

0 .system.

Synthetic Liquid Fuels Many coal liquefaction ap-
proaches have been evaluated. The three that are
favored at presentGulf's Solvent Refined Coal' II
(sRc-H),' Hydrocarbon Research's H-Coal, and the
Exxon Donor Solvent (EDs) processare hydrogena-
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tion processes that yield about 2.5-3.0 barrels of liquid
per :ton of coal. They all use approxirhately the same
process conditions and enjoy roughly equivalent tech- _
nical status. The SRC-II process is most advanced in
terms of scale, with a Department of Energy-spon-
sored facility in Tacoma, Washington, operating at
about 30 tons of coal per day and a 6,000-ton-per-day
plant planned for operation in 1985. Plants of 'similar
or larger size have been proposed for the other two
processes.

.If it were deemed necessary to begin deploying a
liquefaction industry today, the best available technol-
ogy would be the Fischer-Tropsch process, used in
Germany during the Second World War and still in
use in the Union of SOUth Africa. This is a two-stage
process; low -Btu synthesis gas is produced from coal,
and then- converted to a, variety of liquid fuels.
Compared to the more advanced systems under
development, the process is low in efficiency and high
in cost.

Present projections are for synthetic oil prices to be
$20425, per barrel of fluid that contains many more
biologically active (and therefore possibly toxic or
environmentally hazardous) species, such as anthra-
cenes and phenols, than does natural crude oil. This
material can be chemically refined to open up the
molecules into long chains similar to those in natural
petroleum. But the cost will be higher, the yield lower
because hydrogen must be added, and the plant
necessarily more leak-tight than is the custom in
present oil refineries. In addition, the chemical and
physical stability of these fuels against forming tars
and gums during storage is a continuing problem,
since they can polymerize more readily.

In summary, while coal is almost sure to be used, it
remains in a difficult technological condition, with
very substantial environmental, technological, and
social questions outstanding.

Nuclear Fission

Nuclear fission power can be viewed as both a mid-
term and a long-term- energy alternative. It is mid-
term because it is available now in appreciable
amounts, but this energy option will last only until
sometime in the next century, given Oresept.technolo-
ky using naturally fissionable uranium. IC'ean also be

0 long-term, because with breeder reactors the uranium
(or thorium) resource would suffice for millions of
years. Here we discuss fission as a mid-term optiap,
chiefly,to compare it with coal. The long-term aspects
are discuSsed later in this essay.

Nuclear power in' the United States faces an
uncertain future. Fostered and promoted by the
government for three decades, the industri and the

1 6
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technology have lately suffered a number of setbacks.
These are reflected in the last five years' precipitous
decline in utility orders for reactors, from 34 in 1973
to only 2 in 1978, and there are no signs of

,improvement in this situation. Thus, although most
projections suggest that life in the next few decades
would be very difficult without nuclear fission, even if
the correspondingly increased fossil-fuel use proves
ac, ,,ptable, nuclear power may be barred from -COn-

triouting significantly.
The reasons for the industry's pessimistic outlook

are complicated. In general; utilities are inhibited from
ordering reactors by several considerations. First by a
wide margin is uncertainty about the future regulatory
and political environment of nuclear power. The
technology has lately become subject to public criti-
cism on a number of grounds; organized antinuclear
activist groups have demanded and received easier
access to ,participation in the licensing and siting
processes, and the Consequent delays for litigation
have raised the risks of financial losses and capacity
shortfalls. In addition, some states and localities have
placed legislative limitssome amounting to virtual
bansOn various nuclear power activities. At the
moment, this kind of opposition centers around the
question of reactor safetyespecially; as this report is
written, in the aftermath of the Three-Mile Island
reactor accident near Harrisburg, Pennsylvania,
March 28, 1979and waste disposal; opposition often
also centers around nuclear fission's high technology
per se and its supposed social attributes. The overall
result is a lack of a reasonably sure and uniform siting
and licensing, policy for nuclear plants and related
facilities, and periodic requirements for retrofitted
safety devices on existing reactors. The utility industry
is as averse to this institutional uncertainty as it is to
technical unreliability; thus the present de facto
moratorium on new nuclear plant orders in the United
States.

Also, the breeder reactor development program, on
which utilities have counted as a follow-on technology
and as a source of plutonium for fue when the
nation's limited uranium resources are depleted, has
been delayed. Recycling of spent reactor fuel has also
been deferred. Both actions were taken in part because
of the Administration's concern about weapons prolif-
eration.

Another factor sometimes mentioned as a vital
consideration is the fact that projections of electricity
demand are significantly lower now than they were
five or ten years ago. aowever, the rate of new orders
is at present inadequate to satisfy even these lower
projections.

Underlying the industry's troubles are
. serious social concerns. As a technology for producing

electricity, nuclear fission is at East as reliable and

economical as coal, its closest counterpart in the
production of baseload power.16 But concern with its
safety is petsistent, and the issues of waste disposal,
reactor safety, and weapons proliferation must be
convincingly and publicly addressed if the technology
is to have a productive future.17 I

Waste Disposal No feature of nuclear power contrib-
utes more uncertainty to its future than the problem of
permanent disposal of nuclear wastes. While many
promising technical options exist for geological stor-
age of solidified wastes or spent fuel, the federal
government until very recently has neglected their
demonstration in a systems engineering seise. As in
the case of catastrophic reactor accidents with many
casualties, the possible scenarios of what could go
wrong are hypothetical and speculative. The hazards
cannot be tested by experience, and we are forced to
rely on rather theoretical calculations, with only some
of the individual steps in a ,long sequence testable by
experiment.. There is.'always room for the criticism
that the theory may have overlooked something. In
the 'case of reactor safety the accumulation of operat-
ing experience free of accidents with severe public
consequences could eventually justify theoretical opti-
mism. In the case of waste disposal, however, there is
no; wholly experiential way of validating the calcula-
tions, because the safe storage period extends over
many generations. The main mitigating featurz on the
other side is that the consequences of a storage
malfunction are much less severe, even under extreme
assumptions, than the consequences of reactor acci-
dents, hydroelectric dam failures, or breakdowns in
many other present and proposed industrial waste
systems.

Reactor Safety The hazards of accidents with nucle-
ar power reactors are also important sources of public
concern. The most severe accidents conceivablefor
example, a loss of coolaneresulting in a core.meltdown
followed by a breach of the reactor's containment
could be catastrophic indeed, with possibly thousands
of deaths and property damage measured in billions-of
dollars, assuming the most unfavorable possible condi-
tibnss of weather and population.density. The calculat-
ed chances of such a catastrophic accident are
exceedingly smallof the orderof one in a billion per
reactor-year. This assessment of the risk, however, is,
based not on actual experience, but on calculated
probabilities of hypothetical events involving human
fallibility. The uncertainties in such calculations are
very large, and although the overall actuarial risk is
almost certainly small compared to that of almost any
other energy technology, 'the uncertainties surround-
ing the probabilities of the largest accidents is a serious
deterrent to public confidence. The reality of these



. uncertainties and of the depth of public concern was
illustrated in the Three-Mile incident, mentioned

. earlier. To be sure, a sequence of events rather similar
to what actually happened has been studied, but not
for that specific make of reactor, and not accounting
for some of the human errors that compounded it
nor for the later human ingenuity that limited it. This
uncertainty should be reduced rapidly in the next five

\years, as analysis of operating experience continues
and the theoretical 'study of accidents is refined.

The question of civilian nuclear power's connection
with the spread of nuclear weapons is equally difficult.
This is not really an issue affecting light water reactors
since they now use a once-through fuel cycle. Repro-'

-cessing of spent fuel for its fissile content, however,
would, with the processes now available, separate
plutonium for a short time in a form suitable for
weapons manufacture. Some fear that a nation might
be tempted to use such material in a clandestine effort
to acquire nuclear weapons, or that a determined and
well-organized terrorist group might be able to steal
such, material for its own- purposes. Since the breeder,
and thus the long-term prospects Of nuclear fission,
depend on , fuel reprocessing, the resolution of this
question. will strongly determine the technology's
future. Reprocessing facilities naturally must be ex-
tremely secure to minimize this risk. But, overstating
the risk is unproductive; nuclear power systems are-
clumsy and not very private ways to"acquire nuclear
weapons, and it is not clear how this particular-
problem contributes to "the large and complex issue of
international security. It is important to recognize, for

'example, that civilian nuclear power, as an economical/
source of energy, may in contributing to economic'
development actually lessen international tensions. /

The public debate about nuclear pdwer, and the
concomitant irresolution of goals and policies; may
continue until we settle the question of whether
enough coal can or should be mined to produce most
baseload electric. power. Much more definite answers-
should be available by 1985, but by that time the
nuclear supply industry is likely to have attenuated
drastically. Recovering it could then be very costly.

Nuclear power'must be considered in the context of
the other national and international energy. concerns.
It is a source of relatively cheap and environmentally
clealQ enegy, qualities hard to find in other available
energy sources.

SOME OUTSTANDING ENVIRONMENTAL
AND HEALTH EFFECTS

As suggested earlier, the industrial, and resource
problems of energy supply, while a cause for concern, .
do not fully express the difficulties this nation will face
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in providing energy over the next few decades. Energy
production and use in the past have he unforeseen
impacts on the human environment. Many of these
remain poorly understood in detail, but some grosser
cases of energy-related ecological damage, public
health problems, antf of a range of impacts on
agriculture and industry are recognized; and regulato-
ry remedies have been imposed in the forms of
emission standards, mine reclamation requirements,
and the like.

It is not yet possible to rank the various available
energy sources precisely according to the /relative
severity of their impacts, and it may not be especially
desirable to do so. Different energy supplies are used
in different ways to meet.different needs, so that their
relative benefitswhich must be set against their
impactsare not strictly comparable. However, there
are grave reasons for special concern about the
impacts of certain energy sources, given current

'energy projections. Especially important are the haz-
ards of fossil-fuel combustion.' Local and regional
hazards, for example, arise from emissions of nitrogen
and sulfur oxides and particulates into the air. By far
the most worrisome global hazard is the prospective
buildup of CO2in the atmosphere, in part as a result'
of fossil-fuel combustion. ,

Coal is by far the most destructive fuel in ecological
and public health terms, and the likelihood of large
increases in its use presents some unpleasant. pros-
pects; we know that even now we pay a rather
substantial environmental price for its use, including
some air - pollution related deaths and crop damage. /
We pay a large price ,also in deaths and injuries of /
miners, in water pollution from mine drainage, and in
disruption of mined, land and underground hydrologi-

.cal structures. All of these problems have been dealt
with, with various degrees of success, by regulation;
the cost and the difficulty of\this regulation will groW
along with the role of coal in the national economy.

The CO2 problem is so important as to require
special mention. This is an unavoidable consequence
of fossil fuel use, and there is no realistic means or
control other than ")..e.limiting the use Of these fuels.
Again, coal is the worst, offender per unit of energy,
though oil and natural gas, with about 80 and 50
percent, respectively, of .coal's CO2 emissions, also
make important contributions.

Atmospheric CO2 helps to regulate the temperature
profile of the earth's atmosphere and surface. This
happens because, although the atmosphere is transpar-
ent to the wavelengths of incoming solar radiation, the
CO2-and water vapor in the atmosphere absorb the
longwave infrared radiation (heat) reradiated from the
earth's surface. They thus trap heat and raise surface
temperatures; this is usually referred to as the green-
house effect. Woodwell calculates that today burning
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fossil fuels and oxidizing biomass, mainly by destroy-
ing tropical forests and the associated humus, 'each
contributes approximately comparable amounts to the
global atmospheric CO2 increase. The amount will
double within two generations, if present trends
continue; the result 'could bs ,a signiflcant cliniatic
readjustment, perhaps a general warming of a few
degrees Celsius, with several_ times as much near the

-

'Government energy planning throughout the world
virtually ignores this problem. But it presses now,
because the fundamental changes that would consti-
tute a remedy wouldtalce along time. For example,'
global agriculture, by complicated geographiC, social,
and institutional arrangements, matches crops to
particular areas. Experience coupled with simple
analyses shows that total production decreases . in
timesof changing climate, because rieither the pattern
of land use nor the fertility cawchange rapidly enough
to accommodate, The system has inertia. If rainfall
,shifted from Iowa to Arizona, for example, the corn'

. would not; it would strip growing in Iowa, but it
would take many decades at least for suitable soil to.
develop in Arizona.

If these projections are valid, hard choices lie ahead,
such as substantially reducing the combustion of fossil
fuels worldwide, in the face of growing demand for
them, especially by developing .countries. The options
of solar power (probably without using biomass, so as
to maintain photosynthetic carbOn uptake at the
highest practicable level), energy conservation (espe-
cially in industrialized countries), and nuclear power
thus take on special significance. But the first and most
difficult task may be to make people all over the world
aware. of the problem. No very effective institutional
mechanisms appear available to deal with such glc bal
matters.

Most air-quality degadation arises from conversion
or combustion of fossil fuels, but we know little about
the consequences. The effects are most apparent in and
near cities, where .much energy is used in relatively
little space. Thus, patterns of energy use profoundly"
affect urban living; one uncertain consequence is that

o. of urban air quality' degradation on health.'2Tvidence
abounds that persons with pulmonary and cardiac
dysfunctions suffer notably, -and die more readily,
wben the air is bad. But it is difficult to quantify the
role of air pollution in 'deaths among thig population.

One should also consider why people got sick in the
first place. That is a very difficult question, involving
economic. status, social and dietary habits, and many
other things. The combination of epidemiological,
clinical, and basic. etiological studies has_so far been
insufficient to provide very good answers. Compared
with studies of the health hazards connected with

nuclear power, the health hazards' related tofossik-fliel ,

use are very poorly known.. , -

The emissions from fossil-fuel burning include
sulfur and nitrogen oxides, among other 'th`ings, mid
these interact with moisture and -other atmospheric
constituents and contaminants to yield smog and acid
rain. Thus, these emissions are increasingly! strictly ,,
controlled as the years pass. But the bases for setting
air-quality standards are themselves inadequate and .

even , the list of controlled effluenti has not.1e
omissions. It is worth noting that, becauseof
fuel emissions of sulfur and nitrogen oxides, in about.
one-sixth of the Unitfd Statesdekned approximately
by a western bOundary just west of thd Mississippi
River and a southern boundary at the latitude of
northern Alabamathe rainfall is distinctly acid, with
a pH 5.0 or Less, and that, in.a region about one-tenth
that size in the northeastern United St s, the acidity ;
is severely high, a pH ab9ut 4.0 or les ese regions
are considerably larger than they w-lie 20 years ago..
The consequent damage to forests and sports fishing in
northeastern lakes has been estimated, probably con-
servatively, at $100 million annually, and corrosion of
the surfaces of buildings and other structures at
between $100 million and $500 million per year.'3
These are high. costs to pay and expensive phenomena
not to understand.

Yet another general environmental difficulty, relat-
ed especially to energy, is the question of water supply.
The topic has been often mentioned, but its gravity is
not well appreciated. This matter was discussed earlier
in this essay.

LONG-TERM ENERGY OPTIONS

Long-term prospects for using large amounts of oil
and gas are not bright. We have, seen that the supplies
of petroleum and natural gas are .limited, both
nationally, and globally, especially .at costs arrythIng
like present ones. We have also seen that the prospects
for making large amounts of such fuels from coal, oil,.
shale; or biomass are not good. Finally, the CO2-
driven clitnatic problem appears to depepd on the
long-term rate of using all fossil fuels. (or 'destroying
biomass without replenishment), irrespeCtive of other
considerations.

Thus we' turn to inquire.what energy options are
available in the long ten'noptions. upon which it is
possible at least in principle to construct civilizations
sustainable for the long term. Only two major classes'
of options exist: solar pbwer in its various forms, and
nuclear power, both fission and fusion. These can be,
and are now, augfnented in some places byirelatively
modest amounts of geothermal power, but the normal-
ly small heat flow from inside the earth makes solar

0
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power much more promising, except for some special

%cations. Tidal power,ls very limited; a dam built one
kilometer offshore around the entire United States
would, witH 100-percent-efficient low-head turbines,
hardly generate enough electric power to meet present
demand in Masiachusetts, and would do so at
environmeptal and capital costs likely to cafise much
complain* in other 'states. Much more power is
available f om waves, thoUgh, and the possibility of
extractin it is being seriously studied in the United
Kingdom, where suitable conditions exista small
land area with concentrated population and industry,
surrounded by stormy, shallow, seas.

The long time it will take to develop and install'
solar or advanced nuclear power technologies, compa.:
sable to the time.in which the.classic fossil fuels must
probably be .phased out, provide a sense of urgency. A
lively debate exists about whether the relative research
and development priorities for the prospective long-
term energy sources reflect proper social purposes. In
this area, as in many other parts of the energy scene,
we find people advocating options.on social as much
as .on technical grounds. As we have seen, however,
the larger danger may lie in hay.ing to few rather than
too many good energy options.

In what follows, it is important to note that manyof
the most promising long-term options produce elec-
tricity as their most natural product. This fact bears
strongly on the small-verSus-large, diffuse-versus-con-
centrated debates now fashionable. All the nuclear
systems are 'large; and while many of the solar
technblogies Can be modular and small, the questions
of interconnections and of backup energy gources
bring us back to the necessity of accepting subStantial
Centralization. In all but the most primitivistic\ views
of future society we must accept substantial centraliza-
tion_ of energy supply and delivery. Electric utility
systems, for example, will 'remain with us.

Nuclear Fusion

Too understand the development of controlled fusion,
.the hugeness of the task and the attitudes of those

i

associated with the effort have to be appreciated.
Perhaps it is merciful that the scientific difficulties now
actually being solved were not recognized from the
start. But now it seems quite clear that an acceptable
fusion plasmaa gas of deuterium and tritium ions 10
times hotter than the core of the suncan be
roduced apd confined in a vacuum by strong magnet-

lc elds, can be kept from touching any physical
surface, and can be confined long enough -for an
interestingly large fraction of it to reactproducing
mainly helium, neutrons, and energy. Thus, in' a
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scientific sense, controlled fusion appears possible. It
has taken about 25 years and, several, billion 'dollars of
effort in several ,countries, virtually without interna-
tional hindrance of any kind..,

Fusion Reactors But the most expensive and difficult
partsthe technology and the practical engineering of
a working reactor producing power--are still to come:
huge superconducting magnets, vacuum wall materi-
als exceptionally resistant to radiation damage, and so
forth.

The basic technological feasibility of controlled
fusion will probably not become really clear for at
least another decade, and the engineering and econom-
ic feasibility even later. Fusion will come, if at all, later
than breeder reactors and advanced solar power
systems, both of which may be called for by about the
end of this century. Still, fusion's most pressing
uncertainties may be resolved by then, so it remains a
contender for the long term.

Fusion reactors will probably come ir, large sizes,
perhaps 1,000 megawatts electric, or about the size of
large modern coal and nuclear power plants. Their
high technology suggests that cost will also be high by
today's standards. However; the scarcity of accept- .

able, wellLdeveloped long-term energy options gives
the word "high" considerable flexibility.

A

Fusion Hazards Controlled fusion' produces radioac-
tive materials and other hazards. But the wastes
consist not of highly radioactive fission products, but
of tritium and of the activated reactor ,itself. All:these
hazards, taken together, seem much less than thOse of
fission. J'hus in an environmental and social sense,
fusion would be intermediate between. solar and
'nuclear energy.

The connection between controlled fusion} power
and nuclear weapons is much less relevant than in the .

case of fission. To, besure, a flood of neutrons emerges
from any fusion reactor, 'and these could be used to
produce plutonium for weapons, by surrounding the
reactor with 'a uranium blanket. However, any nation
that has mastered the sophisticated and expensive
practical technology of fusion will have available
many i easier routes to fission (and fusion) weapons.

Alternatives At present, the most favored
configuration, to confine the plasma is the tokamak,
doughnutlike structure with very complicated external
electric windings, conceived and first developed in the
Soviet Union. More is known about this confinement
system than about any other type, but it is still unclear
whether a practical fusion reactor will be a tokamak or
some other device yet to be developed. It would be
best to develop other and possibly simpler toroidal

1 4
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confinement schemes, at least to the stage of determin-,
ing their real feasibility vis-a-vis tekamaks.

Several nontoroidal experimental plasma con-
finement schemes have been propos ul as prime
candidates. The so-called magnetic mirror schemer
suffer from particle losses at the ends, giving poor
energy efficiency. The inertial confii.ement schemes,
using either high-powered pulsed lasers or ion beams,
must be severely pulsed through many millions of
cycles, which introduces the difficulty of early fatigue
of structural materials, mainly because of thermal.
stress.

Fusion has been developed to the point at which it
requires large and expensive experiments; while un-
necessary duplication of effort should be avoided, such
experiments will mean expenditures at current and
higher levels. As with the other major options, there is
no cheap way out.

The effectiveness of R&D in this _field has been
fostered by almost completely open international
research, and at present all parties are eager to
cooperate More closely. An internationally planned
and coordinated program would ovoid ek.istly duplica-
tion, speed the dissemination of results, and provide a
basis for true collaboration on very large and very
expensive engineering trials. Such an international
activity is now under way (as of March 1979), chiefly
under the aegis of the International Atomic Energy

Agency.

Solar Energy

Solar radiation is a diffuse source of energy and large
amounts of materials are needed for collectors, storage
devices, and so on. To build equipment that can
capture and convert solar energy to useful forms
requires capital investments embok'sying nonrenewable
resources that are far from free, even though sunlight,
itself is free. In a similar sense, the uranium to fuel
breeder reactors is practically free, because the fuel
costs are insignificant compared to the capital costs
and the resources that the reactors represent. The real
attractiveness of solar power, besides its ubiquity, is
the relative ease with which it can be transformed for
a number of uses. However, this attraction has often
been oversold by various high-technology schemes. A
more realistic view is imperative.

Solar power, by convention, includes not only direct
conversion of sunlight into useful forms but also
hydroelectric power, winds, and biomass (organic
matter). Discussion of this L.Lernative thus tends to be
extensive, since applications are diverse, and options
therefore are hard to compare.

Low Technology The most .immediately promising

solar application is the production of low- and

intermediate- temperature heat, from about 70°C for
domestic hot water to about 200°C for a variety of
conunercial;agricultural, and industrial purposes. The
simplest systems use flat-plate collectors like those on
the increasingly familiar rooftop water hecters.lMore
advanced ones use it aTors or simple lenses to concen-
trate the solar heat :.ad provide higher temperatures.
Most require little or no further science or advanced
engineering; they will succeed if their design and
construction are ingenious and simple enough to make
them economically attractive. Their principal competi-
tion now is fossil- fuels, mainly oil and gas. Another
decade of rising oil and gas prices plus improvements
in commercial solar systems should be sufficient for
this technology to develop a strong commercial
position, assuming that the systems' reliability turns
out to be adequate. The federal government has acted
to provide some economic stimuli to these low- and
intermediate-technology items:

High Technology In the past the solar energy pro-
gram, partly through a history of influence by NASA
and other high-technology agencies, concentrated on
tasks with formidable (but interesting) science and
engineering problems. At this extreme, we find ad-
vanced photovoltaic conversion schemes, the power
tower concept (in which a vast array of steerable
mirrors focuses sunlight onto a boiler atop a several-
hundred-meter tower), and ocean thermal electric
conversion systems, which exploit the temperature
difference between the surface,nd th deeps of
tropical ocean water.

One of the most promising-technologies is photovol-
taic electricity generation, which is technically feasible
in a variety of installation sizes ranging from the
individual household to large ceniral station genera-
tors (Figure 20). Photovoltaic generators are techni-
cally feasible today and have in fact been marketed for
specialized applications, such as power sources for
satellites or for electrical equipment in remote loca-
tions, where the high cost is justified. Wider applica-
tions must await cost reductions of roughly an order
of magni ide, depending on what happens to the cost
of other alternatives in the meanwhile. In one scheme,
single crystals of silicon or gallium arsenide would be
produced at much lower cost than today. It may pay
to concentri.:ce the sunlight with simple optical sys-
tems, since this would permit a higher cost per unit,
area for the cells. In many cases the cost of the optical
system and supporting equipment may dominate the
cost of the cells themselves, so that both need equal

mgineering attention.
The other photovoltaic approach aims at the scien-

tific understanding, development, and eventual use of
amorphous, or noncrystalline, photovoltaic materials,
esne:ially as thin films that can be evaporated cheaply
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conventional backup. Larger marfet penetration in
the next century will increasingly depend on the
availability of economical energy storage systems.

The power tower does not look promising. A
planned 10-megawatf pilot plant in ,Barstow, Califor-
nia, will cost $120 million. It will be hard to replicate
much more cheaply, because its costs depend so much
on thoseof concrete, steelwork, Mirrors, and so on
all of which represent well- developed technologies for
which significant cost reductions cannot be expected.'
A 'particularly difficult engineering problem is the
boiler atop the tower; it must withstand large and
rapid thermal fluctuations as clouds pass over the field
of mirrors.

Both the ocean thermal energy conversion scheme
and, eve- , nore, the solar-power satellite scheme are
unlikely energy options; they are very capital-intensive
and full of serious and poorly understood scientific
and technical problems,

Windpo" wer devices occtipy an intermediate status,
neither high technology nor low, and like most other
solar technologies should be regarded as augmenting
conventional power supply. The official line of devel-
opment, which tends toward devices with vanes as
large as the largest airplane wings, may not be the best
approach. Much cheaper and more reliable devices
can serve local areas; solid-state electric circuitry can
match the electric output of any reasonable-size

FIGURE 20 Plastic fresnel lenses (right) focus the sun's rays on windmill to the frequency and voltage of power lines.
silicon solar cells (bright spots on left) to convert sunlight Hydropower is usually imagined as the environmen-recily into electricity. (Sandia Laboratory photo, Departent of
Energy I

onto inexpensive backing material such as mylar film.
This is still in the research stage, because the science.
of noncrystalline materials is generally more difficult
than that of pure crystals. Some success has been
achieved, but experimental conversion .

remain smaller than those of crystalline oltaic
material. Technical progress in both single -c .!al and
polycrystalline or amorphous cell materials has been
.very rapid in the last 5 years, based on the large
backgrc:ind of knowledge derived from materials and
solid-state research over the preceding 15 years. There
is now great optimism about the long-term future of
photovoltaics, but according to a recent study" their
market peneiration is unlikely to exceed 1 percent by
2000. Even if the future economics were much more
firmly established, the problems of creating a large
industry and supporting institumnal structure and
integrating it into the existinr, electric grid would
probably preclude much more rapid market penetra-
tion in the present centtiry.'Earl$, deployment will be
primarily for peaking capacity, and will require

tally and ecologically ideal way to produce electric..
power: But quite apart from the oft-stated risks of dam
failures, the dams themselves chop up river systems
into ecological bits and unnatural parts, with generally
unfavorable consequences too large for the amount of
power actually produced. This may be true also of
low-head or smallcale hydroelectric installations.
Exacerbating the problem of making good judgments
on this matter, a recent Corps of Engineers study of
power available from low-head hydra dams overesti-
mates by a factor of several (perhaps 10) the average
amount available, at leastfor the, New England area.'5

Regarding biomass, probably 5-10 quads of energy
might be producible from farm, forest, and domestic
wastes, much of it at a considerable gain in environ-
mental quality; for example, removing the energy from
urban wastes and animal feedlot Wastes. The concept
of obtaining much more energy from intensive silvicul-
ture, such as growing sycamore trees for five- to eight-
year harvest ("energy farnis") looks unattractive.
First, we find here the typical ecological problems of
monoculture crops. Second, there is the potential for
direct competition with production of food, lumber,
and pulpwood. Third, restructuring the nation's for-
estlands for this purpose would take decades. Cutting
down scrub forests has been suggested; but the energy
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content of all the trees in New England would provide
that region's energy needs for only about three years.

Concluding with the notable exception of heating
and cooling of buildings, note once more how many of
the options naturally produce electricity; this rein-
forces the opinions stated earlier that we seem to be
heading for a much more electric economy.

Many solar energy schemes would benefit from
having associated energy-storage syrstems for when the
sun does not shine, and virtually all require backup
sources of energy for when the storage capacity is
exhausted. There are many ways of providing storage,
and the need for it varies from application to
application and technology to technology. The need
for storage has been remarked upon, especially in
connection with solar power generation. Without
wishing to de-emphasize the importance of energy
storage, we point out that until the solar-derived
fraction of electri: power exceeds. about 10 percent of
the peak demand, an extendedelectric grid could
absorb the fluctuations in solar output by adjusting the
output of its conventional generators. A solar-electric
system can be begun with its eventual storage system
not yet in place. In the long term the best form of
storage in connection with solar energy is the produc-
tion of fluid or gaseous fuels that can serve as
substitutes for hydrocarbons. A wide range of possibil-
ities exists, of which the most -important relates to
producing hydrogen, either by electrolysis of water or
by various photochemical processes. No such process
has advanced to the point at which it can be seriously
considered for engineering development. This is an
important and hitherto neglected area for bisic
research and exploratory development.

Long-Term Nuclear Fission Technology

The 'tight water reactors (LwR) that now provide
almost all of the nation's nuclear generating capacity,
operated as they are without reprocessing and recy-
cling of fuel, are not very fuel-efficient. In fact, one
recent estimate of the nation's uranium resources
suggests that in terms of today's typical 1,000-mega-

watt power plants fuel supplies will limit LWR
capacity to only about 300 plants with relatively
assured lifetime supplies of fuel."' Other estimates are
higher but have less supporting evidence. Fuel supplies
for LWR technology can be considered comparable to
nil supplies. If nuclear fission is to contribute'substan-
tial amounts of electricity at reasonable prices much
beyond the end of this century, more efficient-ways or
using nuclear fuel will be needed.

One way of using uranium ore more efficiently
would be to extradt the directly fissionable isotope
uranium-235 from the onfissionable part more corn-

pletely. New technologiesin particular laser isotope
separation have the potential for doing this, but the
outcome is not yet certain. In addition, redesigning the
LWR reactor cores could improve fuel utilization by
perhaps 25 percent.

In fact, development of the LWR depended almost
from the beginning pn the assumption that spent fuel
would eventually be reprocessed and recycled in

reactors. This alone would raise the usable amount of
the energy potentially available from a given quantity
of fuel from about 0.6 percent to nearly 1 percent, thus
extending somewhat the life of the available uranium.
Howevei, the wisdolii of reprocessing has become a
matter of public controversy.

Breeders Breeder reactors, which can convert urani-
um-238 (the common, nonfissile isotope of uranium)
to fissile plutonium-239 in quantities larger than are
consumed in the reactors, can eventually take advan-
tage of more than 70 perCent of the energy potential of
uranium ore. There are also thermal breeders, which
can convert nonfissile thorium-232 (an element more
plentiful than uranium) to fissile uranium-233, and in
this way use nearly 70 percent of the energy potential-
ly available from the thorium. This ability to free the
energy potential in the so-called fertile isotopes urani-
um-238 and thorium-232 has a tremendous multiply-
ing effect on available nuclear resources. This is much
greater than the approximate factor of 100 implied by
the relative fuel efficiencies just cited, because the use
of breeder reactors greatly reduces the impact of
resource prices on. the cost of electricity. This by
making available ores too low in grade to be usable in
LwR's, multiplies economically useful reserves of fuel
resources.

Until recently, the U.S. breeder development pro-
gram has concentrated on the liquid metal fast breeder
reactor (LMFBR) and its uraniumplutonium fuel
cycle. Other nations with breeder programsnotably
France and the Soviet Unionhave generally done
likewise. Thus, at present, this breeder reactor concept
is much more fully developed worldwide than any
other. 1.1..4FBR's could operate for millions of years on
the known reserves of uranium in the United.,States.
Even the concentrations of uranium in the stored
tailings from today's military and civilian uranium
enrichment plants could support a substantial growth
in LMFBR capacity for upwards of 200 years, virtually

eliminating the environmental and occupational-
health impacts of uranium mining and milling.

Unfortunately, breeder reactors require reprocess-
ing and recycling of fuel to achieve their resondc-
conserving potential and this raises again the hazard
of proliferation or theft of nuclear material usable in

'
weapons. Largely for this reason the currentAdminis-



tration has decided to defer reprocessing and delay the
panned demonstration' ef breeder reactor technology
while it evaluates, oh nonproliferation and other
grounds, a range of alternative breeder fuel cycles and
reactor concepts.

Advanced converters, which prodUce fewer fissile
atoms than they consume but are more efficient in this
respect than LWR'S, could significantly extend nuclear
fuel resources without requiring reprocessing. The
Canadian CANDU heavy water reactor, for example,
with 'alterations in its fuel, could exploit about 1

percent of the energy potentiaily available in its
uranium fuel, compared to 0.6 percent in LWR's,
operating on a once-through fuel cycle. This could be
further extended by improvement:, in isotope separa-
tion. This improvement, however, would not be very
significant in keeping the nuclear option alive unless
the growth in electricity demand levels off rapidly
after the end of this century or uranium resources turn
out to be much larger than now anticipated. Under
any other conditions, it will be necessary to have
advanced reactors and fuel cycles that exploit the
advantages of fuel reprocessing and breeding; time is
already growing short for the development of such
reactors, even if we consider them as insurance against
continued growth in demand for electricity or limited
fuel supplies. Advanced converters could also operate

'on the thorium fuel cycle; although this would require
reprocessing in some form, yielding uranium-233 in
separated form, which like plutonium-239 is a poten-
tial nuclear weapons material.

Despite the likelihood that the LMFBR would be
more useful in the widest range of electricity growth
and uranium availability and should therefore be
developed in any event, we can envisage two possible
roles for advanced converters. First. they might serve
as a hedge against unforeseen difficulties in breeder
development, even if they do offer only partial
protection against electricity demand continuing to
grow at an appreciable rate or uranium resources of
suitable grade turning out to be as limited as they now
appear. Second, and more probable, would be use of
advanced converters as complements to LMFBR'S; for
example, if for proliferation reasons LMFBR'S, along
with cud recycling and refabrication, were restricted
to a small number of secure international sites.
LMFBR'S could then be used to breed uranium-233 fuel
for converter reactors by irradiating thorium blankets.
A given amount of LMFBR capacity could support
many more advanced converters than light water
reactors in this kind or arrangement.

If nuclear power's contribution is to continue much
beyond* the year 2000, one or more of the following
possibilities must be realized by -the century's end:
Major new uranium finds, deployment of advanced
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converters and later of associated thorium fuel cycles,
or development and public acceptance of breeder
reactors and associated -,.eprocessin6 and fabrication
facilities with adequ..te controls on proliferation. The
breeder option, in the form of the LMFBR, must be
maintained so that if needed it can be deployed early
in the twenty- first 'century.

Even though the present nuclear sector is in trouble,
any preparations for the future must recognize that a
substantial industry based on light water reactors is in
place, and it is unlikely to switch to different reactor
systems without credible government assurances and
assistance. Several activities sponsored by the federal
government make good sense:-

Prompt demonstration of an acceptable waste-
treatment method to establish public credibility. Tech-

.

nological options appear to be available; an example is
the Swedish proposal to turn the wastes into ceramic,
to encapsulate them in titanatecopper jackets (to
minimize leaching from water intrusion), and then to
entomb them in stable granite rock, with bentonite
packing filler providing an ion-exchange medium to
trap any leached ionic waste. Other technological
options such as some salt deposits are possible.

Cooperation with Canada in developing an ad-
vanced version of their CANDU reactors, which would
have the ability to deliver about twice as much electric
energy per ton of uranium ore, even without recycling
spent fuela decided advantage at this time of
uncertain uranium resources.

Further development of the high-temperature
gas-cooled reactor preferably in cooperation with the
Federal Republic of Germany; a modest prototype
exists in Colorado. The principal advantage again is
better use of uranium resources. Also, this reactor
may ultimately be used with a closed-cycle gas turbine
and dry cooling, so as not to require large quantities of
cooling water.

Support promising and more proliferation-resis-
tant technologies for reprocessing spent fuel, such as
the Civex process.

Maintain a breeder R&D program. Success with
the second, third, and fourth activities will put off the
time when decisions need be made about deploying
breeder reactors and give more opportunity for the
technology of largc-scale solar power to prove or not
prove itself. But ..ts seen at present, there exists and
will continue to exist a need for breeder development.
While the liquid metal fast breeder reactor is closest to
final development, enough good ideas for alternative
systems exist, some using mainly thorium instead of
uranium, that several lines should be followed, and no
exclusive choice should now be made.
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SOME RESEARCH NEEDS

Research and exploratory development (R&D) are
vital to future energy technology. This account has
already included some specific areasfor example, the
disposal of radioactive wasteswhere attention is
needed. Now we further illustrate some of the R&D
that might be done, with ek,i-nples in large part
derived from material on earli;-!- It is impossible
in the restricted, compass of this essay to say anything
about relative priorities, and no conclusions on such
matters should be drawn from what follows.

Our ,first major topic was time perspectives. We
found them generally to be too short for the timely
emplacement of new energy technologies. This may
also hold for energy R&D;19 demonstrations and
engineering of mid-term technology may be overem-
phasized to the neglect of more fundamental research
that might optimize technology to fit reasonably both
the near and long terms. Both the private and public
sectors have large stakes in this process, and the
balance of activity requires continual study and
readjustment.

THE RELATION BETWEEN ENERGY AND
ECONOMIC GROWTH

Both short- and long-term research issues arise in
conservation,' energy demand,. and economic growth.
In the shor't term, energy and the economy seem to be
closely coupled, but over the long term we found
reason to expect more flexibility. However, the rela-
tions between economic consumption and energy
growth are not well understood. The key assumptions
of current models should be examined so that the
economic feedback of reducing energy demand by
various plausible methods can be more accurately
predicted. Also vital is knowledge of the distributional
effects of energy pricing policies and regulations
intended to reduce demands; changes in such policies
will affect different regions and different\ economic
chsses in different ways, and compensatolry actions
must be considered. These and many other social and
economic aspects of energy conservation offer a broad
scope for basic work in economics and other social
sciences.

ENERGY CONSERVA noN

Conservation is a. fertile field. for innovative research.
Of most immediate interest are measures that could be
taken now and in the near future, at costs quickly paid
back in energy savings. There are undoubtedly many
applications for new and sophisticated control tech-
nologies for optimizing energy use in all sectors.
Industries in the United States, for instance, have

made important gains in energy efficiency in response
to the recent substantial increa:xs in oil prices. In the
building sector, more knowledge and better technolo-
gy would allow the setting of realistic and effective
thermal performance standards; no solid scientific
basis exists at present for predicting the thermal
performance of building subsystems, let alone entire
buildings. Because of the expected continuing upward
trend in air travel, it would be important to under.:
viand the financial and institutional barriers to intro-
ducing the next generation of more energy-efficient jet
aircraft engines. Comprehensive energy conservation
-experiments .in representative industrial establish-
ments, perhaps with the costs shared by the govern-
ment and the companies involved, should be seriously
considered.

In principle, there is considerable energy saving
potential in the introduction of industrial cogenera-
lionthe simultaneous production of electricity and
process heat. This results in the more efficient use of
the primary energy resources and reduces the need for
centralized generating capacity. The barriers to more
widespread cogeneration are mainly institutional and
economic. Experiments with various institutional ar-
rangments for combined production and use of elec-
tricity and heat might well be encouraged and
supported by government.

COMBUSTION

Combustion is a basic process of our civilization. If
more were known about precisely what happened
when fuel is burned, we could build more efficient
engines, power plants, and space heating systems;
reduce pollutant emissions; and perhaps learn to use
lower-grade, less refined fuels in some applications and
thus save refining costs. For example, recent advances
in combustion control promise to ameliorate emissions
of nitrogen oxide pollutants from power plants.

Among the important problems in combustion are
the interactions of chemical .,and flow phenomena in
combustion; the high-temperature oxidation kinetics
of hydrocarbons, alcohols, ketones, and 'other com-
pounds; surface catalytic reactions involving oxida-
tion-reduction, pyrolysis, and decomposition; nuclea-
tion and condensation of combustion products to form
soot; the mechanisms in the formation of pollutants,
such as sulfur and nitrogen oxides, hydrocarbons, and
other substances; and materials properties for refracto-
ries and coatings resistant to corrosion and other kinds
of damage in hot gas environments."

CHEMISTRY OF COAL

Understanding of coal has lagged far behind that of
petroleum, not only because coal is chemically more
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complex, but also because the growing use of petrole-
um and natural gas_ in the past reduced the economic
and scientific incentives to study coal. The available
data on the chemical properties of different coals are
inadequate, as are procedures for analyzing coals. The
chemical reaction paths in important coal conversion
processes are incomplet:ly known, as are the thermal
and kinetic interactions in combustion equipment and
synthetic fuel plants." .

Research on these topics can yield a number of
important practical benefits. Coal conversion involves
reacting some of the hydrogen-deficient coal with
water (or some other material whose original source of
hydrogen was water) to turn the solids in coal into
liquids and gases. This process is expensive in both
materials and energy. Improved, more selective cata-
lysts would lower both the requirements for and
expense of hydrogen and also facilitate removal of
oxygen, nitrogen, and sulfur from . the products.
Improved surface characterization techniques would
be useful in understanding observed kinetic behaviors
in catalytic gasification and would thus.allow improve-
ment of catalysts for those processes. The inorganic
pollutants emitted by coal combustion could be more
precisely controlled if the high-temperature interac-
tions of the the mineral matter, and the nitrogen and
sulfur, were better understood. The problems of
slagging and fouling could also yield to this improved
understanding. In virtually all the ways coal is and
may be useddirect combustion, gasification, and
liquefactiona better understanding of coal's chemi-
cal structure and reactions would contribute to lower
costs and better environmental qualities.

R&D Related to Some Other Energy Sources

New clean fuels and clean energy conversion schemes
deserve particular attention. These include energy
storage, generation and use ofchydrogen, and fuel cells.
R&D on high-quality work on amorphous semicon-
ductors will aid the development of photovoltaic
materials for solar-electric systems.

ENVIRONMENTAL EFFECTS

We have already mentioned the global CO2 problem,
about which we are somewhat uncertain but very
concerned.

More generally, we still only poorly understand the
environmental impacts of energy use. For, example, a
vital question, with extremely important economic
implications, is the relationship between certain fossil-
fuel emissions and public health problems, Combina-
tions of various pollutantssulfur and nitrogen ox-
ides, particulates, hydrocarbons, and metalsare
probably more hazardous than each alone, but the
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effects of either individual or combined pollutants are
very poorly characterized. Better knowledge here
could allow more cost-effective control of air quality
and probably improved public health. This is especial-
ly important given that increased energy use may
result in lower-grade fuels.

Another important topic is water consumption by
energy facilities, especially synt;'Ptic fuel and power
plants. Obviously, withdrawing too much water from
a river Can have extreme environmental consequences;
some rivers in the West 'already demonstrate the
effects. Two main areas of research may help us to
produce needed energy, while avoiding undue ecologi-
cal damage and shortages of water for nonenergy use.
First, basic work in the reactions involved in synthetic
fuel production could decrease greatly the need for
water in these processes. Second, water actually
available over the long term in river basins and
underground aquifers across the country must be
known with greater certainty, and in much greater
detail, to allow optimal siting of water- consuming
facilities.

THE IMPLICATIONS OF A MORE ELECTRIC FUTURE

The likelihood of in creasing electrification has been
proposed a number of times in this chapter. From the
standpoint of energy use, what does that imply? There
is not room here to develop the concept very far, but
the following changes appear likely and should be
examined:

In the long run, the manufacture of hydrogen
with off-peak power might serve the dual purpose of
supplying portable- fuels and increasing the energy-.
efficiency of the electric power system. In fact,
"hydrogen-electric future" is probably the best de-
scriptive phrase. The hydrogen would be used in
aircraft, in many industrial processes, and possibly in
electric reconversion fuel cells.

Substantially electrified mass ground transport,
like that in present-day Europe, may play an increas-
ing role..

More efficient electric heat pumps might become
the dominant means of heating and cooling buildings.
These could run on an annual cycle, making ice in the
winter for use in summer cooling.

Cogeneration could become much more common
in industry.

Electricity might find wide use in automobiles, in
either all-electric or partly electric cars. The former
woulo require much improved batteries; in the latter, a
small engine might run continuously at optimuni
efficiency to operate a small electric generator and
electric motors at the wheels, with a battery charged
by the generator to handle peak demands.
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CONCLUSION

This assessment of our current energy situation might
seem to imply that nothing but disaster lies ahead. Not
so; the danger is there, but not the certainty. Neither
the United States nor the world is running out of
energy. The flow of oil and gas will not cease
overnight, and a dedication to the conservation of
energy as a social norm will relieve the strains on a
changing supply system. Finally, the potential of solar

o energy, fusion, and new forms of fission are almost
infinite if they can be developed and prove socially
acceptable.

The difficulty ahead is in reconciling .immediate
problems with these opportunities. Of the problems
the most apparent is our great reliance on gaseous and
liquid fuels, both of which are in finite supply. The use
of oil and gas is woven into the technical infrastruc-
ture of our societytransportation, industrial pro-
cesses, heating, chemical manufacture, and so forth:
The task ahead is not simply recognizing that these
fuels will in time become scarce or in estimating when
that will happen, but rather of preparing our society
for a transition to new forms of fuels and a more
careful use of them.

One complication is in the quite different perspec-
tives of those who must participate in that transition;
the difference, for example, between the time it takes
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scientists and engineers to develop a new energy
technology to a commercial level and the usually
shorter times when business expects to make a profit
on its investments. Also, it is difficult for all to agree
that a quite different energy future is possible; that, for
example, liquid hydrocarbon fuels are not necessarily
the essential base for advanced technological civiliza-
tions; that we have simply designed our society around
tl*se fuels most- available, most convenient to use,
and, until recently, quite. cheap. The 'fuels are still
convenient, but no longer as available nor as cheap;
and, therefore, we must begin to think of other ways to
,fuel our technology. As an example, if we are
technically clever about it, hydrogen can be used to
fuel airplanes; indeed, much of our transportation
could in time operate on energy from stationary
sources, such as electric power plants. However, there
will continue to be some need for liquid and gaseous
fuels in some small amounts.

In the end, the discussion returns to questions of
social purpose, economics, environmental costs, and
public understanding. Our energy future will depend
in part on whether energy is available, on its forms,
and on our technological ingenuity, but even more on
decisions made by society on what technological
options to use, to what purposes, and with what
safeguards.

The following outlook section on energy is bad on information
extracted from the chapter and covers trends anticipated in the near
future, approximately five years.

Over the next five years, the United States will confront basic ques-
tions regarding its future energy pattern. How rapidly will oil and
gas resources, domestic ancl`tglobal, decline? Can growth in energy
demand be tempered sufficiently to allow the smooth substitution of
new energy sources for oil and gas? What form will these replace-
ments take and what problems may their use entail?

The answers to these questiorp are shaped in part by time. For
the mid-term transition from oil and gas to other energy forms, the
United States has in reality very little maneuverability, in both ener-
gy supply and use. Its major alternative sources will be coal and
fissionable uranium; growth in energy demand, while it can with
sufficient time be smoothly and slowly reduced with little harm,
cannot be cut sharply without causing serious economic disruptions.

For, the long term, here assuming beyond 2000, the United States
has a number of potential options: various applications of solar ener-
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gy; fission reactors using more plentiful uranium isotopes; possibly
fusion (though somewhat later than the other options if at all); and
much improved efficiency in energy use.

Most of the mid-term and long-term energy supply technologies
are electrical, and this suggests a change in the character of energy
supplies, from increasingly scarce liquid and gaseous fuels to electric-
ity. Technological ingenuity can transform such resources as coal and
oil shale into gases and liquids, it at considerable costs, both eco-
nomic and in several cases environmental.

That this country's energy pattern will change in the 'coming dec-
ades is certain. Oil production and discovery are unlikely to keep up
with rising demands. World reserves of oil in 1978 were only about
2 percent above 1972 levels, though meanwhile prices had quintupled
and world demand for oil had risen more than 15 percent.

The United States is particularly vulnerable. Its oil reserves and
production have declined oyer the past 10 yeare as-its demand for
oil has grown, and it will likely be forced in coming years to draw
more heavily on an increasingly limited world, market for oil. The
domestic gas outlook is even worse. The world has a good deal of
gas, which is potentially available, but, except for that in Mexico
and Canada, it must be liquefied and transported to the United
States at very low temperatures in special tankers. Its expense and
hazards may make imported liquefied gas unattractive compared to
alternatives, the strategic consequences of reliance on foreign sources
aside.

These facts suggest that we are overdue in considering wais of
limiting U.S. dependence on oil and natural gas, by substituting
other forms energy where possible and by instituting vigorous
measures to increase the efficiency with which energyoil and gas in
particularis used. At the same time, possible means of securing
stable access to energy for the indefinite future must be examined.
This will require new technologies and the political will to develop
and use them responsibly. In principle both can be done; in practice
each will be difficult.

Financial and political institutions are more responsive to the
short-term view dictated by market rates of return and electoral
intervals than to the longer and broader view determined by domes-
tic resource depletion and the risks of depending heavily on import-
ed energy. Only an educated -public and enlightened public officials -

can temper this disparity by responsible efforts to avoid the
difficulties to which short-rabge expediency can commit us.

The biggest difficulties will be not purely, or often largely, techno-
logical, but rather matters of social decisionwhat levels of pollution
to accept, how best to protect national security, and even what, in
broad terms, constitutes a desirable society.

Conservation appears to deserve the highest priority in energy plan-
ning over the next several years. First it can provide some quick
and fairly cheap gains through lowered thermostats, more careful
thermal control in manufacturing processes, various kinds of insula-
tion, and some simple waste heat recovery. Second, very substantial
technological improvements indeed will be economical and more im
portant in the longer termas buildings, vehicles, and industrial
equipment are replaced or rebuilt. Recent econometric and engineer-
ing analyses suggest, for example, that rising energy prices and con-
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MID-TERM SUPPLY
STRATEGIES =°

.."

scious conservation incentives over the coming 35 years or so could
as' much as halve the ratio of energy consumed to economic output
in the United States, With negligible impacts on economic growth.
Again, this must be a gradual process, or it could result in grave
economic losses. Furthermore, it would require continuing determined
effort and cooperation between public and private sectorsa more-
tlian-difficult task.

Next to planning conservation policies, the second important issue
that must be settled -in the next five years is how tc begin the
transition away from oil and gas and toward energy supplies that

are essentially infinite. The first step is to determine what is avail-

able now. The choices are rather strictly limited: coal and nuclear
fission, with some help from solar energy and perhaps a little geo-
thermal energy in suitable locations.

The two major energy sources, coal and fission, both have serious
problems. Coal, for example, is a prolific source of pollutants and
other hazards, including the long-term climatic risks of CO2 emis-
sions; also, while plentiful compared to oh; and natural gas, coal is
not infinite. Nuclear fission in its current corm, the light water
reactor, depends on a quite limited resource: the naturally fissionable
isotope of uranium; it is also under political and regulatory pressure
that perils the reactor industry. Neither coal nor nuclear fission
using light water reactors is appropriate for the long term.

However, the promising long-term technologiessolar energy in its

more advanced forms, nuclear fission in breeder reactors, and con-

trolled nuclear fusionare far from ready for commercial deploy- _ -

ment in the United States; none is likely to make a major contribu-
tion before the end of the century. Given the speed with which the
world's oil and gas resources are being depleted, there. is serious
question about whether any of theie will become timely replacements

for coal combustion and nuclear fission, let alone serving as vehicles

for a smooth transition directly from oil and gas. Thus, in the next
several years the nation has no choice but to use what_ is available,
improving where possible our ways of using coal and nuclear fuel,
while doing the work necessary to ensure the availability of more

appropriate long-term technologies. The difficulty of the consequent
industrial and economic shifts reinforces the vital importance of ener-

gy conservation.
While there is intense interest in synthetic liquid ,and gaseous fuels

from coal and oil shale and several large demonstration projects do
exist, synthetic fuel production is still on a rather primitive basis.

Developing it to the commercial stage will take another decade at
least. Even then it is likely to be limited to a small fraction of
present oil and gas use, notably by the availability of fresh water to
meet the large requirements of the processes.

This apparent imbalance between likely demand and the supply of
liquid and gaseous fuels presents a choice that will have to be
seriously addressed in the next several years. We' can either try to
imprOve coal-based synthetic fuel technology to the point at which it
can serve our energy needs in much the manner of oil and gas
today or restructure the technological basis of civilization to reduce

permanently the heavy dependence on such Chemical fuels by turning

more toward electricity. In practice, both approaches will be neces-
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sary, but the balance between them,,is complicated and ill-under-
stood.

Energy production in the past has had linfOreseen impacts on the
human environment. The costs of air and water pollution; waste-dis-
posal problems, and many occupational hazards in energy production
and use are only now beginning to be appreciated. It is not possible
to rank the various energy supply options precisely according to the
relative severity of their impacts. However, there are grave reasons
for special concern about the impacts of certain energy- sources given
current energy projections.

Especially important are those of fossil-fuel combUstion, and partic-
ularly those of coal with its enormous chemical variety and complex-
ity. As it increases its reliance on coal, the nation in the next
several, jyears will have to address the possible climatic consequences
of continued emissions of carbon dioxide, and air pollution in gener-
a]. Also, water a;ailability and competition for other water uses will
impose severe restrictions on the siting of energy facilities, and will
require major technological developments in mater use as well as
large water-related investments.

Only two major classes of long-term energy supply options exist:
solar power in various forms, and nuclear power, both fission and
fusion. These can be, ...nd are now, augmented in especially favorable
locations, by modes:. amounts of geothermal power, but the normally
microscopic heat flow from inside the earth makes solar power a
better bargain in most places. The potentials of tidal power, and
probably also wave power, are quite overemphasized.

The prospects for fusion support what can be described as guarded
optimism. It seems clear now that an acceptable fusion plasma can
be produced and confined in a vacuum by strong magnetic fieldsa c
plasma not touching any physical surface and kept together long
enough for an interestingly large fraction to react. Thus, in a scien-
tific sense, fusion power appears. feasible. It has taken about 25 years
and several billion dollars to reach this stage.

The most expensive and difficult partsthe technology and the
practical engineering of a working reactor producing- powerare still
to .come. The basic technological feasibility of controlled fusion will
not become clear for at least a decade, and the engineering and
economic feasibility much later. Fusion will Come (if at all) later
than breeder reactors and advanced' solar power systems, both of
wh*Ii may be called for by the end of this century. Still, it remains
a contender for the long term:

Solar power requires investments embodying nonrenewable resources
that cost money, though sunlight itself is free. The real attractiveness
of solar porter, besides its ubiquity, is the relative ease with which it
can be put to various uses, such as water and space heating. This
attraction, however, has been ignored by various high-technology
schemes.

Solar power, by current convention, includes not only direct con-
version of sunlight into useful forms, but also hydroelectric power,
winds, and biomass (organic matter) considered as an energy source.
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NUCLEAR FISSION FOR THE
LONG TERM

The most immediately promising solar application is in producing
heat in the 70-200°C range, for residential hot water% and space
heating' and a variety of commercial, agricultural, and industrial pur-
poses. The simplest systems use flat-plate collectors. More advanced
ones use mirrors or lenses to concentrate the solar hest and provide
higher temperatures. All have benefited in recent years from ad-
vanced science and engineering. Another decade of rising oil pi-ices
plus improvements in commercial solar' systems should put this tech:
nology in a strong economio position. The federal government has
acted to provide some economic stimuli.
At the high-technology end of the possibilities are advanced photo-

'voltaic conversion schemes, the so-called power tower concept, in
which a vast array of steerable mirrors focuses sunlight onto a boiler
atop a several-hundred-meter tower, and ocean thermal electric con-
version systems, which exploit the temperature differences between
the surface and the deeps of tropical ocean water. Photoelectric
generation has two main branches: crystalline and amorphous photo-
voltaic materials. Both showexmise and both warrant continued
effort* The power tower does/notot look promising; it is expensive, and
significant cost reductions cannot be expected. Ocean thermal energy
conversion end propose-1 solar satellites beaming power to earth rep-
resent siMilat attempts to apply high technology inappropriately.

Wivepower devices occupy an intermediate statusneither high
technology nor lowand like most other solar technologies should
be regarded as augmenting conventional power supply. Hydroelectric
dams present small risks of dam failures. They also chop rivers into
ecological bits and unnatural parts, with consequences disproportion-
ate to the power produced. This may be true also of small-scale
hydroelectric installations. In the field of biomass, the equivalent of
900-1800 million barrels of oiLprobably could be produced annually
in the unlikely event -that all- the nation's farm, forest, and domestic
wastes were exploited. "Energy farms" would not only present the
ecological problems of any monocultured crop, but also might com-
pete directly with food and wood production.

v.

The light water reactors that now provide almost all the nation's
nuclear generating capacity exploit gnly about 0.6 percent of the
energy potentially available in their fuel. According to one estimate,
'seasonably assured domestic uranium resources would suffice to fuel
only about 300 tl ousand-megawatt power plants:1s The fuel could ge
reprocessed to recover plutonium and some still usable uranium, but
these additions would increase the total available energy by a factor
of only about 1.6 or 1.7. Conventional methods of reproCessing plu-
tonium for re-use in light water reactors lead to its brief appearance
in a form suitable for nuclear explosives. If this course were taken,
tlle proliferation resistance of the nuclear fuel cycle would be endan-
gered for at best a moderate benefit.

Advanced converter reactors, the most frugal of which would use
only about half as niuch uranium (and might also use thorium) to
generate the sarre amount of energy, even without reprocessing,
could help. Theis contributions' would be significant for the long-
term, however, only under some national circumstances, especially of
low ,rowth in electric power demand.

It nuclear power is to have a long-term future, it must be with .
breeder reactors. These reactors as now envisaged convert the more
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,Common, nc nfissit.e uranium isotope, uranium-238, to plutonium; then
fission the ?lutonium to provide heat. Breeder reactors] can also'be
designed tc convert thorium-232 to fissile uranium-233. Using breed-
ers, more than 70 percent_of the uranium that is mined can be
effecti4ely used, -yielding about 70 times the energy from a given
amount of uranium as can be obtained from light water reactors,
even with fuel reprocessing. This means that we could then afford to
pay very much more for the uranium than before; at that price, the
reserve b.se becomes large enough to last millions of years. This
much reduced uranium need ;s reflected in a similarly reduced need
for mining and ore processing. Thus, the hazards of radiation expo-
sure in these activities, now subjects of lively debate in connection

]fight water reactors, will be almost eliminated.
Breeder reactors ,require fuel reprocessing, again raising the ques-

tion of...nuclear weapons proliferation. New techniques of reprocess-
ing, however, can be designed so that the availability of plutonium-.
239 or uranium-233 in a form usable for weapons is much re-
duced?' Nonetheless, breeder fuel in its present form represents a
proliferation risk.

All fission reactors produce nuclear waste, and the total amount
(measured by its radioactivity) depends hardly at all on the reactor
type. An adequate science and technology base for entombing these
wastes in geological fOrMations exists. With proper site-specific engi-
neering and geological knowledge, the long-term public hazards aris-
ing from waste depositories would consist of low-level radioactivity
less than that from natural background radiation or other nuclear
fuel cycle activities. What is lacking today is the detailed engineering
and assessment for specific suitable repositories.

Several important field:, for energy research are discussed in the
main body of this chapter, 'particularly under the heading "Some
Research Needs." However, even the synopsis just 'presented reveals
some particularly pressing problems:

The relationship! between energy use and economic growth is
obviouSly vital. The econorliC impacts of constraining energy demand
cannot be very priciiely projected,- but some good beginn:ngs have
been made in recent years.

Energy ConserVationin industry, in transportation, in buildings,
;mid in appliances and services of many kinds- --still receives inade-
quate attention.

Because.. of the necessity of reducing globt: dependence on fossil
fuels in. I:esponse to world environmental hazards, and the need
increase use of sprite fossil fuelsespecially coalduring the period
of transition to more benign long-term energy sources, we must lean::
to understand they chemistry and combustion kinetics of these fuels
better, in order to derive maximum- benefit from limited use.
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6 Materials

INTRODUCTION

The near-term future for materials will be shaped
largely by our responses to forces already well
recognized. Some of these forces are long-standing and
amount collectively to supply and demand. Others
have emerged only recently and are related to national
problems that include energy, environment, govern-
mental regulation, and productivity and innovation.
Still others relate to worldwide political and institu-
tional changes and growing global interdependence.
We shall touch on some of these materials-related
pressures later. Together these forces are creating
clear-cut challenges and opportunities in materials
science and technology.

, Americans consume annually about 10 tons per
capita. of ,materials and 15 tons of coal-equivalent
energy. It is difficult to project die particulars of future
material needs either nationally or internationally.
For this country, however, it can be said that the

. needs will increase incrementally in quantity, but that
the kinds of materials used will net change much
during the next five or ten years. Beyond that period,
the national origins and the kinds and 'amounts pf the
materials used couldehange markedly. New technolo-
gies change both what is usable and how it is used.

Expenditures on materials research and develop-\

-1

- I
meet in this-country grew rapidly beginning in World
War II and peaked in the 1960's. In current dollars
annual expenditures today are hovering at about five
times the level of the 1950's, but are declining in
constant dollars.

The results of the past 35 years of materials research
and development have been spectacular. They have led
to major new industries, including computers, plastics
and synthetic fibers and rubbers, and nuclear power.

DEVELOPMENTS IN MATERIALS

The rapid evolution of new materials that began
largely during World War II is still, under way.

. Research and development has become more 'selective,
howevir, and a variety of business factors are inhibit-
ing the movement of new methods and products from
the laboratory to everyday use In short, we are seeing
a decline in the innovative risk-taking that character-
ized the rapid materials progress of 1950-70. Still,
advances should continue to be stimulated by the
interaction of industrial technology with basic re-
search in the universities, government, and industry.

Selected developments expected during the next five
years are treated here in terms of eight classes of
materials: metals and alloys, energy-related materials,
infolination-related materials, polymers, ceramics and '
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other inorganic materials, composite materials, renew-
able materials, and biomedical materials. "'nese devel-
opments will illustrate the achievements and near-
term potential of materials science and technology.
They arc limited largL'iy to engineering materials and
structures; we have not, for example, attempted to
treat the extraction of raw materials. Except in
unusual circumstances, technological developnients
that will mature during the next live years will rely on
research already in 'hand.

METALS AND ALLOYS

In basic metals like iron and steel, aluminum, and
copper, striking advances on a broad front cannot be
anticipcted. We are more., likely to see incremental
improvements in specific propertieS, reduction in cost
through processing innovations, and better tailoring of
properties to meet specific needs. Technological inno-
vation and gains, in productivity in the basic materials

.industry in the five years to come will depend less on
technidal progress than on the generation and avail -
'ability of capital to modernize plants and improve
technological capability.

Ability to control the properties of metals depends
in part on knowledge bf their internal structure and
composition. Metals normally are-composed of grains
made up of microscopic -crystals_ in which atoms are
spaced in a pattern characteristic of the particular
metal. Although the grains have a regular, crystalline

.,structure internally, they have irregular shapes. Irreg-
.

ular: surfaces are created when -adjacent crystals
interfere with each other as they form from the molten
metal. Impurities in metals tend to segregate at the
grain boundarieA, the interfaces between grains.

The early 1950's saw the development of tools like
the transmission electron- microscope that permitted
direct observation of the internal characteristics that
control deformation and fracture in metals. With these
tools, met urgists were able to clarify in detail the
relationships among the composition, microstructure,
and properties of metals and hov. they determine
performance in service.

Superalloyy

More recently, technological progress has made it
possible to raise significantly the permiisible operating
temperatures for nickel- and cobalt-base superalloys in

gas turbines. Superalloys are 'alloys intended for
service above 750°C and arz. ,:sed routinely in jet.
engines (Figure 21). 1 he higher operating tempera-
tures of around 950°Cwhich were achieved by
designing microstructures that give the alloys unusual
resistance to deformation and fractureincrease the

efficiency of jet engines with significant improvements
in performance and savings in fuel. .

A further step has been the use of directional
solidification to achieve unique high-temperature
strength ane-performance in the nickel-base superal-
loys. Directional solidification of the molten alloy
yield:: a structure that is strongly anisotropict.:
properties of C'e metal are strikingly different ni
different directions. The part can be designed, there-
fore, so that it strongest where it must bear the
heaviest load. rurther improvements have been made
by the use of controlled solidification to produce
single-cryst,'. turbine blades and vanes of such alloys
(Figury 25c). The absence of grain boundaries in these
matenals frees them of certain detrimental effects of
grain boundaries on high-temperature bel-...vior. Di-
rectionally solidified materials and single-crystal
blades and vanes will be demnnstrated in gas-turbine
engines within the next five years. Both advances will
increase the durability of turbines and may increase
peak operating temperatures and thus efficiency.

Coatings with unusual resistance to oxidation have
been developed to protect high-performance alloys in
turbines and other hot environments. These coatings,
together with the development of nickel-base alloys as
mature engineering materials, have been key factors in
the outstanding operating experience and long periods
between overhaul of commercial jet aircraft engines.

High-Strength Steels

Within the past five years, steels have been introduced
that combine relatively high strength with Costs only
minimzly higher than those of conventional low-
carbon steels, which have been the workhorse of the
structural steel industry. These high-strength steels are
being used increasingly where higher strength-to-
weight Itios are advantageous. In automobiles; for
example, they may prove to be the most cost-effective
means of redwing weight and thus improving fuel
economy in the near term. It has been estimated that
as much as 500 pounds per car of the new steels will be
used in U.S: vehicles by 1985. The weight of these
steels required to perform a given function in a car is
expected to be 10--30 percent less than the weight of
the materials replaced.

These high-strength steels are made by coupling the
effects of minor concentrations of alloying agents with
control of the rolling and quenching operations in the
steel mill. The resulting metal has a fine-grained
microstructure and correspondingly higher strength.
One class of high-strength steels, the dual-phase steels,
combines the ductility and fabricability of the softer,
low-carbon steeis with the strength usually associated
with higher-carbon, hard steel. This unusual combina-
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),IGURE
21 Gas-turbine blades etched to reveal grain structure. The solid cast blade of the 1950's (al had 3 thrust/weight ratio of I

and was used at 880°C. By the 1970's, the ratio was 1.9 and the hollow cast blade (b) was used at 950°C. i7(.,r the 1980's, a single -

crystal blade (c) will have a 2.2 thrust/weight ratio and operate at 970°C. The blade de-li;aed tht. t 990'h (d) will he made with

diNctionally recrystallized columnar grains and will have a thrust/weight ratio of 2.9 4nd be to ;.;erat,.. at about 1,000°C. (A R.

Cox, Pratt & Whitney. Aircraft Group, West Palm Beach, Fla.)

tion of properties is achieved at only modest increases
in cost, and within the next decade the dual-phase
steels should become a widely accepted class of
structural steels. However, their avaiktbility from the
U.S. steel industry currently is inhibited by economic
factors, notably the cost of installing continuous
annealing facilities.

Glassy Metals

A number of industrial organizations in this country
and abroad are exploring commercial uses for a new
class of materials, the glassy metals. Although metals
are normally crystalline, certain alloys can L.,_t soli-
dified in noncrystalline, or amorphous, form, like
glass, by very fast cooli ng I 09,O00°C , 000, 000°C
per second. These materials consist of metals like iro..,
cobalt, and nickel, alloyed with elements such as

phosphorus, silicon, and boron. They can be solidified
in glassy form in ribbons seveneight centimeters wide
and a fraction-of a millimeter thick.

Clrle;sy-metal magnets are very strong mechanically,
lthl some show very low losses of energy of the kind
that occur in other magnetic Materials during magnet-

cycling. This crrnbination of properties makes the
glassy metals good candidates for replacing iron
silicon alloy sh...ts in the cores of transformers used in
the transmission of electrical power. It has been

timated that conversion to glassy-metal transformer
cores could save the energy equivalent of 6 million
barrels of oil per year.' The saving could be realivn
only gradbally. howevey, because no more.-than about
a tenth or tile huge installed transformer capacity
could be replaced annually.

Magnetic glassy metals in strips several centimeters
wide can be purchased in development quantities
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today. The prospects for commercial use of the,
materials in the next five yearS, in applications such as
magnetic shielding, are quite good. Glassy metals also
resist corrosion exceptionally well. The hope of
exploiting this characteristic undoubtedly will stimu-
late much research and development during the next
five to ten years.

Corrosion

Corrosion of metals costs the nation billions of dollars
annually. The' ,problems range from rusting and
deterioration of consumer products to failure of high-
performance parts in hostile (e.g., hot, corrosive,
erosive) environments. Corrosion is a problem particu-
larly in the 4dell..'opment of new energy-conversion
devices in which hostile environments cause metal
parts to deteriorate rapidly.

Many means of preventing corrosion have been
provided by research on the mechanisms of corrosion;
developments in protective coatings, paint systems,
and surface treatments; and the availability of intrinsi-
cally corrosion- resistant materials, such as titanium.

,(It has been argued that the economic burden of
corrosion could :n reduced considerably by improved
dissemination--and consequent wider applicationof
information already available on corrosion: prevention
technology.) The progress now being made in surface
science and technology offers the hope of ac iuiring
new knowledge of the mechanisms of corro, on and
the reactivity of metals at the atomic level knowl-
edge that could lead to new approaches to corrosion
control.

Magnet Alloys

The cobaltsamarium alloys introduced recently for
use in permanent magnets are finding a growing
market. The materials exhibit unusually high magnetic
force per unit of weight and so are especially useful in
small, permdnent-magnq electric motors where they
replace a great deal of copper and also save weight.
These alloys have stimulated new concepts in the
design of electric motors that would be significantly
smaller and lighter than is common today. The full-
scale commercial use of the materials depends on the
cost and supply of cobalt and samarium and the
development of cheaper ways to form the alloys into
magnet shapes.

Zaire is a primary source of cobalt, and the
poslibility of interruptions in supply is spurring a
search for lower-cobalt or cobalt -free alloys for perma-
nent magnets of equal efficiency. Alloys of rare earths

" arc being sought as less costly replacements for
samarium.

Newer Engineering Metals

Newer metals whose uses have grown during the past
three decades -include the reactive metalstitanium,
zirconium, and hafniumand the refractory metals
niobium, tantalum, molybdenum, and tungsten.

Of the reactive .netals, titanium has enjoyed the
greatest growth. The metal was introduced corpmer-
cially in the late 1940's, and its light weight, strength,
and corrosion resistance soon assured its future.
Titanium is now entrenched as an aircraft structural
material and has a growing market as a corrosion-
resistant material for use in chemical plants. Recently
the metal has been used in condenser tubes in steam-
power generation, and it is being introduced as a
strong, corrosion-resistant material for the blades in
low-pressure steam turbines.

Production of titanium mill products in this country
in 1979 will total some 20,000 tons. Although titanium
is the fourth most abundant metal in the earth's crust.
(after aluminum, iron, and magnesium),' current de-
mand for the metal could strain world production
capacity.

Zirconium and hafnium -have significant uses in
nuclear reactors for generating electric power. Zirco-
nium is used to clad the uranium oxide fuel elements
in light water reactors. The metal's essential character-
istic in thii application is its very low absorption of the
neutrons that drive the fission process; the metal also
ha.-, good corrosion resistance in high=temperature
water. Hafnium, on the other hand, is an excellent
absorber of the neutrons that drive the fission process'
and also has excellent corrosion resistance in high- .
temperature water. These properties make hafnium
ideal for its present use in the control rods of light
water reactors.

The refractory metals have been used for years in
small parts in elei-trical and chemical equipment. With
the advent of missiles and space vehicles, it appeared
that mese metals would be needed in larger-si tea
sheets, bars, and forgings, and the necessary produc-
tion facilities were' developed in the 1960's. However,
many of the missile and space-vehicle application's
either never materialized, because alternative materi-
als were used, or required less of the metals' than
anticipated at first. Consequently, the nation's produc-
tion facilities for refractory metals are underutilized at
present. The facilities have proved durable, however,
in producing materials for hot-working dies 1..nd for
chemical equipment.

Metal Science ,

Metallurgical science now is benefiting from new
microanalytical tools such as auger spectroscopy and



scanning and transmission electron microscopy. These
powerful tools--by-products of basic research in
physicspermit detailed study of the segregation of
impurities that is known to control many of the
critical properties of alloys. Perhaps more important-
ly, the new tools allow the character of solids to be
probed down to the atomic scale. The resulting
knowledge is accumulating rapidly and will lead to
major developments in the understanding and control
of surfacesso important in corrosion and catalysis.
The new knowledge also may lead to the ability to
control and manipulate the composition and proper-
ties or internal surfaces (grain boundaries) in alloys.
TI-'s ability would permit the properties of alloys to be
tailored to particular uses to a degree not possible
today.

ENERGY - RELATED MATERIALS

Power Devices

Better performance at lower cost will continue to lie
achieved in serniconduCtor power devices for convert-
ing alternating to direct current. These rectifiers,
therefore, will gradually replace most of the older
electromechanical equipment. Power devices generally
will be made from silicon except for operation at the
highest frequencies, where gallium arsenide may be
superior. An important materials problem in the
power area is the dissipation of heat generated in
various types of equipment. The use of electrical
insulators of high thermal conductivity, such as
beryllium oxide, will remain important for this pur-
pose; Alternative materials that may find use in some
applications include copper and aluminum nitride and
perhaps even diamond.

Dielectrics

Dielectric materials, which include polymers and
ceramics, are insulators or nonconductors of electric-
ity. These materials are important in equipment for
generating; transforming, and transmitting, electric
power. They are also critical in telecomMunications(
and various electronic applications. In the electric
power industry, new insulating materials are needed
tor high-voltage transformers and capacitors,' where
illey would replace the polychlorinated biphenyls
(PcR's), which are. environmentally, unacceptable.
Work is also under way on new dielectric structures
for storing high-density energy to meet the require-
ments of modern electrical circuitry. Here, the role of
surfaces at the interface of the dielectric and the
conductor must be better understood. Also needed are
practical ways to measure the degradation of dielec-
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trics so that their service life can be forecast

Solar Cells

A considerable effort is under way to produce efficient,
low-cost solar cells for converting sunlight directly to
electricity. Silicon is the standard cell material; en-
couraging progresS is being made in growing ribbons
of'single- crystal silicon by a continucais process, which
would significantly reduce the cost' of th., cells. Some
progress has been reported in exploring amorphous
silicon. Highly efficient gallium arsenide cells have
been made for use in sunlight concentrated by
reflectors. Mc novel compounds of two and three
elements, such as aluminum gallium arsenide, are also
being investigated for this application. The cost of
producing solar cells should drop significantly in the
next five years, but they are unlikely to become a
major source of electrical energy during this century.

Lighting

The development of more efficient lighting is being
spurred by the cost of energy and by improvements in
fluorescent-lamn phosphors and lamp-envelope (bulb)
materials. Fluorescent lights with imprOved efficiency
and color will find greater use in home lighting in the
next five years. High-pressure sodium- and metal-
vapor- discharge larhps with superior color rendition
and efficiency will be replacing mercury discharge
lamps used currently in many outdoor and commer-
cial applications.

Superconductors

A continuing search is in progress for materials that
become superconducting at higher temperatures than
those now available. Wire made of a superconducting
material does not resist the flow of electricity and so
conducts current without the loss of energy caused by
the electrical resistance of conventional conductors
like copper and aluminum. A superconducting materi-
al loses its resistance to electricity at a characteristic
temperature called the critical temperature, and the
critical temperatures of all known superconductors are
riot far above absolute zero. To reach such tempera-
tures, the materials must be refrigerated with liquefied
gases,, and the higher the critical temperature, the
lower the refrigeration cost.

A' niobium-germanium compound hal-the highest
critical temperatureabout 23°K (-250°C)--of any
material found so far, but it is too brittle to be
fabricated. Superconducting wire math of a niobium-
tin compound, cooled by liquid helium, with-a critical
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temperature of about 18°K carries the circulating
Current in superconducting magnets now in use.

Superconducting magnets are available in

sufficiently large size-15 feet internal diameterto
operate subatomic-particle detectors in research in
nuclear phyOcs. Superconducting magnets alsd are
used in advanced energy-conversion test facilities to
contain hot, corrosive plasmas by means of a magnetic
effect. This aT )lication may be important for thermo-
nucleer fusion and magnetohydrodynamic power gen-
eration.

Superconducting wire shows promise for use in the
electromagnets in electrical generators and motors. In
this application it would permit major reductions in
the size and operating costs of the equipment.

`Work. has also been done on superconducting power
transmission lines. The. problem here is the expense
and difficulty of refrigerating long conducting lines.

INFORMATION-RELATED MATERIALS

Sensors

A variety of new sensor materials is on the horizon.
Infrared detector arrays made from semiconductor
crystals like indium antimonide, mercury, .telluride,
and cadmium telluride will allow us routinely to "see"
the world by the heat it emits, even in total darkness.
Potential applications range from detecting tumors to
locating sources df heat leakage from buildings and
industrial operations. More recent development of the
technology of thin-film. infrared devices, as replace-
ments for bulk- crystal'' devices, significantly extends
the range of uses of infrared sensors. Also in prospect
are new pressure-sensing materials, such as pol9iiinyli-
dene fluoride and aluminum phosphate (berlinite).
,.These piezoelectric materials, which generate small'
electric 'currents when stressed, will improve the
performance of sound-wave sensors. This in turn will
lead to developments such as microscopes that "see"
by sound waves. Zirconium dioxide sensors leave been
developed "and are being used to measure the oxygen
content of molten steels, while zirconium dioxide and
titanium dioxide sensors are now being used to
measure and regulate the air/fuel ratio in advanced
automotive enbmes. Control of the air/fuel ratio is a
key requirement in the operation of vehicle exhaust-
emission control systems.

Finer Optics-

Glass and quartz fibers have been developed through
which information in the form, of light signals can be
transmitted several miles. Rigid cen'trol o composi-
tion and internal structure is essential in making the

fibers. The sources of light will often be light-emitting
diodes or lasers of high light-emission efficiency, and
the light detectors will be made of silicon. The main
advantage of these fiber-optic systems over conven-
tional telephone lines is their much higher message
capacity. Communication by fiber-optic transmission.
is well advanced and will see major growth in the next
Ave years. .4s

Electronic Displays

Electronic displays will continue to replace most of
the mechanical devices used now to depict letters and
numbers in cash registers, home appliances, instru-
ment panels, and other equipment. Such displays will

use light-emitting diodes (LED's), liquid crystals, and
.gas- discharge devices and will be driven by digital
circuitry. LED'S and gas-discharge devices emit light
when stimulated electronically; liquid crystals change
their reflectance of ambient light. Problems of perfor-.
mance of materials currently limit the utility of these
devices. As the prbblems are solved, the devices will
find 'many applications in additio-. the already
ubiquitous digital watches and calculators using liquid
crystals and LED'S.

Transistor and Computer Materials

Electronics is probably the most rapidly accelerating
area in technology today, and silicon in the near term
will remain the most emphasized electronic material.
Our ability to cothrol.the composition, structute, and
processing of silicon-base components has improved
steadily over the years. As a result, almost annually
for about two decades the number of electronic
components on a single integrated-circuit silicon chip
has doubled and the cost per component has fallen by
nearly half. This momentum will continue for at least
the next five years and probably longer. A very strong
effort is under way in the development of new
lithographic techniques employing electron beams and
X-rays and of dry processing techniques such as '
plasma aching and laser-annealed ion implantation.
These techniques will be used to provide increasingly
complex circuits at lower costs. As circuits become
mare complex, continued improvement will be re-
quired in the quality of single-crystal silicon and in the
control of process-induced defects.

Computer Memory

'A technology is rapidly being developed for producing
computer memory using magnetic substances 'such as
gadoliniumirongarnet. These bubble memories store
information at very high density as microscopic
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magnetized domains. The production of these rather
complex materials is demanding, but the opportunities
they offer for mw -cost, highly stable, mass memories
will provide the driving force for their further develop-
ment.

POLYMERS

Synthetic polymersplastics . and 'rubbersare the
fastest-growing class of materials. Since about 1950,
U.S. production of polymers has grown at a rate
exceeding that for any other material and now tops.the
production of steel in volume but not inw-Eithrli.S.
production of plastics in 1977 was 29 billion pounds
(Figure 22), and production of synthetiC rubbers
exceeded 5 billion pounds. This growth has been due
not only to the development of new materials, but also
to our steadily improving ability to couple materials,
design, and processing so as to maximize properties
and performance. In addition, plastics may offer
manufacturing econorqies. One molded plastic part,
for example, may replace a number of metal stampings
at lower manufacturing cost and labor content.

FIGURE 22 Growth of U.S. plastics
production (1978 estimated 9 percent
above 1977). (U.S. Plastics Production,
Modern Plastics. January issue of years
cited)
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Packaging, containers, and construction (siding and
thermal insulation, for example) remain major.
markets for plastics in the five years ahead. The auto
industry is a growing market for plastics, which in
part will be weight-saving replacements for steel. The
plastics content of the typical U.S. car, currently about
200 pounds, may reach 300-350 pounds in 1985

models. High-performance polymersengineering
plastics, silicones, and specialty plasticswill remain
the fastest-growing segment of the polymer industry.
Already plastics are replacing die-cast aluminum and
zinc because in some cases they offer better perfor-
mance at lower cost.

New and modified polymeric materials will be
developed to achieve specific combinations of proper-
ties. Processing methods will be improved as well.
Demand is growing for plastics with greater resistance
to heat, oxidaticin, and light and for plastics with
better electric properties. A range of coatings and fire
retardants is being used to ease problems with the
flammability of plastics and the substances emitted by
them upon combustion.

Petroleum will remain the principal source of raw
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materials for polymers for many years, well beyond
the time when its use as a fuel has,begun to decline.
Eventually, however, a shift is probable to other
sources of carbon compounds, such as coal, shale oil,
or, renewable resources such as aquatic and terrestrial
plants. For fossil sources of carbon compounds, the
basic science and technology is largely in hand. Ftir
renewable resources, it is not.

CERAMICS AND OTHER INORGANIC MATERIALS

A major fraction of the materials and products used
by an industrial society is inorganic and nonmetallic;
ceramics are the best example of this class. Ceramics
may be broadly defined as inorganic, nonmetallic
materials processed or consolidated at high tempera-'
ture. They are usually made from combinations of
natural silicates, or Compodids of silicon and oxygen
with various metals, and oxides that are fused or
sintered together. Ceramics include cement, bricks,
tile, sanitary ware, 'china and dinnerware, glasses,
porcelain enamel on metal, abrasives, and refractories.
The technology of thes,' materials evolves slowly, with
progress relating principally to improvements in prop-
erties and production efficiency. There are, however, a
number of scientific and technological challenges for
the future, one example being the further development
of the silicon carbide and nitride ceramics.

Silicon Ceramics

FIGURE 23 Turbine stator made of silicon nitride. (Ford
Motor Company)

for replacing nickel- and cobalt-based superalloys in
some high. temperature machinery, such as gas tur-
bines, and _would permit even higher operating tem-
peratures than metals;_the materials also are promising
for use in ceramic heat exchangers. The higher,
operating temperatures that these materials

in energteptv_ersion--pronesSes would make
The silicon ceramics include silicon carbide, silicon--possible-Iiitherefficiencies and savings in fuel:Success

:nitride, and_ the steLoNes--(compOurids of silicon, in this one area could yield far-reaching gains in power
--artim-fnum, oxygen, and nitrogen). While these ceram- generation and in development of new gericiar.ons of

ice comprise one of the few classes of inorganic gas turbines. An all-ceramic turbine is under develop-,,
materials that do not occur in nature, recent research ment as a power plant for automobiles, for example.
indicates that the chemistry of the silicon nitrides Ceramics suffer from a tendency to fail unpredictably
parallels that of the natural silicates. It should thus be because of brittle fracture. Solutions to This problem
possible to synthesize a large range Of silicon nitride- depend in part on the development of improved,
type compounds with unique properties. For example, nondestructive means q- the minute flaws
some of the silicon and nitrogen atoms in silicon that leacrto fracture. Reliability and predictability of
nitride can be replaced, by aluminum and oxygen, as in service life are the key questions to be resolved if
the sIALoN's. The next five years will sce intensive silicon carbide and nitride components are to be
effort tosynthesize such compounds and to delinezlez developed successfully. These materials and their
their thermochemistry and properties as wall as :.weir development are an excellent example of the need for
pbtential in uses such as high-temperature structural intimate interaction of materials, design, and process-
materials, optical and electronic devices, ant! refracto- ing in advancing the state of technology.

The silicon carbide and nitride ceramics are general-
ly stronger ar.1 more stable than the normal oxide-
type ceramics at higher temperatures (Figure 23).
They resist corrosion, erosion, and thermal shock
e.zeptionally well.

Intensive development indicates that the silicon
carbide and nitride ceramics offer substantiaf'promise

Optical Materials

New materials are being developed for military uses
involving the acquisition and electronic processing of
optical guidance and surveillance information. Two
parallel needsbetter sensors and better optical mate-
rials to protect themcomprise an extremely broad



problem with nonmilitary implications in areas that
include improved lighting and process-control equip-
ment. Military equipment for acquiring optical infor-
mation often must operate at high temperature and
under severe mechanical pressures. Such equipment is
limited at present by the, need for optically transparent
windows to protect the sensitive data-collection de-
vices, or sensors, under these conditirsns.

COMPOSITE MATERIALS

A composite material generally "Consists of a matrix
material through which a different, reinforcing materi-
al is distributed. The fiber composites originated with
the glass-fiber reinforced plastics, in which the fibers
have high strength, but relatively low stiffness. Glass-
reinforced plastics. have long been used in structural
applications such as boat 'hulls, missile casings, and
sporting equipment where a high strength-to-weight
ratio is the predominant requirement.

In the 1960's, fibers of boron, graphite, silicon
carbide, and other materials of high 'stiffness were
developed. These newer fibers, used in both resin and
metal matrices, promise fiber-composite structural
materials of great strength and

into
in a form

capable of- being fabricated into the most complex
shat s. High-performance fibercomposites-already are
used-in-airefiff7f hey have great potential for replac-
ing metals in automobiles, where they may perform
equivalent functions at weight savings of 50-70'
percent. The key problem with high-performance
composites in automobiles is cost. Much effort will be
expended during the next five years to find new resin
formulations and cheaper ways to prepare fibers and
trillevelop methods of manufacturing composite parts
in high volume at low cost.

RENEWABLE MATERIALS

ReneWable resources are a potential() attractive
source of materials, and a degree of attention is
currently being devoted to the fabrication of new types
of engineering or functional materials from resources
like wood and paper. Certain *wild plants also are
being investigated as sources of materials. They
include guayule, a source of rubber, and jojoba, a
source of lubricating oil said to be the equivalel.t of
sperm 011.2f Both plants could be produced on desert

scrublands. However, the economic feasibility of
cultivating such plants as sources of materials is far
frrim being established.

'The use of renewable resources has certain broad
limitations. Nonrenewable materials now account for
some 90 percent of the tonnage of new supplies of
nonfuel materials in this country. Attempts to reduce

Materials ,79

that percentage lry'shifting to renewal', resources
would begin at some point to create land-use conflicts
with agriculture and other activities. Furthermrire,
intensive cultivation of renewable resources may
require significant inputs of nonrenewable resources,
such as fertilizers, pesticides, and mechanical energy.

BIOMEDICAL MATERIALS

Metals, polymer's, ceramics, and composites should
make further inroads in the next five years in replacing
missing or defective limbs, joints, and other parts of
the human body. The surgeon now has available-
materials of sufficient blocompatibifity and durability
for reasonably satisfactory Use as soft-tissue implants
in plastic surgery, hip and knuckle replacements, large
rtery replacements, hydrocephalus (cranial) drainage

tubes, and implantable cardiac pacemakers. Materials
for implantable teeth and bone sections and for
replacing knee joints would appear to be nearing
realization. This is not true, however, of materials for
small-vessel (vein) prostheses and percutaneous
(through the skin) electrical or fluid-conducting leads,
as for constructing implantable lungs or kidneys.

Although substantial progress is being made _in _-_
biomedical_materials;--they i-tmaindifficult to evaluate__
for use in humans. The problem would be eased by the
development of laboratory tests that would predict the
service life of implant materials more reliably than do
present methods.

MATERIALS PROCESSING AND
MANUFACTURING

Materials processing, broadly, is the conversion of raw
materials into intermediate or finished products with
useful shapes and properties. A distinction should be
made, however, between primary processing and
secondary processing or manufacturing. Examples of
primary processing include the conversion of iron ore
into steel (a bulk material) and mill processing-of the
steel into forms such .as sheet and plate (engineering
materials). Secondary processing includes the conver-
sion of sheet,' plate, or other semifinished steel into
parts and finished productsmachine tools, roller
bearings, engines; aircraft.

PIMARY MATERIALS PROCESSING

Productivity and prodiict, quality inthe metals indus-
tries have been improved by important engineering
advances during the past 50 years. Examples are
continuous rolling of strip, automatic gauge
(thickness) control, electronic' inspection of bars and
tubes, and computer control of rolling mills. The
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advent of the basic oxygen steelmaking process, the
high-pressure blast furnace, and continuous casting
initiated a revolution in steel productivity.

Full-scale.adoption of technological advances in the
primary processing of metals is extremely capital-
intensive because of the scale of operations and the
conditions and environment, such as high temperature
and large mechanical forces, in which they must be
conducted. The industry, therefore, approaches new
technology cautiously and expects the corresponding
new plant and equipment, once in place, to perform
for a long time.

A number of forces lately have converged on
primary metals processing to slow the rate of invest-
ment in new technology. Governmental regulations
related to the environment and to occupational safety
and health have required large capital investments
that otherwise might have- gone into production
technology.: As high-temperature processors, the in-
dustry has been affected significantly by the rising cost
of energy and so has put major emphasis on energy
conservation. Also, the growth of product-liability
litigation has led to greater stress on nondestructive
methods for detecting flaws in products. Shortages of
raw materials like cobalt have led to price spirals in
special metals. These forces have combined to depress
the profitability and rate of innovation of most of the
nation's basic metalsrprocessing industries.

Improvemet.: of Properties by Processing

The scientific basis of primary metals processing is
sound in some areas, but less so in others. In melting
and refining, a strong scientific base in thermodynam-
ics, kinetics, and transport phenomena provides useful
insights and ;guidance in processing operations. In
deformation processing, such as rolling, the situation
is less satisfaAory. Macroscopic understanding of
deformation p;.acessing is adequat as a guide to
routine process planning and control, but a better
scientific foundation is needed for future advances.

Metallurgists generally do not expect the discovery
of broad new classes of alloys in the near term.
Improvements in properties are more likely to come
from learning to control and refine the gfructure of
metals through more precise understanding and 'con-
trol of the steps in deformation processing. The high-
strength steels mentioned earlier illustrate what can be
achieved.

Improvement of the properties of metals through
processing requires detailed knowledge of the degree
of deformation and the temperature in all parts of the
material in relation to elapsed' time as the material
deforms. This information must then be integrated
with the kinetics of the development or change of

internal structure in the material. COmputer-based
analytical methods for treating this problem are being
developed.

In polymer processing, there are good possibilities
for aromatic polyamides. Here, grea..:r 'understanding
of the structure and flow characteristics of the
anisotropic fluid state and of the solidification Of
anisotropic fluids, could lead to the production,
through processing, of polymeric ..materials with
stiffness comparable to that of metals.

SECONDARY MATERIALS PROCESSING

As we draw closer to the final manufactured product,
we find a higher level of technological innovation in
metals processing. Examples include casting and
solidification, powder metallurgy, and microelectron-
ics.

o Casting and Solidification -
,

In casting and solidification, great progress has been
made, particularly in metalg; by control of grain or
crystal size and of the direction in which grains grow
during cooling. This control is achieved by directional
solidification: heat is removed selectively from the
molten metal so that crystals grow in a given direction
and parallel to each other to form a columnar
structure. As a result, the boundaries of the grains in
the metal are also approximately parallel, and the
properties of the finished casting are significantly
different in different directions. An even more recent
advance is the casting and controlled solidification of
single-crystal blades and vanes for aircraft gas tur-
bines. As noted earlier,. improved high-temperature
durability is achieved in these materials by eliminating
the grain boundaries entirely.

In a new process called rheocasting, the melt is
cooled and agitated vigOrously before pouring until it
becomes mushy, with small crystals supported in the
molten metal. The high solids content and lower
casting temperature result in smaller, more uniform
grains and denser; stronger parts. The lowei tempera-
tures involved also conserve energy, increase the life of
dies, and make the entire process .easier to control.

Other innovations in casting include the use of
polystyrene patterns that vaporize when the molten
metal engulfs them. These consumable ratterns make

,it possible to produce cbmplex shapes at low cost.
Precision investment casting, in which the mold is first
built up around a wax model of the part to be cast, has
been refined to a high art, increasing both tlie size and
quality of the castings that can be produced. Corre-
sponding advances have been made in other foundry
products -through the use of molds of resin-bonded
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sand. This country leads the world in cast-iron
technology.

Powder Metallurgy

Powder metallurgypressing and compacting of met-
al powdeishas seen a revival with the advent of new
consolidation methods and very fine metal powders,
made by newly developed, rapid-solidification tech-
niques. These powciers are especially uniform in
composition and, microstructore and relatively free of
otherwise embrittling microconstituents. The resulting
products, after consolidation and heat treatment, have
superior ductility and high-temperature properties.
The new consolidation methods minimize porosity-
and thus yield solids of high density. With hot
isostatic pressing, in which pressure is exerted uni-
formly from all directions, the most intractable metal
or ceramic powders can be pressed into shdpes with
very nearly the desired final dimensions, minimizing
finishing operations. A cheaper route to high-perfor-
mance parts is providni by powder forging, in which
preformed powder- based billets of about 20 percent
porosity arc forged to the final product. The new fine
metal powders permit the production of metals
sufficiently fine-grained to be superplasticto undergo
very large plastic deformation. Superplasticity, when
.built into metals like titanium that normally are
difficult to form, allows them to be formed- easily if
relatively slowly. This property could be exploited t6
redube the cost of making parts from such metals.

Microelectronics

A striking example of structure-oriented materials
processing is microelectronics, particularly large-scale
integrated circuits for computers. Probably in no other
technology has processing been coupled so intimately
with structure and has progress been so rapid and far-
reaching. The early military and space applications of
the technology moved quickly into the civilian econo-
my. The transfer was possible because of the strong
scientific base that already existed in solid-state
chemistry and physics and because of the relatively
modest investment required.

A

- Computer-Aided Design and Manufacturing

Although this country is the birthplace of mass
production, the vast majority of parts are made in
numbers too small to justify major investment in
assembly-line machinery. However, the manufacture
of parts in relatively small runs is undergoing sweep-
ing change. It began with the development of the

Materials 18I

numerically coutrolled machine tool in this country in
the 1950's and accelerated as computers became more

y compact and inexpensive. Today, computer-aided
design is exerting- a major impact on manufacturing,
and computer-aided manufacturing should begin to do
so in the next five years..

Computer -aided design (cAD) employs powerful
programs (software) for obtaining approximate solu-
tions to problems inaccessible to pied se
analysis. CAD greatly extends the ability to analyze the
design of a part for factors like stress and generation pf
heat. It permits parts to b^ designed with greater
precision and reduces the 1, elihood of unforeseen
failure. CAD equipment also in reduce oesigns to
paper, bypassing the laborious efforts of draftsmen and
thus increasing productivity in graphics and drafting.

An important aspect of CAD is that it is becoming
possible to use its output directly, in combination with
Manufacturing data, to generate automatically the
programs needed to optimize and automate the
manufacture of the designed parts.

In full-scale use, computer-aided manufacturing
(CAM) will be capable of providing: computer genera-
tion of the optimized production plansselection of
processes, equipment, tooling, operating conditions,
etc.; optimized production controldynamic sched-
uling of the work, maximizing and balancing the use

' of the manufacturing equipment, minimizing the time
that parts in process lie waiting to be worked on, etc.;
and automated machining of the parts by numerical
control of machine tools. In numerical control, design
data are combined with manufacturing data to pro-
duce a control program. The program is then used, via
punched tape or small computer, to control one or
more machine tools that produce the finished parts
froth raw stock.

The great capability of the computer is making it
possible to design processing operations' to a degree
heretofore undreamed of. For example, preciiimr-
forging to almost final -shape, so as to minimize...,
subsequent . machining, is becoming, possible' with
computer design of forging steps and dies. To achieve
the full potential of the CAD/CAM approach in such
operations, we ,must acquire new informalion on hOw
materials flow, better understanding of friction and
how to model it, and improved means of applying
computer analysis to prbblems related to the plasticity
of metals. Progress good enough to lead to widespread
'adoption of tAD/cAm methods in metalworking is
''possible in thenext 5-10 years.

Full-scale use of CAD /CAM will stimulate advances
not .only in,process modeling and design, but also in
other areas: materials management and, control, cost
estimation, and inventory control. CAM also involves
robotlike equipment, whose use to perform unpleasant

1 g)
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or routine assembly or inspection r.,perations-is already
a reality; current research is increi sing this capability.

Laser ProCessing

The laser is an economical tool for manufacturing
processes such as cutting, welding, and drilling. It can
also, be used to produce very fine-graihed or amor-
phous surfaces by rapid melting and solidification
laser glazing', This technique is potentially effective
because structural failures usually originate at a
surface flaw. Laser modification of surfaces is being
developed for valve seats'and other components in the
,automobile industry. The use of lasers in metal
processing can be expected to expand rapidly as the
cost of, the devices declines and as more engineers
become aware of the unique capabilities of high-
powered lasers.

Natal Removal

Thr.: development of high-speed metal removal-pro=
asses--5,000,0,000 surface feet Per minutecould
result in major increases in productivity. With ma-
chine tools properly designed for high-speed cutting, it
becomes practical to machine wrought-aluminum
alloys at speeds considerably higher than are used
today, since the rate of tool wear' machining these
materials' is not excessive up to speeds on the order of
12,000 surface feet per minute. However, to make
such operations really economical: materials handling

.and tool changing must be.automated so as to reduce
noncutting time. With the constant improvernent in
cutting-tool materials that is taking place, practic'ai
speeds for machining cast iron and steel are evolving
t6ward 2,000 to 3,000 surface feet per minute. Again,

-however, to make operation at such. speeds econo lc,

noncutting time must be reduced. ,
In addition, better understanding is needed of chip-

segmentation mechanisms, tool-workpiece interface
reactions, cutting -tool wear behavior, and lubriCation
effects. Such knowledge, coupled with a development
program for high-speed machining equipment, could
produce significant progress in materials processing in
5-10 years.

BARRIERS TO PROGRESS IN MATERIALS
PROCESSING

While the United States continues to lead the world in
computer technology, it-is not at all clear that we will
capitalize on this-position to' take the lead in comput-
er-aided manufacturing. A stronger effort is needed
throughout industry. The- situation here contrasts
sharply with that in West Germany and Japan, which

have well-established national research., prodrams in .
CAD/CAM with joint industry go niernent funding.

The requirement for ,large apital investment is
inhibiting the full-scale adoptionof new technology in
materials processing in this country. For example; £0
percent-of our machine-tool base is more than 10 year
ad, as compared with only 30 percent in Japan and
West Germany. Moreover, the economic risk and long
development time tend to inhibit sustained research
and development in materials processing. An essential
condition for real ptrogress in materials processing and
manufacturing is an economic climate that will
prompt industry on its own to modernize, develop and
adopt new technology, and improve its productivity.

Materials-processing technology also suffers from
insufficient attention in our engineering colleges.
Fewer than 10 percent of the materials faculty (who
themselves comprise only a small fra tion of the
engineering faculty) are expert in materials rocessing
and manufacturing. These fields do not e joy the
status accorded .come other academic-disciplines, and
little current' research in the schools is relevant to
major developments in materials processing. The near
absence in our universities of research in materials -
processing and manufacturing technology denies the
country a potential source of new ideas and innova-
tion. Furthermore, it means that the universities are
not exposing young people to current .advances in the
field. ,

RECENT CONCEPTS IN MATERIALS

The research and development and other materials
activities of the past few decades have helped to
crystallize two important concepts: the total materials
cycle and materials science and engineering.4 The
materials cycle is a physical conceptmaterials flow
from the'earth through various useful forms and back
to the earth in a closed cycle that is global in extent.
Materials science and engineering is an intellectual
concepta coherent system of scientific and engineer-
ing disciplines that combines the search for insights
into matter with the use of the resulting knowledge to
satisfy society's needs for materials.

TOTAL MATeRIALS CYCLE

The total materials cycle is driven by societal derr and,
and materials move within it in five stages:

Extraction of raw materials: ores and minerals,
rock, sand, timber, crude rubber.

Procecsing of raw materials into bUlk materials:
metals, chemicals,"cement, lumber/ fibers, pulp, rub- .
ber, electronic crystals....

9



Processing bulk materials into engineering
materials: alloys, ceramics and glass, dielectrics and;
semiconductors, plastics and rubbers, ,concrete,
ing board, paper, composites.

Fabrication of engineering materials into struc-.
tures, machines, devices, and other products.

Recycling discarded materials or products to the
system or returning them permanently to the earth.

The materials cycle provides a framework for
dealing with a system of interacting parts. The flow of
materials at a given point can be scr. 'ye to economic,
political, and social decisions made at other points.
Materials shortages usually are found to be due not to
worldwide' scarcity, but to dislocations in the cycle
that interfere with the arrival of materials at a given
point in the usual amounts and at reasonable prices. A
shortage may arise at one point, for example, because,
of inadequate processing capacity at another point; but
countermeasures can be taken within the cycle,
including stockpiling, recycling, and substitution of
one material for another.

Materials, energy, and the environment interact
strongly. at virtually every point in the materials cycle.
About one -half of the energy consumed by all manu- -
facturing industries in the 'United States goes into the
value added to materials in producing and fabricating
them to the point of becoming engineering materials.5
But materials' also are crucial to 'making energy
available in the first place. In fact, inadequacies in the'
performance Of materials currently are the primary
constraint on the efficiency, reliability and safety, cost-
effectiveness, or in some cases actual realization of our
advanced energy-conversion technologiesgas tur-
bines, nuclear reactors, high energy-density batteries,
fuel cells, magnetohydrodynamic generators, coal ,
conversion, and solar-energy conversion.

The materials cycle offers exciting opportunities in
materials 'research and development. Objectives for
each stage of the cycle might be:

Extraction and processing Reduce energy con-
sumption and pollution

Tabi?cation Designs that improve efficiency of
construction

Asse;nbly. Designs that improve recyclability
Operating,,life Greater durability

FIGURE 241 Materials science and engi-
neering. Scientific knowledge flows to
the right, While experienced knowledge
flows to the left., 4 \

.6

Basic
Understanding

Scientific '
Knowledge

Recycle Designs that ease disassembly; and sort-
ing

Materials

,

In this-manner, functional design could be coordinated
with materials seleCtion and the other operations of
the materials cycle so as to generally facilitate recy-
cling, substitution, and 'conservation.

MATERIALS SCIENCE AND ENGINEERING

The central purposes of materials science and engi-
eering (MsE) (Figure 24) are to probe the relation-
,ips of the internal structure and composition Of

materials to their properties and performance; and to
use the resulting knowledge in producing, shaping, .

and otherwise proceising materials so as to control
their properties and achieve the desired, performance
in the finished product. msE links fundarntal.uiler-
-standing of the behavior of electrons, atoms, a_id
molecules to the performance of products.

It is remarkable that almost all of the technical,'
advances in metals and alloys described earlier were
based on science developed in the nineteenth century
(classical thermodynamicsespecially as elaborated

--by-J. W. Gibbs--and-ehemistry)_in co_njunction/with
some more recently developed. experimental tech-
niques (also based largely on old science). It maybe
that these applications awaited, the formation of a
large cadre of technologists with enough training to
understand thoroughly, and so to apply effectively, the
old science. .

MSE promotes the application of basic science to the
development,- processing;. and use of materials by
establishing a two-way flow* of information between
the' -basic scientists at one extreme an'd the
user /consumer of materials at the other. We have been

'accumulating empirical knowledge of material:, for a
long time. But only in this centuryand. at an
accelerating pace during the past few decadeshave

\scientists made substantial progress in acquiring the
corresponding basic insights. The microstruCture of
materials has been revealed by optical microscopy,
substructure by :electron microscopy, crystal and
molecular structure by X-ray diffraction, atomic.
structure by various speCtroscopies, and nuclear struc-
ture by high-energy atom smashers.

, With this new knowledge it has become possible to

Structure/Property/Performance

Processing/Manyfacture

Societal.
Need

Experienced
Knowledge

bI

.0

1 I



TECHNOLOGY

exploit the linkage of structure, properties, and perfor-
mance. The.: strength and dimensional stability of
polymet's, for example, can be upgraded thrdugh
methhds of synthesis thatt, yield highly or1/4dered mole-
cules that cluster, into crystalline arrays. Transistors
are made by manipulating the electronic structure of -
siliccm and other semiconductors; they, are produced
on a large scale by methods that achieve exceptionally
precise control of composition and internal structure

Studies of the MSE process at work indicate that the
two-wAy,flow of information is' most productive when

_sic understanding of a materials, problem and- the
campiricalneed to solve it are mixed so intimately that
it becomes diffiVult to' tell Which provided the initial
impetus toward a solution. In the main, hoWever, the
initial impetus in 'the msE process seems to arise more
bftefi from "technological pull" than from "Icieritific

. push."
F

The successes of the MSE apProach should not be
construed to mean that., properties Lan necessarily be
predicted from structurealre, nor performance from
properties alone, except in a generl sense. As a rule,
the structurepropertiesperformance linkage must be
worked out through the reciprocal flow of informa-
tionscientific and emcalthat characterizes the
field of materials science andngineering.

NEAR-TERM ISSUES IN MATERIALS\
S

The basic concerns of the United States about materi-
als supply and demand have changed very little from
decade to decade. They commonly involve adequacy
of supply, prices, and national srturity. Long-term
world supplies of the basic resources rarely hay
stirred alarm. Possible shortages ofimore exotic or I s
abundant materials have been recdgnized, but n as
serious threats to world health and welfare.)Soncerns
about supply and demand will persist, but any
consideration of the immediate f4ture for Materials
must take account`of certain newer ssues. ,

THE MOVE OVERSEAS

In basic materials, certain locati ns overseas offer
advantages met this country, inc tiding richer ores,
cheaper energy, cheaper labor; an in some instances
tax advantages and readier access o capitak Regula-
tion of pollution and workplace health and' safety is.
generally less strict than in the Unit d States, although .
it will not necessarily remain ,so. xcept for copper,
roan, of the overseas resources are pwned and used'by
U.S. corporations, which are importing /into the
AmeriCan market as Well as into europe and Japan.
Overseas processing is expanding, and trends 'will
developtoward primary processing of shapes at the

source. The coming decade could see significant
reductions in the domestic capacity of U.S, metals -
producing industries relative to -domestic demand.
American companies also .are manufacturing compo-
nents and finished products abroad and importing
them into the United States.

Companies in the United States and other nations
will tend to shift,basic materials-processing operations
abroad in the years to caws 'The incentive in part is
the hope of assuring supplies by strengthening local
economies anci thus cementing relations with govern-
ments that control basic resources. The

Our'
of

this trend can be seen already. Our imports of
aluminum' increased 310,000 tons, or more than 50
percent, during ,1976-77; imports of refilled copper
rose 218,000 tons, or more than 140 percent; and
imports of iron and stet rose 5.5 million tons, or 44
,percent.6 Durin: eriod, our imports of raw
and proces materials increased in Value to $20
billion arm' lly, and the excess of imports over
exports incr sed from close iir.--zecoto $5 billion.?

There is a orld surplus of aluminum, copper, and
iron. C-ompan that use those materials d'aturally
seek them at th lowest price. The consequent rise in
imports has se ral negative irfipacts. Employment in,.
the rimary minum i:idustry in this country de-
cl by 1, uring 1975-77, in the primary copper.

5,000,9 and .in the primary ,iron and steel
by 80,000. These declines in employment

e become a serious problem and led to the
resident's Nonfuel Minerals Policy Study. The study_

is being conducted jointly by the White House Office
of Science and Technology Policy and the Department
of the Interior, and the findings are due in the fall of
1979. Other negative impacts of rising materials
imports include presure on the balance of
and uncertainties,abdut reliability of supplies. ,

Loss of SW-Sufficiency

A new element in the situation is the gradual decline
in the nation's ability to supply itself froth domestic
resources (Table 4). The United States historically has
been accustomed to a large measure of self-sufficiency.
However, most nations rely on resources abroad, and
national economies clearly -earl thrive on imported
materials. Notable examples are West Germany and
Japan.

IMPACT OF REGULATION

Federal regulation has worthy social objectivts b t it
should be systematically reexamined to ensure t at .a
reasonable balance is struck between costs and. -

benefits. The problem is analytically difficulty None-

'
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TABLE 4 .*U.S. Net Imports of Selected Metals and Minerals as a Percent of Apparent Consumption"

Minerals and
Mi:tals 195()

Columbium
'" Mica (sheet)

. 'Strontium
-- Manganese

Cobalt

Tar;talum
Platinum grdup

metals
Bauxite and

alumina
Chromium

Tin

Asbestos
Fluorine
Nickel

Potassium
Gold
Zinc
Antimony

Cadmium

Selenium
. Mercury
Silver

Baram
Tungsten .

-4TitartiurrOilmenitel
Vanadium
Gypsum

Iron ore

Lead -'
Iron and steel

products
. Salt

Aluminum
Pumice'and vol-

canic cinder
Cement
Iron and steel scrap

I(X)

98

1(X)

77

90

99
74.

55

95

82

94

33

90

9

25

41

33'.

.17

53

87
.66

8.

80

33.
4

28

.11
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E
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theless, there is preliminary evidence suggesting that
the cumulative impact of regulation is quite significant
for some industries.8

ENERGY O

The recent rise in the cost of energy is another new
..element in the materials situation. It imposes a new
constraint on our ability to make economic gains
merely, by substituting low-cast external energy for
human energy. This constraint is particularly trouble-
some in materials. The materials industries tend to be
energy-intensive, and the declining quality of re-.
sources, the- need to control pollution, and the
adoption of new, high technology all call for large
inputs of energy. For example, to refine U.S. copper
sulfide ores of 0.8 percent copper content requires
about 20 percent more energy per ton of copper
produced than to refine a Chilean copper sane ore of
1.5 percent copper content.9
- ,Because of the cost of energy, technology that

reduces its consumption is emerging in the materials
industries. Examples include the chloride cell for
refining aluminum, hydrometallurgical refining of
copper, and electric furnace/scrap recycle for making
steel. Materials fabricators and product manufacturers
are selecting materials and processes so as to reduce
energy consumption and increase productivity. In
some ifistanaes, the materials and applications are
new. Automobile makers, for example, are using more
plastics, aluminum, and high-strength steels to reduce
the weight of their cars.

CONSERVATION

Conservation of materials may be defined as the
reduction of losses from the materials cycle or of
materials going through the cycle. Losses for common
metals have been estimated to *range from half to
three-quarters of the amounts that enter the, cycle.1°
Materials are lost at all stages of the materials cycle,
from mining and production (tailings, slags), through
prochict use (wear, corrosion), to ultimate disposal. Of
the means .available for reducing such losses, two of
the potentially most effective are

Recycling

Recycling of materials, where it reduces costs, will
grow in the next five years. Cost advantages will be
evaluated on the basis of tdtal -cycle costs. Manufac-
turers already recycle significant amounts of in-plant
scrap. Industry, also recycles large amounts of materi-,
als from discarded. products, including automobiles
and telephones. In addition, 0,,oin but intact products

are overhauled and reused extensively' where the
practice is profitable, a good example being automo-
bile parts. Recycling of products, as opposed to the
materials they contain, offers marked potential for
conserving materials, recovering -the energy invested
originally in manufa,-,aring the products, and reduc:
ing the pollution rev" ti g from manufacturing.

The Resource Conservation and Recovery Act of
1976 is designed particularly to stimulate the recovery
of materials and energy. from municipal waste. Recy-
cling of municipal wastes will be stimulated by
technology that leads to design for recycle. It is
essential, for example, that recyclable material be
easily identified. The point is demonstrated by the
relatively high recycle rate of the all-aluminum bever-
age can. Stimulated by high resale value, collections of
cans in 1977 totaled a record 6 billion, about one in
every four sold.

The concept of a waste dump as a man-made ore
body is intriguing." Most municipal waste is a poor
source of iron and aluminumit is leaner in those
materials than are useful ores. However, such. waste
may be a. better source of other metals, 'once the
btirnable constituents are consumed and the iron,
aluminum, and glass removed. Work has been done on
recovery of materials from incinerator residue, and the
approach warrants greater consideration.

The level of recyclinkto be expected in the next five
years will depend 'on a number of factors, of which the
most important, as implied earlier' is cost. Old scrap
metal and wastepaper, for example, must compete
with in-plant wastes of known quality. The reworking
of discarded products -is labor-intensive and may offer
a relatively low rate of return. We have much of the
technology required to recover materials from munici-
pal waste, but problems remain in separating these
materials--sorting glass by color, for exampleso
they can be recycled in the most useful forms.
Difficulties with institutional arrangements and waste
collection must also be resolved.

A most important problem requiring research and
development during the next 5-10 years is the
recycling of plastic scrap (Figure 25). Landfill is
rapidly becoming expensive and unavailable, so the

scrap_ must.._b_edismosed of in some other way.
Processes are needed to separate waste plastics satis-
factorily for reuse or conversion to chemical materials
or, 'alternatively, to convert them pyrolytkallyat
high temperature without biirningto a petroleum
equivalent for use as fuel.

Substitution

Substitution of one material for another historically
has been motivated by cost reduction, specific func-
tional advantages, or supply considerations.. Economic
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FIGURE 25 Projection of scrap plastics
generated annually from`junk cars. (L. R.
Mahoney, J. Bras law, and J. J. Harwood,
"The Effect of Changing Automobile Ma-
terials on the Junk Car of the Future,"
paper 790299.. Warrendale, Penn., Society
of Automotive Engineers, 1979).
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incentives certainly have -been a main driving force.
The rapidly increasing substitution of plastics for
metals and glass in many consumer and industrial
applications provides a model for characterizing the
substitution process.

In general, substitution tends to be an evolutionary
process. It results not only from the advent of new

------materialsTbutalse-from-improvPments and tailoring of
older materials for spec. iflc uses. Indeed, substitutions
stimulate competitive development and innovation in
the materials they threaten.

The chief characteristic" of a sound climate for
materials substitution is a stockpile of materials
technology to draw on. In all phases of the materials
cycle, research and development generate, the knowl-
edge required to expand the range of alternatives and

options for materials and process selection procedi
In that vein, it is important to redress the ea
observation that changes in any one phase of
materials cycle have impacts on the entire c
Major shifts in minerals or other materials muf
meshed with capacity aspects of other phases of
cycle and can have, for example, major conseque
in the recycling phase.

POLITICAL AND INSTITUTIONAL FACTORS
(

Shifts in the flow bf mineral supplies can stem
political and institutional changes ks much as I
exhauSfion of reserves; World consumption of in
trial raw materials has been growiug at record
since World War II, with the United States joi
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Western Europe and'Japan in their increasing depen-
dence on imports. Canada, Australia, South Africa,
and the Soviet Union remain large suppliers of world
markets, but a large proportion of the remaining
higher-grade mineral resources is located in the
developing countries of Africa'and Latin America.

Coupled with the actual' or impending shifts of the
centers of production has been the disappearance-of
the traditional forms of long-term mineral concessions
canted to companies based in the United States or
Europe. The arrangements that have replaced those
concessions are not necessarily stable. In addition,
nations have claimed unrestricted sovereignty over the
development of their resources, including the right to
revise conditions unilaterally without penalty or re-
course. Developing countries aspire to a new economic
order; they wish to improve the terms of trade for
primary:products through joint actions among suppli-
ers or through commodity agreements executed by
both producers and consumers.

Technology Transfer,
Technology is viewed widely by the 'developing na-
tions as a key to industriardeveloment. Their gOal
has been to gain greater access to and control over
technology so they can play a larger role in the
development of their materials and minerals resources
and manufacture of products. Technology transfer has
become a point of serious contention between the
industrialized and developing nations. Our industry
and our government are-being pressed continually to
establish new policies and programs involvinf the
transfer of tec nology. Industry is encountering in .
creasing difficu es in Maintaining established private

i
and public technology-transfer processes in the light of
the new governmental systemscodes, and institutions
proposed by the developing nations.

WY"-Ire these changes in political and institutional
arrFx16einents will leacrthe world in the longer term
remarns uncertain. But it is apparent that they create a
potential for serious dislocation of the orderly process
of exploration and the development of new reserves.

DIFFICULTIES. OF PROJECTION

We noted at the outset that it. is difficult to project
future materials needs, and the light metals provide
classic examples ofthe perils of doing so. umm , on
titanium, magnesiuth, and beryllium were each at one
time or another touted as a "metal of the future." But
only aluminum has become .a large-volume, 10w-cost
metal. Titanium and magnesium have become more
important as metals, but the largest tonnages of them
are sold in nonmetallic form: titanium dioxide as a

pigment.and Magnesium ()icicle as a refractory materi-
al.,,Beryllium has -remained an expensive specialty
metal used in fill'oys and nuclear reactors.

The patterns of supply for these metals have also
been diverse. Aluminum's emergence as a major metal
depended totally on one .orebauxite--and the metal
could be produced only so long as natural cryolite for
the refining process was, available froin Greenland.
Today we have every reason to expect that clays and
anorthosite eventually could supplant bauxite, and we
have synthetic cryolite as well. Titanium is In abun-
dant element, available commercially in two Mineral
forms. Magnesium is produced primarily from seawa-
ter rather than from terrestrial sources. The imported
berylliu% ore, beryl, has been augmented by a
domestiU mineral that was not even known as a
commercial source of berilliuin 30 years ago.

The light metals also illustrate the many, potential
paths that the materials cycle prds%ides for meeting
societal needs. The economic goal is not to supply
society with aluminum, for example, but with a
lightWeight, row-cost material with excellent corrosion
resistance and other useful properties. Rarely is a
material uniquely able to meet a given functional need.
The question, rather, is which material best meets the
need at a given time with due regard to the entire cycle
from extraction to recycle or disposal.

MATERIALS AND THE NATION

We must conclude that developed resources always
appear to be so limited that concern is ever present for
their depletion or exhaustion: But our total unexploit-
ed physical endowment remains large contrasted with
..-_,rrent needs: Ingenuity remains the driving force
required to transform -these resources from crustal
promises into economic realities. Ingenuity must be
aided, however, by better- information, careful analy-
sis, innovative technology, and functioning political
and economic institutions attuned to support technol-
ogy, innovation, and industrial productivity. Universi-
ties, industry, and the government must_all have the
perception to support materials research and develop-

-, ment to the extent necessary to furn basic ingenuity to
best aavantage.

Exploration and development of mineral and mate-
rials resources we no longer left solely to private
industry. Government has- intervened because oftern-about-accessibilite
assurance of continued domestic sources and because
minerals developmeii, au large potential environmen-
tal impacts to which the public is increasingly senii-
tiVe. The importance of our basic minerals and
materials industries' to the economic welfare and
security of the United States makes the creation of a

CS



healthy climate--social, political, economicfor these
industries a matter of public. policy that warrants
-serious attention. The issue of continued investment
minerals and materials development both-domestically.

',.. and atIroad will be more critical during the next five
years than the question of physical . adequacy of
resources.
\ Continuing concerns about materials availability,
supply, and costs have focused new attention on the
role of materials in industrial operations -and ojn
national affairs. The recor.zed interaction and inter-
dependence of materials, energy, and the environment
are a needed catalyst for the understanding of the

OUTLOOK .
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pervasive force of materials technology throughout
our world. Certainly, the trends in materials supply,
availability, and costs, will bring additional pressures
and interisify others. Research and development pro -,
grams on materials, with emphasis on conservation,
recycling, substitution, and the management of materi-
als, _can provide oppOrtinitiei to offset some of these
pressures. The systems approach to' materials, in the
context of a materials cycle, and research on materials -
processing and manufacturing may be key. elements in
the reponse of research' and development to the
materialsresources challenges of the future.

A

The following outlook section -on materials is based on information
extracted from the chapter and covers trends anticipated in the near
future, approximately five years.

New pres:,ores and issues haVe begun to affect the outlook for mate-
..

. rials. Energy, environment, and transportation have become - matters
of national priority. New governmental agencies ar,e involved in re-
search and development and in regulatory activities in these fields.
Uncertainties about industrial productivity and innovation and the
businesscliriiate for risk-taking permeate materials technology and
other fields. Decisions based on relative and near-term payoffs are
shaping,the research environment

the health of materials -processing and manufacturing technology
in the United States is arousing _concern. This is pirticularly so with
respect. to foreign competition and trends toward moving' basic mate-
rials operations overseas to take adVantage of richer ores, cheaper
energy and labor, and less stringent environmental requirements.

In short. the forces that mold the materials enterprise are shifting
to an uncommon degree from the purely technological to social and
economic factors.

DEVELOPMENTS IN It is -difficult to forecast - materials needs either nationally or interna-
. MATERIALS tionally. For this country, however, it can be said that the needs

will increase incrementally in quantity but that the kinds of materi-
als used will not Change much during the next 5-10 years. Subse-
quently, both thg national origins and the kinds and amounts of the
materials. used could change markedly. New technologies change both
what is usable' and how it is used.

herapidevoluticin_oLnew materials that began during World
War II is still under way. Research and development has become
more selective in recent -years, he -ever, and business factors are
inhibiting the movement of new methods and products from the
laboratory into everyday use.

to
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METALS AND ALLOYS.

a

O

Striking advances cannot be expected on a broad front in basic
metals such as iron and steel, aluminum, and copper. More likely -

are incremental. improvements in specific properties, reduction in cost
through innovations in processing, and better tailoring of_properties
to meet specific needs.

Unique Iiigh-temperafure strength and perforinance can be achieved

in cobalt- and nickel-base superalloys by directional solidification of

the molten alloy. Further improvements in high-temperature behavior

have been demonstrated with single-crystal turbine blades and vanes
of such alleys. Both types of materials will be demOnstrated in gas-
urbine engines within the next five years. They will permit longer
performance life and perhaps higher peak operating temperatures and
consequent higher efficiencies in the engines. Rapidly solidified super-
alloys, -now under active development, hold even greater potential for

the longer term.
Certain alloys, When cooled at wry high rates, solidify in noncrys-

talline, or amorphous, form,- as opposed 'to the crystalline structure
found normally in metals. The proper%pf these amorphous metals
make them soo4 candidates for use in power-transmission transform-

er cores, where they could yield significant savings in energy.. Amor-
phous metals have gOod prospects for commercial use in the next
five years in other applications, such as magnetic shielding.

ENERGY- AND INFORMATION- The cost of producing solar cells for converting sunlight directly to --

RELATED MA:PERIM-1 electricity should drop significantly in the next five years. However,

solar cells are unlikely -to become- a_major sourcie of elecirical power

during this century. .

Infrared detectors made- of semiconducting materials will allow -us
routinely to "see" objects by the heat they emit, even in total
darkness: Potential uses range from detecting tumors to Ickathig

sources of heat leakages from buildings and industrial operations.
Communication by fiber-optic transmission will see -major growth

in the next five years. Light signals from light-emitting diodes or
lasers already can fie transmitted several miles through glass or
quartz fibers and detected by silicon-based devices. The main, advan,

/ tage of fiber-optic equipment- Over conventional telephone lines is its

very, high message capacity.
The number of electronic components on - a single integrated-circuit

silicon chip will continue to increase in the next five years, and the'
cosh' per component will continue to fall. New processing methods
will provide increasingly complex circuits at lower cost.

The "so-called bubble memories for computers, based on magnetic

materials like gadolinium-iron-garnet, are being developed rapidly.
The materials are difficult to produce but they offer opportunities for
low-cost,. highly stable,, Mass merriories.

de

Production of synthetic polymersplastics and rubberswill continue
to grow rapidly, with emphasis on the development of new materials

to achieve specific combinAtions -of properties. The 'already large mar-
ket for. polymers in automobiles is likely., to grow 50 percent in, tl/c.

next five years as manufacturers substitute plastics for metals to
reduce the Weight and thus the fuel consumption of cars.' Petroleum .

remain he principal-source-of-raw_ma erials for olymers well

beyond the time when its use as a fuel has begun to decline. n t e
longer run, however, a shift is likely' to other sources of carbon

I
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a' compounds, such as coal, shale oil, and, ultimately, renewable re-
sources:

CERAMICS Silicon nitride and carbide ceramics offer promise for replacing su-
peralloys in gas turbines and also may-be used in ceramic heat

a exchangers. In such uses these niaterials permit higher operating
temperatures than metals and thus even higher efficiencies than now
are common -in energy- conversion devices. The major problem to be
solved with these ceramics is their tendency to fail unpredictably by
brittle fracture, but much progress -should be made in the next five
years in improving their properties and reliability.

Recent research indicates that it should be possible to synthesize a
large range of silicon nitride-type compounds with unique properties.
The next five years will see intensive studies of such materials.
Potential uses include high-temperature structural coniponents, optical
and electronic devices, and refractories. 4.

*.

COMPOSITE MATERIALS Considerable proems should -be made with high.. performance corn-*

positesresin and metal matrices reinforced with fibers of boron,
graphite, and other materials of high stiffness. Such composites have
great potential for aircraft, where they are already used to some
extent. They are beginning to be used in automobiles to save weight.

RE_ NiWABLE MATERIALS Plants that could be raised on scrublands -and, in the coastal oceans
are being studied as sources of materials such as rubber and lubri-
cating oil. The economic feasibility of this approach is far from
established, however. Also, a strong shift to renewable resources t;

would begin at some point to create land-use conflicts.

MATERIALS PRQCESSING- In the processing ofthetals, great progress has been made- in casting
AND MANUFACTURING and directional soli cation. Precision investment casting has 'been

raised to a high art,, and corresponding advances have been made in
other foundry techniques. This country 'leads the world in cast-irontechniques.
technology.

The properties of metals can be improved by modifying their -

internal structures through more precise understanding and control of
. the steps in deformation processing. An example of what' can be
achieved is the high-strength microalloy steels produced by Control-
ling the conditions of rolling and other processing operations. Auto-
mobiles of the 1985 modelyear may contain as much as 500 pounds
of' these, weight-saving steels per car.

Powder metallurgy is seeing a revival because of new consolidation
techniques that produce parts of high density and nearly the desired
shape, thus minimizing machining and scrap generation. The cost of
fabricating ligh-performance structural parts will be reduced by corn-
pressing very fine metal powders, Made brnew techniques, in large,
hot isostatic presses. A more recent development is atomized pow-
ders that are especially uniform in composition and microstructure.
These newly available, powders permit the production of metals that

. are superplastic,and thus more readily formable than they would be
normally.

Laser ,treatment of surfaces to improve the wear-resistance of met-
al parts can be expected to eXpand rapidly as the cost of lasers
decreases. The technique is being developed for automotive valve

I II II/I 61;
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COMPUTER-AIDED' DESIGN- AND

MANUFACTURING

NEAR -TERM ISSUES IN
MATERIALS

CONSERVATION, RECYCLING;
SUBSTITUTION

The development of high-speed metal removal proc'esses promises
major increases in manufacturing productivity. Basic studies, coupled
with a development program on high-speed machining equipment,
could produce significant Progress in materials processing in 5-10
years.

The manufacture of parts s n relatively small numbers is undergoing
sweepifig changes based on computerraided design (CAD) and compu-
ter-aided manufacturing (cAM). Full development is yet to come,
especially with CAM. An important aspect of CAD is that it is be-
coming possible to 'use the output of that process directly, in combi-
nation with manufacturing data: to generate" automatically the pro-
grams needed to bptimize and automate the manufacture, of the

'designed parts by CAM..,

The political and institutional factors that affect the worldwide flow

of raw materiafrhav'e been..char4ing markedly.' The long-term results
are uncertain. It is apparent, however, that these changes potentially
could seriously disrupt the exploration and development of new re-
serves.

rican and other companies will tend to shift basic materialsAmerican
processing operations overseas in the next decade. The aim in part is

to assure ,supply by improving relations with governments that con-
trol basic resources. Also, certain locations overseas offer advantages
that include richer ores and cheaper energy and labor. This trend
can have negative impacts: loss of jobs -in the domestic.
industries, greater pressure on the balance of 'payments, and uncer-
tainties in deliveries of materials.

The rising cost of energy could be especially troublesome to the
materials industries, which tend to be energy-intensive ° Also, large
inputs of energy are required to offset the declining quality of do-
mestic ores, to control pollution, and to use new, high technology.
In some cases the materials industries are easing the problem by
adopting technologies that reduce energy consumption. Examples in-
clude the chloride cell for refining aluminum and hydrometallurgical
refining of copper.,

Conservation of materials may be defined as the reduction of the
amounts of materials that flow, through- the materials, cycle or the
reduction of losses from the Shch losses occur in all stages of
the cycle, from, mining and production (tailings, slags), through prod-
uct use (wear, corrosion),, to ultimate disposal.' Of the available
means of conservation, two of the potentially most effective are recy-
cling and substitution.

Recycling of materials, where it reduces costs, will grow ,in the
next five years. Industry already, recycld large amounts of in-plant
scrap 'and of materials from discarded products, including automo-
biles and telephones. Various products are now recycled by overhaul

_ and reuse. This practice offers marked potential for conserving *mate-
rials, Jecovering the energy invested originally in manufacturing the
products, and reducing the pollution resulting frornetinanufacturing.

Substitution of' one material for another historically has been moti-

vated by cost reduction, specific functional advantages, or supply
considerations. The chief characteristic' of a sound climate for substi-
tution is a stockpile of materials technology to draw on. The rapidly
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growing substitution of plastics for meiais and glass' in many eon-
sumer and industrial applications provides a model for characterizing
the substitution process.

We must continue to. examine the physical adequacy of resources.
.and potential shifts among materials through time, but crises do not
seem imminent in the near. future. A more important issue may. be

,the need to create an atmosphereeconomic, social, and political
that will assure a strong future for the ountry in minerals and
materials resources and a `comp-titive industrial base _in .a rapidly
changing materials. world.

o
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7. Demography

INTRODUCTION

, DEFINITION, METHODS, AND TOOLSa
Demography .is the quantitative . study of human
Populations. Its basic materials are derived from
censuses; vital statistics, and sample surveys. Its
methods are observational, empirical, and statistical.
Its techniques include the.use ofildvanced,mathemat-

...icsto refine raw, bftenincOmplete data into interpreta-
ble trends and cOmParisons.

The field ?can heAlis;ided roughly, into formal
demography and the broader area of social demogra-
phy; or population studies. Formal demography is
concerned principally with analysiS of the three major
determinants of population change: births, deaths,and
migration. Social demography studies . population
change in social, economic, and physical settings, and,
therefore; considers other variableS such 'as Occupa-
tional structure according to sex and age, income
levels for diffeynt not/ pulation groups, and housing '*
patterns.'

DE4O-GRApHIC DETERMINAN'T'S

Demographic patterns such as thoSe of fertility,
marriage, and migraiion originate in millionS of

individual actions. These in turn are triggered by such
factors as indiiidual aspirations, education, kinship, ° .

personal finances, and health.
The ,individual actions reflected in demographic

statistibs affect the economic and social environments

and leaving-school, entering the job market, establish-
at the cntiel thresholds of the life cycle entering

in which People spend their lives. A sharp increase in
the birthrate, for example, concentrates. large numbers

eventualmg families, renting and burl
ly retiring and living on inco e frOM sources other
than current earnings.

Employment and business conditions mayAeCt the

Styles affect family structures. The desire for in
age pl.

ffmarriage
and of childbearing, Changing life:

depen:
dence by the elderly, along with the provision Of some
basic firiAncill security, has in part stimulated the
growdaf one-persodbouseholds.

Changing industrial and transportition technology,
climate, tax, and labor laws,-and business practices are
among the major factors affecting Where people live.
Newgettlement riatterns, in turn, have created new
demands for-public and Private serviees And have led
to -OomPetitign among cities, states, and regiOns:
between tht "sunbelt" and, the "frbstbelt," for exam-
ple, and between central cities and suburb'; A recent
inch udiRrecedented reversal of migratiOn 'patterns

197



J98 SCIENCE AND THE UNITED STATES
away from large central cities is forcing reassessment
of community planning and affecting other economic,
social, and governmental activities.

L*mographic trends are composites of individual
.actions, and national trends are composites of regional
and local events. The ,national trend .toward empty
classrooms and Unemployed elementary and high
school teachers also subsumes rapidly growing com-
munities and regions with increased loads'on schools
and other public services for the young.

Similarly, improvement in- some the highly
desired aspecfs of life havrot been equally distribut-
ed. The differences between men and women in

expected lodgevity have widened, although life exped-
tancy for both men and women has increased.

Finally, the form in which information is presented
can letid to different interpietatiopi. It may matter, for.

. example, whether actual numbers of people or per-,
centages are discussed. For example, between March
1975 and March 106 more people Moved into
nonmetropolitan areas than out. However a larger
percentage of the nonmetropolitan residents Moved to
metropolitan areas than the reverse-3.0 and 1.8,
respectively.2

t, USES OF DEMOGRAPHY

Population size and composition largely deterratne
how, funds are apportioned by federal and state
governments to counties, 'municipalities, and other
goVerriment units. They'. determine representation in
national, state, and local legislative bodies. Further-
more, the riglits, duties, and ,powers of municipalities
depend in part on the sizes of their total. populations
and the sizes of defined segments, such as minorities,
unemployed; children, the elderly, rural residents, and
others.

SOURCES OiINFORMATION

The major sources of data about the American
population are the decennial census; the registration of
births, deaths,, marriages, and divorces; the regiStra-
tion of immigrants; and sample surveys sponsored by
government or by- private organizations.

A census of population has been taken by the
federal government at 10-year intervals since 1790,
After 1980 a census will, be taken once every 5 years?

The census is the only single source of inforthation
concerning population changes and characteristics f3..
every state, County, municipality, township, neighbOi-,i.

hood, and city block. Blip it primarily reports charac
teristics of the population at the time of the entimera-
tion. Information concerning intercensal changes is
derived by using previons census data as benchmarks

and updating them' with current data from other
public records.

Registration of births, deaths, marriages, and di-
vorces is done by state or local agencies. Although the
primary purpose of registration is to meet legal
rirements and to , provide official records for
individuals, these data are compiled on a monthly and
annual-basis.

Sample surveys by both government and private
agencies are important sources of information. FOr
instance, the Current Population Survey, conducted
monthly By the Bureau of the Census and based on
interviews of 60,000 households, provides monthly
estimates of employment and unemployment rates and
other information about important population devel-

opments. The increased use of 'computers for tabula-
tion of data has greatly extended the usefulnessof raw

. data.

PROBLEMS IN DATA COLLECTION AND ANALYSIS

Although individual responses to the census questions
are compulsory, errors are possible in the information
supplied or recorded. Methods have been developed to 2
measure and to redu'ce the effects of such errors, but
concerns about privacy and costs limit the degree-to
which such errors can be completely eliminated. `

Error estimates themselves are subject to error,
because they depend to some degree upon assump-
tions. For example, registration of births and deaths is '7
presumed to be virtually complete, but data on
marriages and 'divorces less complete. Finally, regis-
tration of immigrants is beset with. a number of
difficulties aside from the problems of counting undoc-

Oumented aliens.
A major problem..is that of missing data. Deipite

efforts to reach every person in the .United States, it
has been estimated that about 2.5 percent of the
population, 5.3 million persons, were missed in the
1970 census.

Data from sample surveys also are subject to
sampling, response, and recording errors, as well as
errors caused by incomplete coverage of sampling
units. .s.

that data are subject to error is notto deny
their utility for many purposes. Good practice calls for

. allowances for 'error along with results of a survey.

While-techniques . for minimizing, errors and for
_estimating the size end nature of those that remain
have been developed, they continue to deserve the
fullest attention.

Because of the political importance of demographic
information, it must be reliable, current, and compre-
hensive. Many significant demographic shifts occur at
the regional, state, or local levels. The capacity of state
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and municipal agencies to collect, analyze, interpret,
and disseminate demographic d' to often falls short of
their requirements. Furthermore, future censuses will
require more assistance from !Deal agencies than
formerly, and it is important that these agencies be
effective and efficient.

DEMOGRAPHIC PROGRAMS OF THE FEDERAL
o

GOVERNMENT

Analytical work of high quality is being done by the
-federal government, through the Bureau of the Cen-

Sus, the National Institute for' Child Health and
"' Human Development, the National Center for Health

Statistics, and 'other agencies/These agencies address
questiops related to their 'special missions; but no
centralized federal agency has responsibility for moni-
toring and analyzing overall demographic trends in
the United States. Congress, however, is examining
the effects of population change; recently, fot example,
through the Select Committee on Population of the
House of Representatives. .

DEMOGRAPHIC TRENDS IN THE UNITED
STATES

Birthrates have been generally declining for the .past
100 years.. Americans have been leaving their central

cities Since the' 1920's, but the present rate of
migration out of some metropolitan areas is unprece-
dented. The westward drift of 'the U.S. population
center goes back to the founding of the nation, and in
the past' 200 years this center has moved from
Baltimore to St. Louis. For the past 40 years there has
been a slight* m avement of that center toward the

'Muth.
These changes can be interpreted in various ways.

For example, if low birthrates and in reasing life
expectancies continue, the age structure of the Ameri-
can population will be transformed, raising the pro-
portion of the elderly and lowering that of the young.
In 1977 the largest 5-year age group was the 15-19-
Oar-olds; in 2000 it will probably be the 40-44-yser-
olds. This change will 'affect social arid economic
structure in ways that are still not certain.

Migration patterns of the 1970's will affect cities
and suburbs, the-plices left behind; and destinations.
Many large cities, as well as same suburban areas, are
losing young professional; and small towns are gaining.
them. Many middle-class black and white families are

o moving out of large cities.
There are exceptions to every aggregate demograph-

ic trend. While fertility rates are declining overall,
they are'higher for some groups within the population
than for others. There_ is outward migration from

. 0
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metropolitan regions, but a large number of people are
also moving in. Migration patterns leave some large
cities in the north and north-central regions with a
larger proportion of poorer, older, and
populations; but some of these same cities are also
experiencingYurban renovation efforts by ..:'addle -class
young families.

RATE OF GROWTH: FERTILITY, MORTALITY? AND

IMMIGRATION

The annual population growth rate of the United
'States is calculated on the basis of gains and losses
from births and deaths and international immigration
and emigratioik This growth rate has steadily declined
from more than 3 percent before the Civil War to less
than 2 percent between 1920 and 1960 and less than 1
percent in 1978. In numbers, the U.S. population grew
by 1.7 million in 1978, or about 500,000 less than the
growth in 1970." In 1970 there were 203 millicm
Americans; in 1979 about 220 million. The decline in
population growth has been steady but not smooth,
marked by sudden drops'and surges, such as the slaip
increase in the number of births between 1947 and
1964, the years of the baby boom. A

The gain, or loss from annuli bK-ths and deaths has
and" continues to be the largest factor in national
populatlen change. People in the United States, and in
most major industrialized countries, are having fewer
children and living longer. With the recent decline in
fertility, immigration is becoming more important; it
now, accounts for nearly 20 percent of the total annual
increase in the number of people in the United States,
compared with about 1I percent in the early 1950's.

'eNy,

BIRTHRATE AND FERTILITY

The Baby Boom

After decades of decline -the U.S. birthrate rose
sharply after World *ar II, peaking in 1557 and
declining below 1941 levels in 1964. Since then, the
rate of declihe has been rapid and has o;-i-distanced
recent declines experienced by other indu rial coun-
tries. Between 1957 mid 1978, the rate of childbearing
among all women of childbearing age was halved and
the annual number of births declined from 4.3 to 3.3

million.
The very rapid rise in birthrates after World War H

and the equally rapid decline in the 1960's were
unpredicted. The effects of these fluctuations remain,
however, in the form of the very large number of
babies born during the baby boom and the much
smaller number Following them. In all, 'the 42 million
babies born between 1955 and 1964 set a 10-year

2f.1%
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record which has not been equaled. These babies
comprise the nearly 41.5 million 14-23-year-olds ih
1979 and will be the 41.3 million persons 35-44 years
old in 2000. By 2030, when they will be 65-74 years
old, their numbers will have been reduced to about 32
millionmore than twice the number of 65-74-year-
olds in 1978.

Current Fertility

Women now in the midst of their childbearin riod
are likely to have two children as compared with three
for their mothers. In 1964 slightly more than half of
all newborns were first or second births. In 1977,
almost three-fourths of all births were first or second
children.3 Women are also likely to complete their
families in 7 years as compared with 10 for their
motheN. As marriages have been delayed, the moth-
er's age at birth of the first child has been increased,
while thetage at which she has her last child has
declined. Finally, the birthrate for women 35-44 yeara
old declined by two-thirds baween 1960 and 1976.

There are other indications that the birthratetvill
remain low or decline. One such indication is the
increased number of fertile couples who seek steriliza-
tion as a form of birth control. Among one-fourth of
the couples of reproductive age, either the husband or
the wife has been sterilized.4 Moreover, some 11
percent of women in their early twenties expect to
remain childleis.

Tkzage Fertility

Birthrates differ considerably among various groups
and fluctuate within those groups. For example, the
fertility rates among women aged 15 to 17 are different
from those aged 18 and 19, and both these rates are
different from the fertility rates for women over 20 and
under 15. Furthermore, the rates differ among ethnic
groups.

In 1966 there wer$629,554 Vrths to mothers under
20, and in 1977 feWer tha i .4.10,000. Of the 1977
births, approximately 214,000 were to mothers 15-17
years old.5

Currently the birthrate for all teenagers appears to
'be declining. The birthrates among 18- and 19-year-
olds declined from 121.2 per thousand in 1966 to 85.7
per thousand in -1975. This decline more nearly
parallels the, declining birthrate among women in their
early twenties, the prime childbearing ages. Among
15-17:year-old mothers the birthrates per 1,000 wom-
en were 35.8 in 1966, 39.2 in 1972, 36.6 in 1975, and
34.6 in 1976. The rate peaked in 1972 and has declined
since then. Birthrates for girls under 15 account for

less than 0.5 percent of the total number of births with
little fluctuation from one period to the next.6

Despite this decline in the number of births to
teenage mothers between 1966 and 1975, the teenag-
ers' share of births rose from 17 to 19 percent of the
total number of births between 1960 and 1976. The
15-19 age-group increased considerably in numbers in

a the latter part of the period as the children born
between 1957 and 1961 matured. The increased
proportion of births to teenagers was further accentu-
atea by the decline in the birthrate among older
women.

The birthrate among teenage black women tended
in the past to be higher than that for teenage whites.
Between 1966 and 1.975 the gap in birthrates between
black and white 15-17-year-olds narrowed as,a result
of a decline among blacks and a slight increase among
whites:, There is some recent indication that birthrates
among 15-17-year-old white women are now declin-
ing.. Among the 18- and 19-year-olds, both blacks and
whites, the birthrate had declined considerably. In
sum, birthrates among blacks and whites of both age-
groups have:declined, and the rate of decline has been
greater among black teenagers (Table 5).

There has been an increase in sexual activity among
teenagers of all groups, but at the same time there has
be, :n an increase in the use of contraception and
abortion. The latter is believed to account for the
declining birthrates among teenagers.

The lower on the economic scale the teenager, the
more likely she is to becomepregnaNt, the lower her
chances of core meting her education, and the less
likely she is to 'have proper medical attention. Also,
the younger the mother, the less likely she iS to be
married. Furthermore, a higher degree of risk is

associated with childbirth among the very young, and
the younger the mother, the more likely her child will
suffer birth defects.

MORTALITY .

Mortality rates continue a steady decline among
infants,,womeh in childbirth, and the elderly. There
has been a decline Of 13 percentlrom 1950-75 in death
rates for those 65 and over. This decline at older ages,
signifying a new trend, is due mainly to lower 'death
rates from cardiovascular diseases. The result of lower
death rates frbm these diseases is that between 1950
and 1975 life expectancies after age 65 rose from 12.8
to 13,7 years for males and from 15.0 to 18.0 years for
females. These changes in mortality rates at older ages
have, of course, increased the projected number of the
aged in future populations. The most recent estimate
by the Bureau 'of the Census is 31.8 Million people 65
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TABLE 5 U.S. Birthrates for Women under 20. by Age of Mother
and Race (live births per 1.000 women)

Age of Mother
and Pace 1977 1976 1974 1972 1970 1968 1966

10-14 Years.
White 0.6 0.6 0.6 0.5 0.5 0.4 0.3

Black 4.7 4.7 5.0 5.1 5,2 4.7 4.3

TOTAL 1.2 1.2 1.2 1.2 1.2 1.0 0.9

/547 Years
White- 26.5 26.7 29.0 29A 29.2 25.7 26.6

Black 82.2 81.5 91.0 99.9 101.4 98.9 97.9

TOTAL 34.5 34.6 37.7. 39.2 38.8 35.2 -35.8

18-19 Yean
White 71.1 70.7 77.7 84.5 101.5 102.0 109.6

Black 147.6 146.8 162.0 181.7 204.9 201.3 209.9

TOTAL 81.8 83.1 89.3 97.3 114.7 114.9 121.2

Not Act: tfonthly Paul 81Itittut Prprri, Vol. 26 INo. 5 supplement). p. 9. 1977'. and Final Natality Siatisiies.

ly76 ark; 1417.- Washington. National (inter for Health Statistics.

and over by 2000, or 4-11 percent above projections
made between 1964 and 1975.

There are differences in life expectancies -between
men and women, among residents of different states
and different sections of a state, and among races. The
difference in life, expectancies at birth of males and
females has steadily widened, from 4.5 more years for
females in 1940 to 7.8 years in 1975. Similarly, there is
a difference of nearly 8 years in the life expectancy at
birth between those living in the most favored state
(Hawaii) and in the least favored (the District of
Columbia). The highest state average for women of
"all other" races is equal to the lowest state average
for white women. A study in Chicago showed that.
there are differences of as much as 10 years in the
mortality rates of small areas within the city,. Despite
substantial improvements in recent years for blacks
and whites, a black female baby born today with a life
expectancy of 72 years has the same average life
expectancy as her white counterpart born in 1950.

-Even for those 65 years old and over, the average,
number of remaining years differs by as much as 2
years_ between the highest and the lowest state
averages.

IMMIGRATION

Net legal immigration into the United States has
averaged about 400,000 per year since 1965. To that
must be added an unknown number of undocumented
aliens. The law provides for a maximum' quota of
170,000 immigrants from the Eastern Hemisphere and
120,000 from the Western Hemisphere, and for

Y.

specified groups of nonquota immigrants, such as the
recent admission of refugees from southeast Asia.

While net immigration into the United States now
accounts for an increasing fraction of total annual
growth of the population, data on immigration are the '
least developed of our population statistics. There-are
several problems. The legal definitions of an immi-
grant are complex: Not all immigrants can be iden-
tified as such when they enter the country, and little is
known about the persons who leave the country. The

" movements of undocumented aliens across national
boundaries add other complications. There is not now,
nor has there been, a set of immigration statistics.
commensurate with their importance to the United
States.

AGE STRUCTURE

Declining mortality rates for the elderly and the
concomitant increase in their numbers combined with
current low fertility rates and fewer children -have
increased the proportion of the elderly in the United
States. This has resulted in an aging population. By
2000, the population 65 years and older will have
increased some 36 percent since 1977. The population
of the very old, those 80 and over, will increase
especially rapidly, with their numbers almost dou-
bling,. from 4.8 million in 1978 to `8 million in 2000.

Countries with high fertility rates, where"each age-
group is followed.by successively larger ones, have a
pyramidal age structure with alargt number of young
at the bottom and a small number of the elderly at the
top. As the sizes of the different age-groups in the

N
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low fertility rates will reduce the number ifN people
paying into social security and the number i-eceiving
benefits will greatly increase. Therefore costs to the
workers will go up.

United States gradually are becoming more equal, the
age structure taking a more rectangular shape with a
small number of very young at the bottom and
proportionately more elderly at the top (Figure 26).

EFFECTS OF CHANGING AGE STRUCTURE

Just as "boom" babies crowded schoolrooms and
universities throughout the 1950's and 1960's and are
now putting pressure on the labor market, they could,
when they reach retirement ages, strain pension
systems and other services for the elderly.

The changing age structure affects the dependency
ratio, the index for measuring the relative size of the
working-age population (20-64 years old) in relation
to the nonworking-age population (under 20 and over
64 years old). The 1978 dependency ratio was 78.7
nonworking cage per 100 persons of working age. In
1960 it reached a high of 91.5/100, reflecting the
effects of the baby boom.

The U.S. Social Security system is currently being
4 affected by increasingly large numbers of the elderly in

relation to the working population. In 1975 the
number of persons 65 and over was 18:9 per 100
persons of working age. By 2010 it is predicted that
the ratio will be 20.9/100 and by 2030, as the baby
boom group reaches retirement age, the ratio will
increase sharply, by 60 percent, and change the
elderly/working-age ratio to 33.6/100.7

Because of the sharp increase in the size of the
working-age population, dependency ratios' should
improve by 1984. In the long term, however, current

FIGURE 26 Stationary popula-
tion age-sex structure and con;
trasts. (Population age-sex struc-
tures for Mexico and the United
States reproduced from Arthur
Haupt and Thomas T. Kane, Pop-
ulation Handbook, Population
Reference Bureau, 1978, p. 14.
Hypothetical stationary popula-
tion age-sex structure calculated
from New Zealand Life Tables,
190-72. Wellington, N.Z Depar-
ment of Statistics, lune 1976,
Tables I and 2 for the non-Maori
population. From Population

VoL 33, No. 3, 1978.
Courtesy, of Population Reference
Bureau, Washington, D.C.)J
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INTERNAL MIGRATION

The average 20-year-old American moves nine tirnes
in hi's lifetime Many of these moves are and will
continue to be outward from the cities and westward,
continuing an American tradition. What is new is the
current movement toward the South, for historically
net migration was away from the South to the North
and West. In general, 15 states, 8 of them in the South,
which had a loss of population to other states in the
1960's, are gaining population in the 1970's. The states
growing most by migration are Florida, Texas, Colo-
rado, Arizona: and California. The largest losses were
in Ohio, New York, and Illinois.

The historic movenient of blacks from the South to
other parts of the country also has been reversed in
recent years; and there is now a movement of blacks to
Maiyland, Florida, Texas, and Virginia. However, at
the same time, blacks continue to move out of
Alabama, Mississippi, Arkansas, Louisiana, sand the
District of Columbia.

CHARACTERISTICS

Those who move usually differ from those who stay
behind in socioeconomic status, age, and education.
The movers tend to be young, usually in their

UNITED STATES
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twenties, finished with formal education, beginning
their careers, and newly married but with no children.
However, there is also a large number of relatively
well-off retired people who move to the, warmer
climates of Florida and the Southwest.

METROPOLITAN EXODUSr
The net flow of people from metropolitan areas to
small towns and rural areas has received a great deal
of recent tattention. It eased the "urban explosion"
concern of the 1960's best illustrated by the fear of a
"Boswash" conurbation. In the 1970's the compara-
tively higher population growth rate for nonmetropoli-
tan areas reversed the situation of the 1960's, when the
growth rates for metropolitan areas were four times as
high as for nonmetropolitan areas (Figure 27).

Such aggregate comparisons May be a bit deceptive.
Three-fourths of metropolitan population growth in
the 1960's came from an excess of births over deaths
and only one-ninth from the arrival of individuals
from nonmetropolitan areas.9 Other factors involved
were immigration into the United States and expan-

sion of metropolitan land areas as more people owned
cars and as the interstate highway system spread.
Regional migrations were a .minor part of metropoli-
tan growth during the 1960's.19

Moreover, loss o_f metropolitan populations through
migration is not new to American society. In the
1960's, for example, 40 percent of metropolitan areas
had more people leaving than arriving. But the effects
of these migrations were cloaked by the much larger
population gains from excess of births over deaths.

Seen in that light, the recent trend toward migration
beyond metropolitan areas was foreshadowed in the
1960's and made evident in the 1970's by the
continuing decline in fertility rates. The trend is
ubiquitous. Most nonmetropolitan areas are gaining
migrants, with the major exceptions being the tobacco
and cottolt belts from North Carolina to the Mississip-
pi Delta and some of the Great Plains areas. Nearly
two-thiids of all nonmetropolitan counties gained
migrants in the 1970's, compared with one-quarter in
the 1960's and one-tenth in the 1950's."

About three-fifths of the nonmetropolitan gain is
occurring in counties that are contiguous to the

Annual Net Migration
(percent)

_1

1950- 1960- MO-
1960 1970 1974

FIGURE 27 Annual, rates of net nonmetropolitan migration for 26 U.S. regions. (Calvin L. Bealeand Glenn V. Fugliitti The New
Pattern of Nonmetropolitan Population Change, CDE Working Paper 75-22. Madison,Wise.: Center for DemographY)and Ecology,
UniversiVof Wisconsin,- 1975. (From Population Bulletin, Vol. 30, No. 3, 1976. Courtesy of the Population Refine= Bureau,

Washington, D.C.])
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metropolitan areas.'2 M the same time there are over
° 500 nonmetropolitan counties losing population. Mot

of these are heavily agricultural and/or predominantly
black. -

Population losses in the large cities are mirrored to
an extent by copulation losses for entire metropolitan
areas, that is, a central city and its suburbs. During the
1950's, only one metropolitan area, St. Joseph, Mis-
souri, had lost population. In this decade, eight
metropolitan areas have already lost population.
Nationally, metropolitan areas continue to increase
their population, but at a slower rate than nonmetro-
politan areas. Moreover the 15 'fastest growing metro-
politan areas froM 1970 to 1975 were all in the South
and West, including 9 in Florida.

Migration into nonmetropolitan areas and the
general movement toward the South and West, where
population densities have been generally lower, are
resulting in a geographic shift in population densities.

CITY AND SUBURB

The proportion of Americans living in central cities,
relative to the suburbs has been declining for several
decades. In 1920, two-thirds of metropolitan area
residents lived in central cities and in 1975 less than
half did so. A decline in the total number of people
living in the nation's central cities is new, stemming in
large part from the continued migration of whites out
of the cities. The loss is now national and no longer
limited to the cities, of the north-central and northeast-
ern regions of the country. However, the largest losses
still occur in these latter regions. In contrast, smaller
cities those with 1 million or fewer residents, are
either gaining population or suffering losses propor-
tionately smaller than the larger cities.

Measures of Change

The interpretation of the changes occurring in central
cities and suburbs depends on what measure one uses;
whether income levels; racial and age composition, or
family structure.

The differences in median incomes between subur-
ban and central city families appear to be widening:
Suburban median incomes were 17.8 percent higher
than central city median income's in .1970 and 23.8
percent higher in 1977. Or, to cite a different measure,
over 10 percent of all central city families now receive
some sort of public assistance income, but only 3.9
percent of suburban families do so.

The majority of black. Americans live in central
cities. However, the suburban growth rate during the
1960's and 1970's was higher for blacks than whites;
still, suburban populations remain largely white.

The median age of central city residents has
historically been higher than that of suburbanites, but
that gap is narrowing as the general decline in fertility
rates reduces the number of young children in
suburbs. Finally, the proportion of all families headed
by females is higher in the central cities than in the
suburbs, with these differences largely dile to black
families, 36'percent of which are headed by females
compared with 11 percent of white families.

SOME QUESTIONS

These are some of the signs of major changes since
1970 in the movement of population within metropoli-
tan areas and between metropolitan and nonmetropol-
itan areas. We lack precise information on the patterns
and effects of regional migrationsin and out of
metropolitan areas, suburbs, and central cities, and
geographical regions,I Differences in the volume of
such migrations and \in the characteristics cif the
migrants are critical elements in determining the
economic and social effects of migration into and out
of a region, town, or city.

As noted earlier, rural areas,-which historically lost
population to the cities, have recently begun to keep
more of their population and to attract more newcom-
ers. Questions remain: Are\ former rural residents
returning? Are urban-reared and educated persons
opting for rural life? Are jobs, climate, recreation, or
some combination of these the major attractions? Are
the people left behind increasingly the disadvantaged?
Do changes in family organization and in settlement
patterns affect the needs for public services by specific
groups, such as the elderly?

HOWEHOLDS AND FAMILY FORMATION

Recently there has bee'n a noticeable postponement of
the age of first marriage. The median age of marriage
for both men and women increased by about 1.5 gears
between 1956 and 1977, and the proportion of women
20-24 years old who have not married increased by
one-half between 1960 and 1970.

Combining 'such demographic trends with other
social factors is useful in analyzing social patterns. For
example, the postponement of marriage is associated
with higher college enrollment among women, in-
creased number of women, in the,labor force, and
increased unemployment among iy6ung adults. The
increased number of young unmarried women of
marriageable age may also be related to the fact thaf
there are 5-10 percent more women at the usual age of
first marriage (18-24) than there are young men (20-
26), because the older men were born during a time of
low birthrates, while the women ware born during the
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baby boom. The saihe effect might work in reverse in
the next five years, as the men born during the baby
boom seek marriages among women born in the
1960's, when birthrates began their sharp'' decline.

DIVORCE

Divorce rates historically tend to 'rise and fall -with-
marriage rates, with the former lagging behind the
latter by seven years for first marriages and three years
for remarriages. Since marriage rates peaked in 1972
and have now declined by about one-tenth from that
level, it can be expected that the rate of divorce will'
begin to decline about 1980.

ONE-PARENT FAMILIES

In 1977, 17 percent of families with children under 18,
living at home were one-parent families and 90'percent
of these parents were women. Seventeen percent of all
children under 18 were living with one parent, usually
the mother, in 1977. Ten percent of children living
with two parents live with a stepparent. Based on
current trends, five years from now 20-25 percent of
all hdirseholds with children are likely to be one
parent families.

Although 90 percent of all families in the United
States are headed by men, half of all families below the
poverty level with dependent children are headed by
women. Although the percentage of families headed
by women is greater among blacks (33.1 percent in
1976) than among whites (11 percent), the number of
white families headed by women is increasing and in
absolute figures is well above that of,blacks: In 1975
the Census Bureau reported 5,380,WO white families
beaded by women and 2,102,000 black and "other"
families heided by women.

119usEmoups

Although population growth is slowing, the number of
households is growing three times as fast as the total
population--an increase of 20 percent between 1970
and 1978, as compared with an increase of only 1
percent in the total population. This is a result of the
trend toward smaller families, more single parents,
fewer or delayed marriages by young adults, more
elderly couples, widows, and widower- living alone,
aid doubling up because of greater affluence. The
effect is ihat while the population of a partidular
suburb, or metropolitan area may be declining, the
number of households may be increasing12

The growth rate was led by one-person households,
in partiCular those maintained by persons either
divorced or never married. Half of all divorced
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persons who have not remarried and half of those who
have never married maintain households alone.
Among divorced parents, a father usually lives alone
while the mother maintains a one-parent family.

The average site of households declined from 3.3
persons in 1960 to 2.8 in 1978, and may be expected to
decline furtherjo 2.6 persons by 1983.

Elderly persons will contribute substantially in the
next five years to the continued growth in the number
of small household's. In 1977, 33 percent of women
over 65 but only 9 percent of the men were living
alone. If current. trends continue, the number of
households maintained by persons 65 years old and
over is' expected to increase by 10 percent, or double.
the expected rate of household formation for the toial

- population.
If present trends continue, the rate of .household

formation in the next five years will continue t6 exceed
by far the rate of population growth.

LABOR FORCE

CURRENT LABOR FORCE PARTICIPATION

In May 1978,the total civilian labor force exceeded -
100 .million persons for the' first time. During the
preceding five years, while the population had in-
creased by about 8 percent,, the total number of
employed persons had grown by about 11 percent.
Moreover, the proportion of

to
total population in,

the work force continued to grow. Unemployment,
which fluctuates more rapidly than total employment
rates,.also increased, with theresult that in 1978 there
were both more employed and unemployed workers
than in the previous five years.

These recent changes continue a long-term trend of
increasing proportions of the population working for
pay or profit. Also, the ratio of workers to nonworkers
by sex and age has fluctuated widely, primarily as a
reflection of the increasing proportions of women in
the work force and a shorter work span for men.
Reductions in. the numbers of theself-employed have .

increased the proportions of older men who drop out
of the labor force abruptly at retirement rather than
-continuing as self - employed persons who can adjust
their_ work todeclining ability. Also, a growing trend_
of basing retirement benefits on . length of service,
instead of on. a fixed retirement age, may have led to
some increase in earlier retirements. An increased
number of years devoted to education has delayed
entrance into the labor force. However, by age 25-29, .

at least 95 percent of men, are in the labor force.
...Young women are returning to the labor market much_
more quickly after the birth of children, and more men
are retiring earlier than the customary retirement age.
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A much higher proportion of men anci'women in the
age range,25-54 are working than' was true in the past.
As a result, the work life patterns,of men and women
are becoming increasingly similar.

Earlier Retirements

Smaller families and completion of-families at younger
ages may contribute to earlier retirement because of
reduced economic responsibility as the youngest child
leaves home while the parents are relatively young.
The increasing labor force participation of women
may also contribute to-early retirements because of
additional income provided by the wife after retire-

. ment of the husband. Increased numbers of young
workers may lead to continued pressures on older
Workers who find it more difficult to adjust to
changing technologies. Hoy/ever, the recent change in
legislation raising the age of mandatory retirement
may slow these trends.

Prospective changes in the age, composition of the
population and of the labor force imply a sulistantial
decline in the ratio of nonworkers to workers. (Not to
be confused with "dependency ratios," which are
based on working-age population, whether working or
not.) This ratio has aiready_declineci from 152:100 in
1965 to 125 in 1975 and is expected to continue to
decline to about 111 by 1985. By that time-a-growing
proportion of nonworkers will be older persons.

Major changes have occurred in the kinds of jobs
that are available. SignifiCant increases have occurred
in the proportion of workers employed in professional,
technical, clerical, sales, and service occupations.

,CorrespOndingly jobs for unskilled workers and farm
workers have declined rapidly. These changes have
been shared by men and women; but women have also
made major changes from household work to clerical
and sales. occupations.

Black workers in general have experienced the same
changes in their occupational distribution, but at a

' much more rapid rate. The rates of labor force
participation &thong men have been dropping some-
what more rapidly among blacks than whites. The
rates for white women have been increasing more
rapidly than those for black women but the rates for
black women continue, to be higher than thoie for
their white counterparts.

CHANGES IN NUMBER OF WORKING WOMEN

In 1977, about half of all women in the United §tates
were in the labor force, 'compared with about a third
in 1950. Between 1965 and 1977' the. proportion of
young women '(25-34) in the labor force increased
from 3Y to 60 percent. This increase is particularly
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remarkable because the majority of the women in this
age-group, are married and many have., childr,n
home, factors that traditionally have kept women out
of the labor force. Indeed, the largest increase la Tabor
force participation in recent years 'has been among
mothers with .preschOol children.

Earnings are the sole income for most of the 16
million women in the labor force who are single,
separated, divorced, or widowed. Within husband-
wife families, the majority of wives now work and
account,for roughly 30 percent. of the families' in-
comes. This additional income has been an important
factor in lifting some families above the poverty level.
Where the -husband's -earnings are more substantial,
the income from the wife's work may cover the
children's college expenses, help maintain living stan-
dards during inflation, and permit the husband to
consider other work or early retirement. It is po,--ible
that the gap between poor and well-to-cto familiEs will
widen with the increase in the number gf families with-
two high-Salaried earners.

UNEMPLOYMENT

There is currently a high degree of unemployment,
with an average of 6 million unemployed' persons in
the United States in 1978or 6 percent of the civilian
labor force. To be considered unemployed a person
must be out of work, looking for work, and available
for workI-Persons- looking for their first job are
included, along with otheit-who have been in the labor
force for long periods of time Fully retired-Persons
are not considered unemployed.

The National Commission on EmploWnt and
Unemployment Statistics currently is evaluating the'
concepts and measures of labop- participation ana
unemployment.

About half the unemployed persons lost their last
job and about one-fourth were coming back into the
job market after having been out for some time. The
remainder were almost equally divided among those
seeking their first job and those who had left a
previous one. More women- than, men were new
entrants or re-entrants, and more women thati men
had.quit their jobs.

Unemployment rates' vary.considerably by age, sex,
race, residence area, and occupation. They are Particu-
larly high among those born during the baby boom
who are now beginning to enter the labor force (Table

c,6)

Unemployment by Age e

One-third of the unemployed are in the prime working
ages 25 to 44. In recent years 150,000 people over 65



TABLE 6 1f.78 Annual Average Employment, Status of the
'Population in Metropolitan and Nonmetropolitan Areas by Sex, Age,
and Race (thousands)

Metropolitan Areas Non-
ti metropolitan

Employment Status
a

Total
Central
Cities Suburbs Total

Total

Civilian noninstitutional population 107,391 45,323 62,068 51,550

Civilian labor force 68,738 28,108 40,630 31,682

Percent of population 64.0 62.0 65.5 61.5.

Employed o . 64,529 26,029 38,499 29,844

Unemployed 4,210 '2,079 2,131 1,837

9 Unemployment rate 6.1 7.4 5.2 5.8

Not in labor force 38',653 17,215 21.437 19,869

20 years and over

Civilian noninstitutional population 45,158 18,660 26,499 21,848

Civilian labor force 36,459 14,484 21.975 17,005

Percent of population 80.7 77.6 82.9 77.8

Employed, 34,880 13,658 21,223 16,332

Unemployed 1,579 825 753 673

Unemployment rate 5.7 3.4 4.0

Not in labor force 8,699 4,176 4,523 4,842

Females, 20 years and ever

Civilian noninstitutional population 51,219 22,267. 28.953 23,269

Civilian labor force 25,897 11,268 14.629 11,518

Percent of population 50.6' 50.6 50.5 47.5

Employed 24,360 10,511 13.849 10,820

Unemployed 1,537 757 781 699

Unemployment rate 5.9 6.7 5.3 6.1

Not irklabor force 25,322 10,999 14..323 12,751

Both sexes, 16-19 years
Civilian noninstitutional population 11,014 4,397 6.617 5,433

Civilian labor force 6;382 2,356 4.026 3,158

Percent of population 57.9 53.6 60.8 58.1

Employed - - 5,289 1,860 3.428 2,692

Unemployed 1,093 '496 597 466

Unemployment rate 17.1 21.1 14.8 14.7

Not in labor force 4,632 2,039 2,591 2,275

White

noninstitutional population 92,782 34,856 57,926 46%798.Civilian
Civilian labor force 59,566 21,732 37,834 28,890

Percent of population 64.2 62.3 65.3 61.7

Employed 56,464 20,491 35.973 27,372 ..

Unemployed 3,102 1,241 1,861 1,518

Unemployment rate 5.2 5.7 5.3

Not in labor force 33,216 13,124 20,091 17,908

Black and other

Civilian noninstkutiOnal.population 14,609 10,467 4,142 4,752

Civilian labor force 9:172 6,376 2.796 .2,792

Percent of population 62.8 60.9- 67.5 58.7 ,

Employed 8,065 5,538 2;527 2,472

Unemployed 1,108 839 269 319

Unemployment rate. 12.1 13.2 9.6 11.4

Not in latior4Orce 5,437 4,091 1346 '1.961N
sounee: Employment and Earnings. Vol. 26, No. I, 1979. Washington, U.S. Bureau of Labor Statistics.
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Danny Lyon. EPADOCUMencs

have been reported as unemployed. One-fifth of the
unemployed are between 15 and 19 years old.

Teenage Unemployment In 1977 unemployment
rates for teenage blacks were more than double those
for whites, with unemployment fates for black tgenag-
ers of 40 percent in many places and possibly higher in
others. Youth unemployment may be undercounted,
and this may be particularly true for black unemploy-
ment rates in central cities.

In the past, high unemployment rates among
teenagers have- been a transitory phenomenon, an
inevitable consequence of the school-to-work, transi-
tion, since these rates diaiinished to adult levels as the
youths entered toe adult labor market. However, there
is ,some evidence that those who were unemployed or
underemployed in their 'early years continue to have
difficulty in later years and:that their earnings remain
relatively low.'3 This is particularly true for black and
white females and for black males.

By Race and Sex

Unemployed men exceed women in numbers in each
age-group, and the number of unemployed whites

exceeds the number of unemployed blacks in each age-
But, while there are nine times more whites

than blacks in the 'United States, the number- of
unemployed whites is only abut four times as great as
that of blacks. Women are more likely than men to
experience unemployment. Unemployment rates
among male family heads have been considerably
below and female family heads above that for the labor

*Lorce as a whole.

By Residence Area

In 1978, rates of unemployment for men over 19 years
old were highest in central cities, and the rates in the
subUrbs were somewhat lower than those in nonmetro-
politan areas. The rates for women over 19 were
highest in the central cities and lowest in the suburbs. °

In the third quarter of 1978 unemployment rates for
omen and women 16-19 years old were 121 percent for
Metropolitan residents and nearly as high, 11.4 per-
cent, for those living in nonmetropolitan areas. Unem-
ployment rates for white teenagers were highest in
central cities, but the rates for suburbs and nonmetro-
politan areas were identical. Although suburban areas
account for.more of the population than atly nther, the
numbers. of unemployed persons were almost evenly
distributed -among the three residence areascentral
cities, suburbs, and nonmetropolitan areas,

By Occupation

In general, blue-collar workers are about twice as
likely to be unemployed as white- collar and farm
workers, with unemployment rates for service workers
falling between these groups. Service workers include
those involved with protection, food, health support,
and cleaning.

Duration of\Unemployment

In recent years, about one-fifth of the unemployed
have been so for 4 weeks or less. One-sixth to one-fifth
have been unemplOyed for, more than 26 weeks. The

-average duration of unemployment has
than

14-16
weeks or between 3 and 4 months. Fewer than half the
unemployed were drawing unemployment insurance
benefits, some because they are new workers, others
because.they have exhausted their benefits, or because --
they were not covered in 'that program' when working.

LABOR. MARKET OUTLOOK

The large increase in the number of Adults aged 14-22
due to the high fertility 'rates from 1957 to 1964 will
probably put severe preSsure on the employment
market and for a time inlay narrow their employment
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opportunities. Also, some career opportunities will lag
behind others. Falling birthrates have already de-
creased job opportunities in elementary and secondary
school education and are beginning similarly to affect
employment in colleges and universities.

Tlie pressure on the youth labor market from the.
baby boom will continue during the next five years but
will begin to ease by 1981. However, this easing, with
its attendant decline in teenage unemployment, will be
manifest mainly for white youths, as the number of
'black teenagers reaching working age will decrease
only slightly. Also, othei demographic forces will
continue to exert pressures on the youth labor market,
including shifts of population and industry out of the
central cities and increased competition among the
older unemployed for the low-skill jobs traditionally
held by-teenagers. /

.

SOCIAL CONSEQUENCES OF CHANGED LABOR

FORCE PARTICIPATION

The new working patterns for women come at a time
of- recent decrease in fertility, increases in marriage
and divorce rates, and later age of marriage. These
trends make it" more likely that women will continue
to work at present or higher rates. Conversely, as
women are assimilated more into the job market, they
are likely to marry later, have fewer children, and
divorce more readily.

Employment Issuer ,of Women

These relationships -between patterns of work and
changing-family organization in turnirighlight several
social problems. For example, women ace still pre-
dominantly employed in "female" occupations, and
the median income from their full-time work is less
than 60 percent of thdmedian income of males.

. These a\'erage lower earnings particularly affect
women who liveglone and must depend solely on their
own earnings, even more so for women with children.
Unmarried mothers may have difficulty simply provid-
ing basic needs, given both low earnings and the
complications of caring for a child during working
hours. Divorced women who have not remarriedthe
fastest growing group of female Nay headstypical-
ly also do poorly economically when they enter the:
labor market. Also, divorced women -with children
usually assume child-care responsibilities. Even
'though support payments from fathers 'are often.
-specified in divorce and separation cases, they are
frequently unpaid and uncollectable." Most divorced
Women eventually remarry, but usually only after a
financially precarious period. Those who do not
remarrroften do,not have the job skills needed to earn
an -adeqiiate living.

; r
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Day .Care of Children with Working Mothers

Half of all children under 18, and 37 percent of
preschool children, have working mothers. There are
obvious pressures on these mothers, many living
alone, who must both keep a home and arrange for
supervisory care of their children during working

-hours. In about two-thitds of families with working,
mothers, the parents, living alone or not, care for their
children themselves. For the remainder, child care is
provided in a...variety of ways: in their own homes by
relatives or others, in the homes of others, and least
frequently (3 percent) in day-care centers.

-ex

Equity in Taxes and Benefits

The increase in the number of married women who
work has raised problems of equity, in federal income
tax rates and, social security benefits, both df which are
oriented toward the family as the basic economic unit.
Given progressive income tax rates, the two-earner
married couple may pay more taxes than two single
persons who live together and earn the same total v

income, thus incurring a "marriage tax." Social
security taxes are levied on individuals, but many of
the benefits are family, oriented. For example, a
working wife may find at retirement that her coritribu-
iions to social security have earned her nothing above
the retirement benefits she would have received
through her husband's contribution. There probably
will be in-creased pressure for some changes in the rate
structure of income taxes and in social security
berLefits-to allow for changes in family income patterns
associated with the increased participation of women'
in the labor force.

SCHOOL AND COLLEGE ENROLLMENT

Sixty million persons were -enrolled in schools or
colleges in both 1973 and 1978. But the mix by type of
school changed considerably during these years. The
number of nursery school children increased by half a ,
million from 1.3 million to 1..8 million; kindergarten
and elementary school 'enrollments went down by 3
million from .34.5 million to- 31.5 million; high-school
enrollments were virtually constant at 15.5 million;
and college attendees went up by 2 million froth 9
million to 11 million. Increases at the nursery school
and college level resulted largely from rising, enroll.,"
ment rates,'' whereas the 'other enrollment figures
reflect, primarily the population level of the relevant
age-group at the two dates.

. Duringthe next five years elementary school
. enrollment may decline-another million. High-school

enrollment is now at its peak aneis expected to
decline nearly 2 million in the next five years.

5
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College enrollment increased between 1973 and
1977 but fell by 400;600 between the, fall of 1977 and
the fall of 1978°. The population of 18-24-year-olds
will not pTik until 1981. But the number who will
actually be entering college is difficult to predict, and
may actually decline gradually before another five
years pass: In brief, the total' number of college
studenmay ha \e come close to # plateau with little
change expected m total attendanCe for a few years.
The number' of graduate-school students in 1978 (1.7
million) was somewhat larger than the number of
seniors (1.4 million) and has been increasingnome-
what faster than that of the rate of growth of 'the
seniors (22 percent versus .17 percent since 1973).

White; college students were 16 percent more
numerous in 1978 than in 1973, whereas black college

students were 49 percent more numerous. In 1978,
black persons 18-24 years of age were 12 percent of
the total population, and black college students were
11 percent of all college students. CorresPonding
proportions for persons of Hispanic origin were 6
percent and 3 percent,. respectively.

In 1978 white women, white menand black women-
at ages 18-21 years had somewhaVaimilar enrollment
rates-32, 35, and.29 percent, respectively. Black men,,
however, had a much lower rate, 22 percent.

.- If present trends continue, black college enallnient
rates may be expected to continue to approach those
of whites, but those for: persons of Hispanic origin
seem likely to continue to lag behind. ?

BIRTHRATE PROTECTIONS

Projecting the number of births for the next decade
seems on its face a simple matter, since the number of
potential mothers is known, their attitudes toward
family size have been surveyed, and it is reasonable to
assunte that low fertility rates will continue. However,
the assumption is tempered by the fact that the baby

'boom came as a surprise to most social scientists and
:also by the current disagreements as to what birthrates
will be in the early 1980's, less than five years, From
now.

In 1977 the Bureau of the Census made projections
based on a range of fertility rates including an
intermediate rate of 2.1 births per woman (the long-
term replacement rate)' and a low rate of 1.7 close to

. the actual current rate of 1.8.
If the current fertility rate of 1.8 continues, there

will be some 250 million Americans by 2000 compared
with 220 million in 1979. Should the fertility rate rise
to 2.1 children pei woman or decline furthei to 1.7
-children pertIvoman, assuming no change in immigra-

. tion rates, the population of the United States will rise
by the year 2000 to 259 or 245 million, respectively. In

all, if there were no change in the tithing of childbear-
ing and fertility were to attain exact replacement level
in 1980 to 1985 and remain there indefinitely, the
Population of the United 'States would incr2eas3,
29 percent between 1975' and the year 2030,
decline slightly until the year 2100.14

One analysis predicts that fertility will increase in
the next few years as the proportion of young men in
the labor force declines. This smaller number of men

command higher incomes relative to the incomes
of older men, and young men will, therefore, be able to

- at a younger age. They will also begin their'
faadies sooner and be able to support larger families.

-The analysis predicts increasing fertility rates about
1984 and, with increased numbers of young children; a
significant change in the age structure of the poPula-
tion.15

However, another view argues that with the perfec-
tion of contraceptive methodi we are fast approaching
an era of few, if any, unwanted pregnancies. This,
combined with transient marriage paherns, should
lower fertility rates and lead to further declines in
population growth rates.'6.

Regardless of the fertility rate, km/6er, births will
be the major . component of the country's population
growth for the next several decades. Even if the .

unprecedented 20 'million. American women now
approaching childbearing ages have.children merely at
the replacement rate, they will add some 3.4 million
babies to. the population each year throughout the
1980'san echo baby boom. Thereafter, the number
of births' should' begin to dePline as much smaller
numbers in. that age-group reach childbearing age and
as the baby boom men and women leave it.

IMPLICATIONS OF GEOGRA,pflIC
REDISTRIBUTION

The changes in distribution of Population will lead to
changes in the need for comniuniv, services--ranging
from schoOls to highways to chronig care facilities for
the elderlysince they are shaped 1,y the size and
composition of the population. Because Inigrants.tend
to be young, better educated, and therefore more able
to -secure well-paying jobs; -they may alter the service
requirements in both the areas Where they settle and
those they leave.

An important issue is the effect of growing and
declizking populations on the ability of communities to
finance services. In regard to growth, an increase in
Population in sparsely settled rural ,eas may result in
lower per capita costs for public services, since, in
many cases, a moderate population increase enables a
more efficient use of alre,ady existing facilities such as,
roads, schools, and hospita1s.17 HoweverOn other
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cities 'even though they may be losing populations,
that the influx of the- young and the old into
non etropolitan areas and the South will increase the
d and for services -re ted to their particular needs,
with or without public nancing, and that the need for
Programs of income 1l support for the elderly will
possibly increase in sun belt regions.

JOBS

Economic pattres tend to mirror those of populations
and:vibe versa. As with populations, there is

continuing shift -in manufacturing. industries from
metropolitan areas to small cities and ruraLareas.

Since. 1970 the !growth in nonmetropolitan areas-0f
wages and salaries and nonagricultural jobs likipeeir
twice thatoof naptropolitar' regions. By and large,-,,the
shire, to nonmtropolitan areas by manufactufing

shared a similar rate of employment growth since
1960 Growth in local em'ployment is also coupled
with the_ number and characteristics rof migrants.
Increase's in population in a region generate employ-
ment through additional demands for goods' and
services at the same time that the _migrants are
employed to provide the' a.

MIGRATION AND RESOURCES

Land

Population density in the United States is remarkably
tv compared' with other industrialized countees.23

The dispersion of the poptilation from central cities to
suburbs to 'beyond the 'metropolitan zones will 'con=
tinue tOreduce the population density in some areas of
the United States while raising,it in other-S.

have hen in labor:intensive industries, while capital:: The shift of peoplertOthe South and WeSt is a,shift
intensive have tended to stay in rnetropoli- from high to low-density and from high-yalue to low -
tan regions.2' value land.3.7 Both like low densities and -low _prices

there. was little increase in the total nurriber ' imply that. a resident moving from Baltimore to'
.of jobs in industry between 1960 and 1975. (abOut 1.5 Houston may sharply'' inarease=the amount of land,he
'million jobs, or an 8.8 Percept increase),, regionally the. uses.. ..The lower, costs of,lonclid :settlement areas also

.. changes were donsiderable.; The South'accOunted.,fOr imply future .incre,ases in low7density" homes and
'' almost all of the .job gains. at the same time. that the . bdsinesses until land values ,rise -`arid force, more

Northeast Igst almost' '14 pereent of its 1960 tota1.22' intensive use ofthe
However, while it is possible to discern.telittionships

''. between regional shifts in employment.and shifts. in
. °Population; there is no direct quantitatiVe link between

increase in employment and population. Relationships -
between -migration patterns and employment change.
with Are and with the paitieillar region. Employment
in an area may 'be determined by the state of 'the
national economy, the nature of the 'industry, or the
socioeconornic-status of the population..

That there is a positive tont rough link between

Energy

Shifts in population between the North,and the South
and from high ;density to low- density areas will create
shifts in energy usage. Because Asideitkal hOpting is
an important .consumer of energy: .the population
gains by the South' and Southwest from the corder,
parts of the country may in time result in 'significant
!rational savings of fuel for heating puiposes. These

employment and population is illustiated by the. facto savings may be offset, hoWever, by the greater use of
that While'Population growth in the South and West 7.4, the car. and higher gasoline consumption in the &ag

-hPbeen. similar only since 1970, both region's, have and 'West because' of lower 'residential, and business

TABLE 7 Net Changes in Selected Characteristics of Immigrants
and Outmigrants by Region, 105-1976 (thousands)

Northeast No"rth Central South West

t,
Under 5 years of age 29 16 +21 +22
65 Years or over 18 18 + 27 .48

Below poverty level 40 = 100 + 78 + 63 f
Unemployed male '
Unemployed fem'ale

+ 1

13

7
=10

20
±19

-+ 30
+4

4 Years of 4oilege 42' 18 + 17 +41

Profcssional. technical workers
Male 3'4 + 16 +25 .

Female 4' 15 +7 +13

sounce: Current ropuiatiimReparts.:P-20. No. 305 :,p 1011, (Yr. Washington.,ii. S. Bureau of the Census.
(From Social Services and ropulatiOn Redistribution M the 19705,' implications uf Popo/a/ran Redistribution in the I
United States in the 1970s.. WashinAn., National Research Council. February 1978.1
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densities. Rural residents drive 70 percent more miles
than those living in cities with populations of 100,000

or more. As 'rural areas continue to gain population,
their consumption of gasoline will continue topottnt
and they may become proportionately more vulnera-

ble to fuel shortages,
Conversely, a dealine in the populations large

metropolitan areas i lies a reduction in the demand
for mass, transit use such transportation, to be

efficient and cost-effective, must rely on high popula-

tion densities.

. 'CONCLUSION.

ZERO POPULATION gROWTH

A slowing rate of population growth, including a total
fertility rate currently below the long7term replace-

ment level, does not portend an early arrival zero
population growth. With 3 million births and 2
million deaths per year, the population continues to
grow, even without immigration. Also fertility rates
may decline further.

FUTURE- AGE STRUCTURE

Whatever the overall rate of growth may be, whether
increasing or leveling off, major population changes
will Occur in the near, future. Baby boom babies are
passing into adulthood, establishing new families and-
household's, and creating new demands. As they move
from teenage to adult status and into middle age,
numerous adjustments In living patterns, work rela-
tions, and public policy are to be expected. The aging
of the population, especially the rapid increase in the
number of persons who have passed 'their sixty-fifth
birthday, will be significant in the country's social and
economic future. This will be the case even before. the =

survivors of the baby boom becothe 65, sometime after
2012.

Between 1978 and 1983 the increase in the number
of persons who are over 65 almost balances the
expected decline in the number under 20, while the
number of persons who are between 20 and 64 years of
age increases by about 10 million persons. But
between 1983 and 1993, the population of the elderly
and those under 20 are both expected to increase by
about 5 million each. This 10 million increase in these
two groups is barely met by an increase of 12 million

in the age-group they sandwichthe 20-64-year-olds.
Lower fertility increases the likelihood that more

women will enter and thereby enlarge the labor force.
Changes in retirement legislation could extend the
working life of the elderly, also increasing the labor
force. If both developments occur, the burden of
support for persons in dependent ages would be
reduced relative to the numbers in the labor force.
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Consumer demand will be affected by the increase
of the young middle-aged. Between 1978 and 1983 the
increase in the number of persons between 25 and 44
years of age accounts for about 90 percent of the total
projected population growth. This may be good news
for consumer'markets providing goods and services
for relatively younpouseholds.

POPULATION REDISTRIBUTION

The future effects of population redistribution are
immediately visible. There will be significant
differences in population growth through migration
among regions, states, urban and rural areas, and
between metropolitan and nonmetropolitan areas.
There will be differences in fertility and migration by
age, sex, and color. The Smith and therWest will be
confronted with issues arising from relatively rapid
growth-, while the northeastern and the north-central
states will face problems of managing older and
declining populations.

Current information .about migtants, their motives;
and their adjustments to new locations is very limited,
and additional information must await the 1980.
census. There is evidence that trends riposted through
1976 continued into 1978.

ELEMENTS OF CHANGE

Trends ..Fevealed by demographic analysis can be
mechanically_ extrapolated to form a picture of the
future of 1984 or 2000. However, such projections
should not be taken as forecasts, for they do not allow.
for the possibility of major shifts in the underlying
forces that cause demographic change.

Further understanding of these forces is essential to
answer the questions raised by demographic analysis:
Why are more Americans moving to smaller metro-
politan areas and rural regions? Does the decision by

more Americans to marry later or not at all signal a
deep change in the structure of the American family?

Or is the phenomenon a temporary interruption of
traditional patterns just as the baby boom interrupted
a long-term decline in fertility rates? What is the effect
now and what will be the effects in the 'future of the
decisions of young Americans to have fewer children

than their mothers had?
Answers to such q estions are complicated by the

weaving in of individual motives and circumstances,
but also by the fact that, demographic trends them: -
selves have changed very rapidly. Population projec-
tions into the future have had to be revised frequently.
Not many years ago it seemed reasonable to project a
population of about 300 million by the year 2000. The

Census Bureau's preferred current projection now is

260 million, but this may also be an overestimate.
Neither the baby boom nor the speed of the recent
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'declines in fertility were accurately predicted. It is not
known what, the bourse of fertility will be during the
next five years, for changes can be and indeed are so
rapid that only current observations are dependable.

Historical relationships and trends 'should be used
cautiously AS a guide to the future. It cannot be
assumed, for example, that marriage and fertility rates
will canelate in the future as they did in the past. To
illustrate, the baby boom :ocreurred partly because
more Americans decided to marry at younger ages
and thereby increased their chanceS of having more
children. However, the fact that many Americans now

/ are putting off marriage does not mean that when and
if they do marry they will choose current patterns in
family size. They might have three or four or no
children instead of the "standard" one or two. Nor, if
marriage 'rats go up, can one assume that the "usual"
proportion of couplg will choose to have children.

Demographic information alone is not sufficient to.
make intuitive judgments. For example, while the
number of children threefive years old in the United
States has. dropped considerably in the last decade,
enrollments in nursery schools and kindergartens have

OUTLOOK

increased sharply. The reasons are not embedded in
demography, but in other social influences, such as,
perhaps, the increased number of working mothers.

It should also be kept in mind that global assess-
ments of trends often fail to reveal highly significant
developments at the subr,aticrnal level. For example,
while from 1970-75,11 of the fastest rowing counties
were in the South, 16 of 25 counties losing thi'greatest
percent of population were also in the South.

Whatever the difficulties in coping with the rapidity
of demographic ,change and the uncertain insights to
the future offered by past events, population trends do
have long-lasting and deep effects. Since the size of
current population groups is known and since mortali-
ty rates are unlikely,to change 'drastically, barring
catastrophe, changing dependency ratios cant be pre-
dicted and their effects anticipated. Post-World War II
incr.ses in fertility rates will affect the American
social structure well into the next century. Schools and
colleges, the labor market, the types and magnitude of
public services demanded; and, eventually, the needs
of the elderly will all be affected by current demo-
graphic change.

AGE PROFILE

GEOGRAPHIC
DISTRIBUTION

The following outlook section on demography of the American popu-
lation is based on information extracted from the chapter and covers
trends anticipated in the near future, approximately five years. '0

Two significant recent demographic developments in the United
States are the changes in age structure, the results of the sharp
increase in birthrates after 1947 and the subsequent sharp decline
after 1957; and changes in the patterns of internal migration, sig-
nified by net movement to nonmetropolitan areas.

As a result of the 1947-64 baby boom, by 1984 the population of
the United States twill have an unprecedented number of young
adults of working age (20-37, years old). Because of the continuing
decline in the birthrate, there will be relatively fewer school-aged'
children and university-aged men and women. At the same time,
there will be a significantly higher number of elderly people. These
combined factors contribute to the aging of the population. However,
the early 1980's may see the beginning of an upswing in the num-
bers of the very young as the large young-adult population reaches
traditional marriage and childbearing ages.

Current migration and settlement patterns in the United States have
changed population densities irk, many areas. These patterns are char-
acterized by a decline in the populations of the urban centers of the
North and Northeast and an increase in the populations of the
Southwest and South. Although many young couple have moved
into city centers and upgraded housing and other facilities, the over-
all trend is away from large cities. If current trends continue, in

24: 0
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1984 central cities, especially in the northern and north-central
states, will have a disproportionately large number of the elderly and
impoverished.

Trends toward high female employment rates, high divorce rates,
increased life expectancy, and later age at marriage will probably
increase the number of one-person and one-parent households as well
as small complete families: There will be an increased number of
small households comprised of elderly people living alone and elderly
couples. The number of households headed by females will increase
among the urban poor.

The proportion of men in the labor force has declined recently
because of the increased number of. working women and earlier
retirement among men. The age profile of the labor market in 1985
will be characterized by the large number of young adults, male and
female, either just entering the market or already established. Older
women will probably continue to be a significant proportion of the,
labor market, but there is some speculation of a significant decline
in the rates of labor force participation of young women as they
reach childbearing age. Because there are proportionately fewer teen-
agers following the baby boom, thus putting less pressure on the
teenage labor market, teenage- unemployment should begin to decline
by 1984.

Manufacturing is expected to continue to expand in the South and
Southwest along with the labor forcz as young adults continue to
move to these areas. It is further anticipated that a demand among
young adults for consumer products, housing, and services associated
with marriage and family formation will stimulate economic growth
nationwide.

Changes in the age profile of the p.mulation and shifting patterns of
migration will require major changes in infrastructural services and
facilities, changes in industry, and changes in the allocation of local,
state, and federal resources.

Energy demands may shift as more people move to warmer cli-

mates and require less fuel for heating homes, but at the same tinie
the newly dispersed populations ,will use more automotive products,
gasoline, and roads.

Nationwide there will be less demand for goods, services, and
public programs for the very young and a greater demand for ser-
vices for the elderly. However, in the Southwest and South, there
will be a greater need for youth-oriented activities. At the same time
northern cities will require more seryices geared to the poor and
elderly.

In the next five years increases in the working-age population in
relation to the size of nonworking -age population should lessen the
burden on individual workers and temporarily ease the pressures on
funding of social security pension, systems.

if migration patterns continue, there will be an increase in the tax
base of the nonmetropolitim areas and small cities gaining population

and a decline in the tax base of the old cities. Supplying the goods
and services needed in rapidly growing areas should prove less of a
burden on public resources than meeting the needs 0 declining cities.

A
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INTRODUCTION

Major progress has been made in public health in the
twentieth century in the United States and other
industrialized riations..Advances in sanitationpartic-
ularly improvement of water quality.and less human
contact with excretahave improved health pro-
foundly, especially in terms of infectious and parasiti9
diseases. Similarly, advances in food 'production and
distribution have led to unprecedented quality in

nutrition in the industrialized world, thus further
diminishing susceptibility to infectious and other
diseases.

Such improvements have been paralleled by ad"
vances in the pradtice and technology of medicine.
Thus, the health care system can offer antibiotics for
many infections, immunizations for viral and bacterial
infectious diseases, and the detection of serious genetic
defects in the human fetus through prenatal diagnosis.
Encouraging progress has been made.in developing
pharmacological and other therapies for common
chronic diseases such as hypertension and -schizophre-
nia. Gross nutritional deficiency diseases have been
virtually eliminated; for exainple, pellagra was a major
cause of severe mental illness until it wai found to be
associated with a deficiency of niacin and protein and
combated successfully on that basis. Important ane-

rnias have been brought under control. Many hormon-
al disorders can now be effectively treated.

ASSESSING THE NATION'S ,HEALTH

Progress in public health is evident in the statistics
used 'to assess the health, of the U.S. population: These

-vital statistics include mortality rates, life expectancy,
and data on the incidence of serious illness.

Mortality Rates

Mortality rates in this country, excluding war deaths,
declined steadily (luring the first half of this century.
In 1900 the rate was almost 201,000 inhabitants. By
1540 the rate had fallen to 10.81,000 and in 1950 to
9.61,000. In 1975, the overall mortality rate dipped
below 91,000 for the first time. In both 1575 and 1976,
the U.S. mortality rate was 8.91,000. Even taking into
account the continuing aging of the American popula-
tion, the age-adjusted' death rates declined 10 percent
between 1950 and 1975.

The decline in infant mortality during are first year
of life that was so marked in the first half of the
century halted abruptly around mid-century:

0
The relatively poor progress in reducing infant ..mortality
since the early 1950s has been a sourceof increasing concern
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in the United States. The subject has been examined
previously in the context of international, national, and local
changes in pregnancy loss rates; but it is clear that continul
discussion based on the analysis of old and new data is very
much the order of the day. . . .

In 1950 the assessment of the performance in the
immediate past could well have led to an expectation of
additional impressive gains hi the future. Today the mood is
quite different. For over a decade there has been no sizable
decrease in the infant mortality rate. In fact, during the
1950s there, were years in which the rate increaseda most
unusual occurrence in half a century of vital statistics
reporting in- the United States. Events in the last few years
give the definite impression that while the infant mortality
rate will not remain stationary, its downward movement Will

be slow indeed.'

In 1975, the mortality rate for nonwhite male
infants was 301,000, almost twice the rate of 15.9 for
white male infants. Similarly, among female infants
the rates were 25.21,000 for nonwhites and 12.2 for
whites. The higher rates for nonwhite infants is made
more telling b_ the fact that several industrialized
nations have infant death rates even lower than those
for white infants in the United States.

Major contributors to total mortality rates today are
cardiovascular disease, cancer (mostly lung cancer), .
and accidents. Cardiovascular disease and cancer will
be covered in more detail later. In recent decades,
automobile accidents in the United States accounted
for more than 50,000 deaths per yerl-la disproportion-
ate number of them involving males between 15 and
24. In 1975, accidents, particularly automobile acci-
dents, were by far the largest cause of death among
young males. At 96.7 deaths per 100,000 young males,
accidents far outpaced the second and third causes of
death among this group. Accidents were also the chief
cause of death among females between 15 and 24,
amounting to 23.7 fatalities per 100,000.

Two final points concerning mortality rates should
be mentioned. One, is that they are higher for males
than for females in every age group. The: lower
mortality rates for infant girls, as well as the lower
rates of female deaths from accidents, are notable
examples. There is also a sex difference in mortality
from cancer and cardiovascular disease. Although sex
differences in death rates are virtually universal and
probably have a biological- basis, they are especially
evident in modern technological societies.

The second point about mortality rates is that at all
ages the rates for nonwhite Americans are higher than
the rates for white Americans. This is apparent in the
rates for 'cardiovascular disease anal cancer, as well as

in the infant mortality figures noted earlier.
Differences in mortality rates by race are strongly
related to differences in socioeconomic status and can
be viewed as partly reflecting the limitations of the
health care system. Where socioeconomic differences

are deliberately counteractedas the U.S. Public
Health Service, has done through a highly organized
and sustained effort in prenatal and perinatal care for
American Indian mothers and their infantsboth
infant and maternal mortality rates among nonithite
citizens drop substantially.

Life Expectancy

Life expectancy is the average number of additional
years any one person can expect to live; typically
it means life expectancy at birth. A female born in
1900 could expect to live, on the average, 51. years; a
male born in the same year could expect 'to live'48
years. But a female born in 1975 could expect to live
for almost 75 years, or 24 years more than the female
born- in 1900. Similarly, a male born in the United
States in 1975 could expect to live to age,66, or 18-
years more than the male born in 1900.

Improvements in life expeCtancy do not apply.
equally at all ages. For example, although an infant'
born in 1975 could expect to live about 20 years longer
than an infant born in 1900, a person of 40 in 1975
could expect to live, on the average, only 6 years
longer than the person who waS40 in 1900.

The increase in life expectancy in the United States
during this century has been quite remarkable. By far
the largest part of the increase occurred during the
first half of the century. In the first two decades of this
century, life expectancy at birth, regardless of race or
sex, increased 4.6 years. Between 1920 and 1930 the
increase was even larger, 5.6 years. Improvement
during the next decade was smaller, 3.2 years by 1940;
but larger by 1950, 5.3 years.

As with mortality rates, life expectancy showed
relatively small improvement between 1950 and 1975.
Similarly, there are significant differences in life

expectancy at birth between male and female and
between white and nonwhite Americans. Both white
and nonwhite females can expect' to live longer than
white and nonwhite males. Finally, whites of both
sexes can expect to live longer than nonwhites.

Male life expectancy. in the United Stated is not
outstanding compared with other countries. Male life
expectancies in the Scandinavian countries (apart from
Finland) surpass those in this country. As of 1975,
U.S. male life expectancies also lagged behind those of
other parts of Europeincluding the Netherlands,
Italy, Spain, Switzerland, England, Wales, Ireland,
East Germany, Bulgaria, and France --hnd also of
some countries outside EuropeJapan, Israel, Cana-
da, New Zealand, and Cuba. However, the incidence
of cardiovascular disease and its main known .risk
factors are declining in the United States, but are
stable or increasing in most other industrialized
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nations. This almost unique trend promises to improve
the relative standing of the United States in regard to
male life expectancy.

American female life expectancies compare more
favorably with those of other countries. The life
expectancy for female infants born in this country in
1975 was surpassed in only eight other nations:
Norway, Sweden, the Netherlands, France, Canada,
Japan, Denmark, and Switzerland, in that order. One
reason the United States lags behind other nations is
the lower life' expectancies among nonwhite Ameri-
cans.

tr.

CHANGING PATTERNS OF ILLNESS

Since 1900, the pattern of fatal illnesses in this country
'has changed significantly (Figure 28). While this may
reflect changes in the, way we live, other factors can
affect the ranking of specific diseases as causes Of
death. For example, if one disease is reduced in
incidence, the next in line rises in order, without
necessarily rising in incidence. Age is also a factor. If
fewer people die of pneumonia, more will live to die of
cancer.

Most noteworthy has been the rise of arteriosclerot-
ic heart disease and cancer. In 1900, the leading causes
of death in the United States were pneumonia,
influenza, and tuberculosis-all infectious diseases. By

FIGURE 28 M'ajor causes of death in
the United States (1900-1975). *No
disease in this category represents more
than 2 percent of all deaths. **Inflam-
mation of the stomach and intestines.
(Courtesy of the Population Reference
Bureau, 1337 Connecticut Ave., N.W.,
Washington, D.C.)
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1940, heart disease had become the leading cause of
death, with cancer second.

Other changes in the pattern during this century are
also significant. Tuberculosis, once one of the most
dreaded diseases and the seventh-ranking cause Of
death in .1940, was no longer among the 10 most
important diseases by .1960. Two other leaders in
1900-diarrhea and other intestinal infections and-
diphtheria-were no longer among the 10 leading
causes of death by 1940. Nephritis '(a kidney disease),
the fifth leading cause of death in 1940, had disap-
peared from.the top 10 by 1960.2

However; two other causes of death-strokes and
accidents-have maintained a fairly steady position
among the top 10 throughout the century, although
the incidence of death from strokes is. decreasing:.
Strokes were the fifth leading cause of death in 1900
and the third in 1940, 1960, and 1970. In 1900,
accidents as a single category were the seventh leading
cause of death; in 1940, when motor vehicle accidents
were listed separately from other accidents, the rates
for the two combined made them fourth, the position
maintained by accidents of all types through 1970.

Finally, certain diseases only recently appeared
among the leading causes of death. These include
diabetes mellitus, eighth in 1940 and seventh in 1970;
arteriosclerosis, seventh in 1960 and eighth in 1970;
cirrhosis of the liver, tenth in 1960 and ninth in 1970;
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and "bronchitis, 'emphysema, and asthma, tenth in
1970. . a

In very general terms, then, the pattern among the
101eading causes of death in the United Staters during
the first eight decades of the twentieth century has
been marked by the ascendancy 'of cardiovascular
disease (heart disease, strokes, arteriosclerosis) and
cancer, the upsurge of diabetes, cirrhosis, emphysema,
and asthina, and a substantial decline in infectious
diseases. The rise of cardiovascular disease and cancer
to their .present positions has been a long one Even in
1900, diseases of the heart were the fourth leading
cause of death in this country and cancer- eighth.
Moreover, while cardiovascular disease is the leading
cause of death, it is now declining; this development
will be considered later in .the chapter. And while
infectious diseases have declined -in incidence, they
have not disappeared from the top la As late as 1970,
influenza and pneumonia together were still the fifth
leading cause of American deaths. .

The poitil is that the patterns of serious illness are
far from immutable. Medical attacks on the principal
health problems 'of the past have been remarkably=:
successful., There is no inherent reason why the
incidence of such current afflictions as heart disease
and cancer cannot be diminished through sound basic
research and the application of the resulting knoWl-
edge. For example, advandes in the treatment.' of
cardiovascular disease, combined with changing'publ-
ic behavior with respect to risk factors, have contrib-
-Med to the average decline of 2 percent a year in the
overall cardiovascular mortality rate for American
men between the 'ages of 55 and 64 during the past
decade. There are indications that this trend is

extending into older age groupi.

BURDEN OF ILLNESS

The burden of any illness depends on both its clinical
and its economic impact.3.4 Clinical impact is deter-
mined by how many people suffer. and die; in clinical
terms, heart disease or cancer are clearly more
important than allergies. Economic impact has two
components: the cost of providing diagnosis, treat-
ment, and care; and the productive work lost through
illness. Respiratory diseases have a particularly heavy'
economic impact. Ranging from pneumonia and flu, to
the common cold and sinusitis, they occasion more
visits to doctors and' more days lost from work than
any other illness.

While we have long known in general terms the
total cost of providing medical care for serious
diseases, little effort has been made until recently to
distinguish the clinical importance of diseases from

their economic importance. The burden of illness is
most commonly measured in mortality rates, which
describe only 'clinical_ impact. In addition, mortality
rates, life expectancies, and statistics on the incidence
(number of new cases per unit of time, usually a year)
and prevalence (number of cases in the population at a
given time) of life-threatening illnesses tell us nothing
of the cost and clinical impact about such common but
usually nonfatal problems .as dental caries, arthritis,.
hay fever, the common cold, blindness, deafness,
schizophienia, ulcers, and others. We must also
understand-the cost of these problems.

The National Center for Health Statistics, of the
Department of Health, Education,' and Welfare, has
been paying increasing attention to standardized
assessments of illness in terms of both clinical and
economic burden. Specific annual indices developed
for this purpose include potential years of life lost (age
at death compared with average, life expectancy),
inpatient (hospital) days, outpatient (primary-care)
visits, and work-lost days- associated with various
categories of illness. Such new indices of the burden of
illness demonstrate the heavy impact of respiratory
disease. Similarly, mental illness and emotional dis-
tress are high on several indices of burden, although
they are not prominent in mortality..

The next decade is likely to see considerable
improvement in the reliability of clinical. and economic
measures of burden of Dines's. These measure; can help
to make more rational allocations of resources for
research, education, and services.

CARDIOVASCULAR DISEASES

As infectious diseases caine under increasing control
during the middle third of the twentieth century,
diseases of the Heart and blood vessels became more
prominent. These cardiovascular diseases are now the
leading cause of death in the United States, accounting
for-more than -half of all deaths in 1976. They are also
responsible for a heavy burden of illness and economic
loss, ranking first as a cause of limited activity, Social
Security disability, and hospitalization.

Cardiovascular disease and d the availability of re-
search tools have stimulated basic research and
clinical investigatton into the cardiovascular system
and its disorders, including congenital heart disease,
rheumatic heart disease, hypertension, stroke, an&
coronary artery disease.5 New screening, diagnostic,
and monitoring techniques have emerged, along with
effective drugs, procedures for repair or replacement
of diseased blood vessels, surgical repair of the heart,
antibiotics for the prevention of rheumatic herat



disea- se, and public education programs on cardiovas-
cular.riSk factors and theii'Management.

Taken together such advances have contributed to'
the recent decline in mortality from 'cardiovascular
diseases. While they are still the number one killer'in
thisdcountry, the rates of death from cardiovascular
diseases have fallen more than 30 .percent since 1950,
with the decline mast rapid in the past 10 years.
Cardiovascular mortality hag' diminished for men and
women of all ages: andraces. 2.1tween 1970 and 1976,
the age - adjusted decrease was 22 percent for stroke
and 16 percent for coronary artery disease. In 1975,
deaths from all cardiovascular diseases fell below 1
million for the first time Since 1963.

Great &Ails have been made in understanding the
causes. and treatment of these-diseases, and promising
medical and technological 'developments will be pur-
sued for fu.:ther 'gains. However, we know that many
cardiovascular diSeases are "silent. . They develop
slowly for many years, perhaps even from childhood,
until manifested as an acute episode a heart attack or
stroke. In the long run, we need early warning signals
and effective preventive measures for these diseases.

CONGENITAL. HEART DISEASE.

About 25,000 infants with congenital heart defects are
born each year; 3,000 die before their first birthday.
'Each year about 6,000 persons of all ages die of
congenital heart disease, a 38 percent decline in
mortality since 1948. Congenital heart problems can
result from. either genetic or environmental factors,
the latter including a preventable disease, German
measles:.

Until quite recently, babies born with deformed
hearts were largely beyond the reach of effective
treatment. But developmenti in biomedical engineer-
ing, physiology, and surgery, from 1950 onward, made
effective operations possible. The heart-lung machine,
cooling and other life-support techniques, artificial
heart valves, and improvements in anesthesia all
contribUted to this growing competence. Moreover,
sensitive diagnostic procedures gave clear guidance for
corrective surgery.' Follow-up studies indicate that
such surgery has become steadily more effective while
the risks have diminished.6.

Nonsurgical techniques are being explored for
conditions previously amenable only to surgery. One
type of congenital heart defect may be modified in
newborns (simplifying later surgery) by a medication
that promotes normal development of the heart. This
therapy works by inhibiting a prostaglandin, One of a
family of biologically active organic acids that occur
naturally in the body. The biochemistry of the
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prostaglandins has been' elucidated . in the past two
decades, and they are emerging as family of
compounds with great functional significance for .

human health.

RHEUMATIC HEART DISEASE

Painstaking clinical research has clarified the sequence
of events in which a childhood streptococcal infection,
if not treated, may be followed shortly by rheumatic
fever, which, in turn, can damage the heart valves.
One mechanism involves immune reactions to strepto-
coccal antigens. When the underlying processes are
More deeply understood, another opportunity for
preventive medicine may appear.

Rheumatic heart disease was a significant source of
disability and death among young adults in the first

. half of this century. While it is far less prevalent and
rarely fatal today, there are 'still 100,000 new cases
each year, and more than 1 1/2 million adults have
rheumatic heart disease. Penicillin is administeied to'
patients who have had rheumatic fever .to block
recurrence of ztreptococcal infection; the antibiotic

;may be given for years or even a lifetime. This practice
has sharply reduced disability and death from the
disease. Also heart valves damaged by.rheumitic fever
can be replaced through a remarkable surgical devel-
opment.

,Recent studies have shown, that well-organized
health' programs for children with rheumatic heart
disease can decrease days of illness and ho vital time,
and prevent later complications of childhood diseases
such as streptococcal infections. In one such program,
prompt and apPropriatinse of antibiotics reduced the
incidence of rheumatic fever by 60 percent.

HYPERTENSION t'

Hypertension, or high blood pressure, develops insidi-
ously over many years before dainage becomes appar-
ent in such forms as stroke, heart attack heart failure,
or kidney failure. It affects an estimated 35 million
adults.

Basic research in physiology, biochemistry, pharma-
cology, genetics, and, behaviorapplied to the renal;
cardiovascular, endocrine, and nervous systemshas
increased our knowledge of hypertension. We have ,
learned much about 'its clinical signs, consequences,
prognosis, and . treatment. However, in more than '80
percent of the cases we' still don't know its cause and
call it 'essential" hypertension. We need to know
more, for example, of the role of dietary factors such
as weight and salt intake. Moreover, hypertension is
more frequent among blacks than among whites in
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this country, and we do not know why. Elucidation of
the specific genetic and environmental factors impli-
cated in this major public health.problem remains a
major scientific challenge.

Drugs for Hypertension

Drugs-now available for high, blood pressure can
greatly reduce the risk of stroke and kidney and 'heart
failure., However, long-term f011oW-up studies indicate.
that diuretics, the drugs used most often to control
blood pressure, may also raise cholesterol and sugar
levels in the blood of most individuals. Thus, while the
diuretics are undoubtedly effective in lowering blood
pressure and reducing its complications, especially
strokes, they may 'increase the' risk of other disordeis.
This preliminary finding deserves flirter investiga-
tion. It also demonstrates the value of long-term
follow-up in clinical research generally and in clinical
pharmacology specifically."'

The awareness of the liniitations -of diuretics pro-
vides a powerful stimulus for creating and testing new

. drugs, especially in the light of advancing knowledge'
pertinent to control of blood pressure. One active and
promising line of inquiry involves, drugs that diminish
thetactivity of the syinpathetic nervous system. This
part of the nervous system can constrict the small.
arteries and .thereby elevate blood pressure. It can be
"slowed down" either by drugs that act directly on the
sympathetic nervous system throughout the body. or
by drugs that act on its central controls in the brain.
Some drugs that inhibit the sympathetic nervous
system are now in regular clinical use; others are being

. tested experimentally. Improved. drug therapy for .

hypertension should becomeavailable in the next five
Years. It will take longer to determine exactly which .
therapeutic regimens most effectively %prevent such
complications as stroke or heart failure. \

Unknowns in Hypertension

-The risk from high blood pressure occurs over a broad
range of pressuresthere is no sharp cutoff between
"normal" and '-"high." More information- is needed
about' the effects of gray-zone pressuresbetween the
clearly elevated and those- accepted as normal.. Prir
mary preventive measures are needed to stop or slow
the frequent increase in -blood pressure with, aging.
There is no reason to assume that, such an increase
inevitable. Evaluation of the benefits of medication in
elderly and young people is needed, as is 'evaluation of
the benefits and -Costs of medication of mild hyperten-
sicli. More must be known about the basic processes of-
hypertension to iinprc, we both pharmacological and
behavioral prevention of the disease and its Complica-
tions:

.

CORONARY ARTERY DISEASE.

Coronary artery disease involves damage to blood
vessels leading to the heart muscle and subsequent
angina', myocardial infarction or heart attacic(death of,
heart-muscle cells), heart failure, or arrhythmia

of h usually

Chnnnsofhe blOd
Coronary artery disease, usually manifested as a heart
attack, accounts for 65,0,000 deaths annually, or two7,,
thirds of the tOtal deaths from cardiovascular disease.

The prevalence Of coronary artery disease has
stimulated mug clinical innovation, apparent espe-
cially in the nationwide development- of hospital
coronary-care units. In such units, sophisticated elec-
tronic monitoring permits early detection of heart-
rhythm abnormalities; also; drug therapies and mo-
dem equipment for electrical stimulation and resusci-
tation are immediately'available. Artificial pacemakers
are i.sed for immediate or long-term control of heart
rhythm.' Techniques for assessing the extent, and
location of damage to heart muscle have been im-

Biobehavioral Approaches , proved: Surgical bypass of seriously diseased coronary.\ blood vessels has become comrnbn and in certain cases

Recent work on behavioral' approaches to controlling \ can relieve pain. 4

blood pressure has also' been promising. The Stanford \ Despite the technical sophistication and intrinsic
three-community study, discussed below, showed that plausibility of these approaches, we, are still not certain

people can learn to reduce their consumption, of salt, whether extended treatment in a coronary-care unit
which the study found to be the best predictor of gives better overall results than careful treatment at
blood-pressure change among the several behavioral home 4417. i,...:'-'1 hospital treatment. Nor do we know

factors, such as weight reduction and relaxation, that whether coronary bypass surgery has any effect in

were investigaied. Use of biofeedback learning tech- *addition to the highly valuable one of relieving pain.

niques to control blood pressure is also receiving In view of the gravity and cost of these procedures, we

attention. must learn to--determine more precisely which coro-\

24,



nary disease patients' are appropriate candidates for
given therapeutic approaches.

PREVENTION OF CARDIOVASCULAR DISEASE

Prevention of cardiovaicular disea 'is being increas-
i

ing,ly emphasized. The contribution of. basic research
to prevention probably will increase. over the next
decade, particularly in regard. to hypertension and
arteriosclerosis, the two main causes of damage to the

. heart and blood vessels.
More than half of the Americans with high blood

pressure; are uhisvare of their condition. And of those
who are:aware, about half simply do, not adhere to the
prescribed treatment. It is important to learn, through
health-services research, why patients do not take
medication that is good- or their health. Such research
may, produce effective wayS to help patients Modify
their behavior, not 'only in regard to medication, but
also in regard to such health-related habits as eating,
smoking. and drinking.8

We already know that aside from the cost of drugs,
failure to take medication depends partly on such
factors as waiting time for the doctor and at the clinic;
inadequate follow-up by doctora and alinics; overeom7

-plicated`and confusing dosage schedules; unsatisfacto7
ry doctor-patient relationships; and inadequate expla-
nation of possible side effects. The last problem is
particularly significant to patients who had rid symp-
toms prior to medication. Recently, there has been
some careful work on-the utility of nonphysicians who
can counsel on medication problems. Such counselors
can markedly enhance adherence to therapeutic regi-
mens.

. *.

Public Awareness "'"'

The National High Blood Pressure EduCation Pro-
gram was initiated in 1972 as a result of survey
research in the early 1970's that showed the low, public
awareness of high blood pressure and its consequenc-
es.9 A far-reaching collaborative effort between the
National Institutes of Health and various private
organizations, it involves screening of the public for
high blood pressure and careful follow-up. From start
to present, the program has sharply raised the
numbers of people using effective treatment for hyper-
tension. A survey in '1977 'of 100,000 residents. of
Chicago showed that 9 of 10 people with elevated
blood'pressure were aware of their condition and that
about 60 percent of hypertensives were being
effectively treated. This reflects a striking increase in
recent years in both awareness and treatment.

Voluntary health-organizations, health professional
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organizations, industry,' consumer groups, and the
federal goVernment have worked together effectively
in this educational 'program. Since hypertension is
especially prevalent among blacks, a special effort in
minority communities has been mounted in recent
years. 'In view of the heavy buiden of illness in these'
communitfes, the lessons learned from the National
High Blood Pressure Education Program may well be
useful. ' C .

CARDIOVASCULAR RISK -FACTORS

Sudden death is the first symptom in at least one-
fourth of those sidth coronary disease. This fact. is a
posyerful stimulus to research on primary prevention
and .on noninvasive diagnosis before overt symptoms
appear. Attention is turning increasingly to the detec-
tion of cardiovascular risk factors and, means of
reducing them before the disease becomes clinically
apparent. .

Cardiovascular "risk factors include age;' male sex,
elevated blood pressure, cigarette imokirig, 'elevated
plasma cholosterol, elevated, blood glucose, obesity,
sedentary wk Of life, water hardness, family history of
heart &utak. before age 65, personality tyPe, and
severe stress.mn Not all of these factors have been
investigated with equal thoroughness, but each hits
some predictive power for coronary. disease. 12

Epidemiologists have done la.rge-iCale prospective
studies to delineate the 'biological and behavioral
characteristics of individuJs who are likely to develop
cardiovascular disease; here considering hypertension
and coronary heart disease separately and also their
relationship With each Other. These careful, systematic
studies have 'been conducted with populations in
different parts of the United States and in other
countries.

Cholesterol

' Particular attention has been given to cholesterol by
the public and by clinical and basic researchers.
Cholesterol in the plasma is part of several more
complex structures, lipoproteins, which can be sepa-
rated on the basis of their density. This density
analysis has improved the predictive value of choles-
terol a.; a risk factor: Either elevated total-plasma
cholesterol or elevated low-density-lipoprotein choles-
terol, which correlate closely with each other, tends to
be harmful; elevated high-density-lipoprotein choles-
terol, which does not correlate well with elevated
total-plasma cholesterol, appears to protect against
coronary heart disease. .+

A recent report of a World Health Organization
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clinical study showed that a drug (clofibrate) lowered
lipids such as cholesterol in the blood, and this in turn
was linked to a decrease in heart attacks. However, the
status of the diug in clinical therapy is not yet clear.

Genetic Effects

A relationsfiip between dietary saturated, fats, plasma
cholesterol levels, and arteriosclerosis' has been dem-
onstrated by many laboratory experiments ina variety
of =line species. These. relationships have been
confirmed in humans: The nature and extent of fat in
the human diet has a bearing on arteriosclerosis. But
not everyone whb consistently eats a diet high in

'saturated fats develops serious disease.
Genetic differences affecting individual responses to

different kinds of _dietary fats apparently have an
important bearing on 'the extent and severity of the
diseate. Such genetic' influences' are illustratell by a
recent discciiery. High concentration of fat in human
'blood, or hyperlipidemia, 'is strongly influenced by
certain genes" Indeed, three distinct single-gene disor-
ders can predispose to hyperlipidemia:13 One is. called
familiar hypercholesteiemia, the second hereditary
hypertriglyceridemia, and the third familiar "com-
bined" hyperlipidemia. One or another of these
conditions is found in a sizable 'minority of patients
under age 60 Who have heart attacks. Evidently,
individuals with these particular genetic disorders are
more vulnerable to a high-fat diet.

Modifying Risk' Factors

Interest is high in modifying cardiovascular risk
factorS, especially among- those who appear to be
especially susceptible genetically. The task is not easy
and will require significant educational and social
changes. However, there are encouraging indications
that better health is possible by altering firmly
established patterns of behavior, such 'as sihoking,
exercise, diet, working, and coping with stress.

Significant changes' in risk factors have occurred in
the United States in the past 15 years, at least in part
because of public concern with health. Consumption
of tobacco.products, milk and cream, butter, eggs, and
animal fats have all declined among adults. The
decline is greater in the more educated segments OT the
population and is especially striking among health
professionals. These declines coincide with an acceler-
ating decline in cardiovascular mortality. While the
relationship may be: a coincidence, it should be
investigated. One point deserves emphasis: The link
between diet and cardiovascular disease is' sugges-
tive," but present evidence leaves little doubt that.

stopping cigarette ,smoking will reduce the risk of
cardiovascular disease, and of lung cancer. ,

The :Stanford Program The Stanford Heart Disease
Prevention Program,15,16 a multifaceted research effort
to learn how to combat heart disease, has shown that
it is possible to decrease risk factors for cardiovascular
disease through health education using the media. The
risk factors addressed in this two-year program in the
mid-1970's were cigarette, smoking, high plasma cho-
lesterol. concentrations, and high blood pressure.
Three communities, were involved: one with only a
mass-media education program, one with a ' mass-
media program* supplemented by face-to-face counsel-
ing for high-risk individuals,and one control commu-
nity with no special programs. All three communities
were surveyed annually. Key aspects of the' experi-
ment were:

The mass-media materials were devised to teach
specific skillsfor example, preparation of a palatable
low-fat dietand to' provide information on health
and motivate people to use it.

Behavioral scientists advised on mass-media ap-
proaches and face-to-face instruction.

The campaign was suited to the intended audi-

ence; for example, it took account of the faei that part
of the audience was Spanish - speaking.

-Ainong high-risk participants who received the
annual survey; mass-media education, and intensive
instruction, the overall risk of cardiovascular disease
was reduced 30 percent. Almost all of,tize reduction
was achieved in the first year of the 'program and
sustained through the second year. High-risk individu-
als 'who received only ih annual survey and mass-
media education reduced /their risk by 8 to 10 percent
the first year and by 25 perotrit after two years. High-
risk participants in the, community exposed to the
survey alone, did not appreciably change their risk of
heart disease.

The Finnish Program A larger study of the
effectiveness of reducing risk factor's has! been in
progress for six years in North Karelia, Finland.17 the
three major components of the program are: health
education through community resources, including
local newspapers and radio; hypertension screening
with intensive group-health education of high-risk
individuals; and early diagnosis, treatment, and reha-
bilitation involving existing health and social services.
Education and medical measures are supplemented 'by

a law forbidding smokiir in; public buildings and on
public transport and by th5. 'cooperation of the local



dairy and food industries in reducing fat in popular
foods.

. As a result of kliese efforts, the annual rates of
incidence of acute Wocardial infarction, which had
been increasing in Finland for many years, have begun
to 'decline in North Karelia. There also has been an
apparent decrease in the severity of heart attacks. In
addition, the annual incidence of strokes had fallen by
the third year of the program. '

Community-Based Prevention. The experiences in Ca-
lifornia and Finland will stimulate research on com-
munity-based prevention in the next five years -and
should be useful in planning new programs. Such
investigations must explore ways of eliciting the
interest and cooperation of both the public and private
Sectors in facilitating health-promoting behavior. If
the findings thus far are duplicated in other communi-
ties, a sustained change in the methods .of health
education is likely.

CANCER AND RELATED PROBLEMS

Although cancer is not the most common serious
disease, it is certainty the most feared. It is therefore
not surprising that the National Cancer Institute (Nct)-
is the largest health-research organization, in this
country. During the 1970's NCI expanded very rapidly
under the auspices of the "War on Cancer."

New leadership- is now examining this enormous'
effort in order to achieve a balanced program sensitive
to scientific opportunities; clinical needs, and social,
concerns. This constructive reassessment will be aa
important of science policy in the next 1W
years.

A

Since cancer is also considered in other chapters,
this section will be relatively brief and clinically
oriented, with special attention to treatment and
prevention.

NATURE OF CANCER

Cancer has many fornis. All involve a defect that
permits the unrestrained multiplication of cells to
yield offspring cells whose growth is similarly unre-
strained.18 Some believe that the basic cell defect is the
same for all cancers, 13ift-tharir may be triggered in
diverse ways to produce unrestrained growth.

Cancer is no longer viewed as an inevitable concoin,
itant of aging. Environmental factors acting on genetic
predispositions are now considered important in the
origin of cancer. In this context, environmental factors
are defined broadly and include, for example, diet and
cigarette smoking. The growing recognition of envi-

'
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ronmental influences is based in part on large geo-
graphic variations in the incidence of specific cancers,
linked with' evidence that migrant populations 'tend to'
shift to`the patterns of incidence of their new region.

Two lines of inquiry, which' may have long -term
clinical significance, 'have not yet been sufbciently
resolved to assist in diagnoses, prevention, or theratP,
These involve immune responses incarcinogenesis and
the role of viruses in human cancer. One hyPothesis is
that carcinogenesis,"or production of a cancer, occurs
normally throughout life (perhaps in part owing to
background radiation), ,but that it is kept under
control by the immune system/Viruses are known to
cause some cancers in animalsleukemia in cats is
one example. But despite considerable research, it has
not been proved that viruses cause cancer in humans.
In the long run, research in both immunology and
virology will clarify mechanisms of : carcinogenic
transformation and provide clues to how this 'transfor-
mation might be' inhibited by pharmacological or
immunological means:-

Thresholds and Synergism

An -important question is the lever of exposure to
carcinogenic substances that initiates carcinogenesis.
Most toxic substances fed to test animals produce no
observable effect or response below a characteristic
threshold dose. However, a threshold dose for carcino-
genesis has not been demonstrated for any substance;
if threshOld doses exist, they, cannot be detected by the
available toxicological methods. If ccinogens do not
in fact have threshold doses, exposure, to a very small
amount of a catcinogen could initiateNcarcinogenesis,
although the probability that it would do so would be
slight; known carcinogens must be fed to 50 or 100
test animals in quite large amounts for months to
induce cancer in only a few of them. Quantitative
dose-response data are available for some agenti that
affect the incidence of cancer in humans. These agents
include ionizing radiatiori and cigarettes. For each, the
data are consistent with the absence of a threshold r.
dose; if one- exists, it is undetectable by current
tokicological methods.

Aside from the 'probable absence'of a threshold for
Carcinogens, synergism must also be considered; that
is, the combined effect of two agents may he far
greater than the sum of their inditiclual effgcts. An
example of this compounding of risk is the combined
effect of cigarette smoking and exposure to asbestos.
Smoking alone increases the risk of lung cancer about
10-foldthe actual increase depends on the number of
cigarettes smoked. For asbestos workers who do not
smoke, the risk of lung cancer is 7 slimes. that4or



.
'' , . .

220' SCIENCE AN THE UNITED STATES`'

nonsmoking, none bestos 'workers. Filnyeyaer, for an
asbestos workey who a&:, smokes, the ii7k Of lung
cancer is more than 12 times. that for:a nonsmoking,
asbestos ,.wo.rker and 90 times that for a nonsmoking,
nonasbestos worker. ., ' .

.- Thus, current evidence provides no basis for assum-
ing that there a totally safe level of any carcinogen.
In r 1 lif owever, it is often impossible to avoid
com kt y a carcinogen. The establishment of.socially
acceptable expoSure levels, .will...require dependable,
quantitative risk estimates based On better data than
now available.' It should also he kept inY. mind: that
cancer can develop in the absence of any '.known
external carcinogens.

EPIDEMIOLOGY AND CANCER

Epidemiology has along,history of accomplishment in
the understanding and contro) of infectious diseases
through public- health. measures. Today it is being
applied increasingly. to cancer, cardiovascular diseased
and mental illness. The epidemiologist attempts to
determine the cause of a disease by comparing possible
causes statistically with the incidence and distribution
of the disease in a population until a correlation.,
emerges. With cancer the task is difficult for several
reasons: _physical, chemical, biological, and social,
environments are very complex; many presumed
carcinogens are present; exposure conditions are
highly. variable; and latent periods after exposure are

- very long. However, high exposure simplifieS the
problem. Epidemiological studies of groups of -pedple
exposed to unusually high doses, as in an industrial
setting, have led, to the identification of several dozen .

human carcinogens.
Large:scale epidemiological research Will be re-

quired to correlate the changing patterhs of environ-
mental agents with parallel changes in the incidence of
cancer. Special attention should be devoted to those
:Cancers that occur most frequently and with large
variations in geographic incidence (for example, gas-
trointestinal' cancers).

Although some man-made chemicals have been
identified as potential carcinogens, the firmly estab-
lished incidence of cancer' from these compounds
accounts for only a tiny fration of all cancers.19
Cigarette smoking is the one environmental factor for",
which 'firm data demonstrate a strong association;
occupational exposures are also an important source
of environmental carcinogenesis. Other environmental
factors, including those of natural origin, that are
probably responsible. for many and perhaps most
cancers remain unknown. Research on these problems
will intensify during the next fiVe years.

DETECTION OF CANCER"
S Kin cancers are easily detected and therefore quickly
treated. Deep-lying cancers, such as thosein the lung,
typically- are detected late, and treatment , is less
effective. Special effort is being 'devoted to earlier
detection of' cancer in 'various deep-lying locations. \\
One of the most successful screening techniqueg has
been the "Pap smear," in which a few cells from the
uterine cervix are exathined. This test has contributed

. to a significant decrease in`the death rate from cancer
of the cervix among American women. The mortality
rate dropped over 50 percent between 1948 and 1971,
falling from 38 to 15 per 100,000 for white women and !,
from 75 to 31- per 100,000 for nonwhite women.

The most efficient timing of screening tests is

currently under Study. Timing is important, for
example, in mammography,_it radiologic diagnosis for
breast cancer. This disease affects nearly ,1 woman in
13 and kills 30,000 annually. Regular screening of.
women, by mammography during childbearing years
probably exposes therfi to more radiation than the
yield of discovered cancer is worththe risks out-
weigh the benefits. But,.. the risks of Mammography
after age 50 may well be outweighed by the benefits of
early detection of breast cancer. Such concern has led
to technological, improvement: dosage is about half' rA

u
what it was at first. ,

The new fiber-optic endoscopean instrument for
looking at the inside of a hollow organis much more
flexible than instruments previously available, and,
therefore facilitates exploration for cancer of the lung, ke
and colon-Ltwo of'the most common cancers. Similar-
ly,'the relatively noninvasive radiologic technique of
computed tomographic scanning can. detect tumors
early, especially in the head. Other techniques of
medical imaging for noninvasive iliagnosis are under
intensive developmeht.

The immunology of tumors may become clinically
useful in the next 5=10 years. Malignant tumors
synthesize distinctive antigens, some of which are
released into the circulating blood.24 These antigens
now are detectable in the blood only at an advanced I

stage of cancer. But the immensely sensitive and
specific technique called radioimmunoassay is becom-
ing increasingly usefill for such 'analyses .21 The meth-
od combines immunologic techniques with the mea-
surement of substances labeled with radioisotope's. Its'
use to detect antigens in blood is especially promising.
for early diagnosis of gastrointestinal cancer.

,1

TREATMENT OF CANCER

Surgical removal is still the best treatment for most
cancers. If all the malignant cells can be excised, the

4



cancer may not Tee' . Unfortunately, these abnormal
cells commonly car, invade surrounding tissues and,
worse yet, spread through the blood oi lymph systems
to form new growths at distant locations. If this has
occurred even microscopically by the time of initial
diagnosis, removing the primary tumor will only buy
time. A recurrence elsewhere is likely. Therefore,
surgery is often supplemented by radiation therapy or
chemotherapy, or both.

Surgery has a sharply focused target, radiation is
usually directed at a" specified region near the site of
the tumor, and chemotherapeutic agents reach cells
throughout the body. The well-established combina-
tion of surgery and radiation therapy is Capable of
curing (in terms of five-year survival) about one-third
of all cancer patients. This fraction does not include
patients with skin cancer, which is an easier problem.

Chemotherapy increasingly is being used after
surgery when.recurrence is especially likely. It works
best when relatively few cancer cells have spread
through the body. For the most part, chemotherapy is
relatively new, and :ts lerig-term effectiveness is not

get clear. The technique does seem to lessen the risk of
relapse in one form of bone cancer and may be helpful
in some forms of breast cancer. Current research
involves combined use of two or more chemotherapeu-
tic agents, each of which has shown Inticancer
potency, at least in the short run. These chemothera-
peutic combinations are also being tested in combina-
tion with established and newer, forms of radiation
therapy. Radiotherapists not only are trying new types
of beams but also are col .bining them with radiosensk
tizerschemical agents that selectively enhance the
sensitivity of tumor cells to radiation.

A notable. success of chemotherapy, particularly
when combined with radiation therapy, is the treat-
ment of Hodgkin's disease, which in the past was
uniformly fatal; similar gains are being made in the
treatment of acute lymphatic leukemia in children.22
In both cases about half the patients can be cured.
While these are certainly encouraging, indeed ground-
breaking advancei, these cancers account for less than
1.5 percent of all cancers.

PREVENTION OF CANCER

Given the gravity of cancer, the difficulty of early
detection, and thelimitations of treatment, it is crucial
to ask what science can contribute to prevention. The
past quarter century has seen unprecedented,,progress
in the life sciences, and medical scientists should
examine systematically the implications of these ex-
traordinar advances for prevention of disease in
general and of cancer, in particular. A significant
amount of cancer may be preventable by use of
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existing knowledge. Much can be accomplished by
identifying risk factors and.learning to modify expo-
sure to themas the record abundantly demonstrates.
As we learn more and more of the mechanisms that
underlie risk factors and their modes of action,
systematic efforts can be made to use that knowledge
for-preyention.23

7dentihing Carcinogens

A multifaceted approach will be necessary to reduce
the cancers influenced strongly by environmental
factors. This includes the use and further refinement of
methods for identifying carcinogens, including in vitro
screening tests, tests in mammals, and epidemiological
studies. In vitro tests in particular warrant rapid
development because they cost far less in time and
money than, do tests in laboratory animals. Chemicals
that test positively for carcinogenicity should be
seriously suspected of being carcinogenic in humans.
However, it is still considered necessary to confirm the
results of in vitro tests by tests in animals.

Chemicals shown to be carcinogenic in laboratory
animals are likely to be carcinogenic for humans; in
several well-documented cases, a carcinogen was
identified in animal tests before its carcinogenicity for
humans became clear. Conversely, with few excep-.
tions, such as arsenjc, substances that cause cancer in
humans also do so in animals. The correlation is good
but not perfect fr m animals to man and from man to
animals. Animal tests, therefore, are very good but not
infallible predictors of carcinogenic potential for
humans. Also/animal species may vary widely in their
sensitivity td a pahicular carcinogen, so that a
quantitative:estimate of degree of risk (or potency) can
be extrapolated from animals to man only with
considerable caution.

The seiveral hundred compounds proven carcini-
genic in animals should be viewed as potential
carcinogens in man unless proven otherwise. Research
on thein is well justified; also, the populations exposed
to suspected carcinogens should be studied to provide
better data for assessing risk to humans.

CIGARETTES AND HEALTH

Of all the opportunities for preventing cancer in the
foreseeable ftiture, the most important by far lies in
cigarette smoking.24 If research can help to markedly
lower the number of cigarette smokers, gains will be

`made not only in prevention of lung and 'bladder
cancer, but also,.of serious respiratory diseases and
major cardiovascular diseases. Here then is a truly
critical problem in health.
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Cancer of the lung, the cause of 92,000 deaths
annually, was uncommon in the early part of this
century. It began to rise sharply around` 1935 in men
and 1965 in women. Each increase began about 20

years after cigarette smoking became widespread
among the sex. The increase in deaths from lung and
other respiratory cancers has been so large that, if
these deaths were excluded, total cancer rates among
persons aged 55-64 would drop approximately 40
percent for men and 15 percent for women.

A 20-year epidemiological study of mortality in
relation to smoking among British physicians casts
light or both the consequences of smoking and the
benefits of stopping. The data indicate that between a
third and a half cd all cigarette smokers die because of
their smoking. Deaths in the study were due chiefly to
heart disease among middle-aged men', but lung cancer
was also a prominent cause. As a whole, the popula-
tion reduced its cigarette cons: :.ption substantially
during the 20 years of thorough study. At the same
time, the incidence of lung cancer became less
common among the population. This and other studies
'ndicate that pathology related to cigarettes is at least
partially reversible, even after yearS of smoking. But

here, as elsewhere, prevention, is likely to be most
beneficial to long-term health.

Children and nonsmoking adults may be exposed to
the smoke of others. The unborn infant particularly
needs protection, since it may suffer increased risk of
death or retarded growth with longterm effects if the

mother nokes. Increased risk of respiratory infec-

4'

(SW 011ielte. IPA 1),CYIKTICA)

tions occurs among infants whose parents smoke, and
these infections may predispose t ) adult chest disease.

INCIDENCE OF SMOKING

Cowie i.ge of the risks of smoking has resulted in a
decline in smoking among adult Att:ricans. More
ihan 30 million smokers have quit since the Surgeon
General's report, Smoking and Health, was published

1964. Sharper declines in smoking than in the
general population have occurred among doctors,
dentists, and pharmacistsprofessionals who daily
observe the long-term effects of cigarettes on patients

and customers.
Thirty-five percent of American adults smoke ciga-

rettes. The proportion of teenagers who smoke has
been increasing, especially in the 10-15 age-group and
above all in females in this age-group; but there are
indications of a very recent decline in this trend.
Surveys show that Americans know of the relation-
ships between smoking and lung cancer, but not that
tobacco-related cardiovascular diseases take a heavier
toll.

During the past 20 years, many clinics, techniques,
and devices have been developed to help smokers quit.
While several methods are effective for a short time,
most smokers eventually resume smoking. The pre-
vent; in of such relapses hai been tackled recently as a
problem that requires solutions different from those
that, help smokers first quit the habit, and will likely be
given high research priority in the next five years.
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Techniques based on learning principles show promise
for stopping smoking permanently, but are still at an
early stage-of experimentation.

LOW TAR AND NICOTINE

There has been considerable effort in recent years to
devise less hazardous cigarettes. Usually, lower hazard
is attributed to "low tar and nicotine"-in the inhaled
smoke. While the low-tar-and-nicOtine approach de-
serves systematic investigation for both risks and
benefits, the facts are far from clear since cigarette
smoke contains a variety of toxic substances. For
example, carbon monoxide may be much more impor-
tant in causing cardiovascular disease than in causing
cancer.

SMOKING AND ADOLESCENCE

Adolescence is a critical period of biological and
psychological change, and also of drastic change in
social environment. And it is a time when lifelong
behavioral patterns are formed involAng cigarette
smoking, use of alcohol and other drugs, automobile
driving, habits of diet and ::xercise, and patterns of
human relationships. Adolescence has been neglected
until recently in biomedical and behavioral research.

The links between puberty and the endocrine
hormones can now be studied with high precision as a
result of recent advances. These include especially the
discovery of the brain hormone that controls the
reproductive system in both sexes ?..;d the develop-
ment of radioimmunoassay methods for measuring
hormones and their derivatives. Knowledge is needed
relating endocrine and bodily changes of puberty to
parallel emotional and behavioral changes.

Peer Counseling

The impact of peers, influential adults, and the mass
media on adolescents needs careful, systematic study,
to clarify the determinants of behavior harmful to
health. Peer counseling is one promising approach to
guidance during adolescence. Such programs rely on
the credibility of peers during adolescence in training
students to help other students. The approach has
been used in junior and senior high schools; and the
findings suggest that such programs can be useful for
both students and counselors.

Peer Counseling is now being tested as a means of
discouraging the onset of smokih. The test25 is a field
experiment, based on a model curriculum, in which
16-year-olds to -:..n 12-year-olds how to resist peer
pressure to Hundreds of students in matched

Health of the American People 229

experimental and control schools are compared for
cigarette-smoking rates at the start of the test and
during follow-up periods of up to two years. So far,
the results indicate much less smoking among the
adolescents in the peer-counseling program than
among the controls.26

Since smoking rates have been rising more rapidly
among early adolescents than in any other 'segment of
the American population, this age grout will be a
critical focus in the .next five years for research aimed
at prevention of diseases related to smoking.

MENTAL ILLNESS AND BIOBEHAVIORAL
SCIENCES

During the past quarter century,. drug therapy for
major psychiatric disorders -has drastically decreased
the numbers of 'patients in public mental hospitals.
Research on drug therapy has led to more speCific
methods for diagnosis, assessment of severity, and
criteria for improvement of mental illness. The new
psychopharmacology also drew psychiatric research
into modern biological science, stimulating investiga-
tion of possible biological mechanisms underlying
mental disorders.27 For the first time, a substantial
cadre of scientifically well-trained people emerged to
do research on mental illness;

MAJOR MENTAL DISORDERS

Schizophrenia is a profound disorder of behavior,
emotional responses, thinking, and perception. About
200,000 schizophrenic patients \are now hospitalized in
the United States, occupying one fourth of all hospital
beds; and another 400,000 a: 11 outpatient clinics or

out of treatment altogether.
Schizophrenia con be disaHing. Its symptoms,

which usually appear in late .......l.escence or early
adulthood, include altered movements ranging from
total immobilization to frenetic and purposeless activi-

ty with peculiar mannerisms. Perceptual disorders in
schizophrenia often . include hallucinations such as
hearing voices when,no one is present. Disturbances in
thinking are common and often lead to distorted
concepts, bizarre speech, and grossly illogical beliefs
most vividly expressed in paranoid delusions involving
profound and pervasive distrust of others. Emotional
expression is sometimes completely absent, sometirtes
highly inappropriate to the words and actions a the
individual. During relapses, most schizophrenics seem
incapable of experiencing genuine satisfaction of any
kind.

Manic psychosis is . nother severe mental disorder.
Its victims usually are intensely excited and pseudoe-
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lated and speak and move very rapidly. They often
seem enormously energetic, relentlessly driven, and
bold to the poirit or grandiosity. They tend to be easily
distracted, easily irritated, impatient, and rarely able
to complete a task. Words and fragmentary ideas may
flow so rapidly as to be incoherent.

Psychotic depression is another disabling condition
that frequently leads to hospitalization. During the
1970's, about 1,500,000 people have been treated
annually in the United States for depression--.-some in
hospitals but most outside. This condition goes far
beyond the ordinary sadness of everyday life, even
beyond the grief of bereavement. Psychotic depression
involves deep and per:.:sient feelings of hopelessness,
helplessness, and wortille.sness. These feelings are
accompanied by severe loss of appetite and weight,
disturbed sleep, and loss of interest in familiar
activities. Some depressed patients also have delu-
sionsfor example, that one has-committed hideous
crimes or that one's internal organs are disintegrating.
Patients think of death and suicide. Indeed, severe
depression is the principal context in which suicide is
undertaken, although it is associated with. other
disorders, schizoi..lrenia. Suicide is the tenth
leading cause of death in the United States: about
24,000 suicides arc reported each year, and many go
unreported.

Treatment of Major Mental Disorders

Before drug therapies, there were few opportunities
for treating outpatient mental cases, and most general
medical hospitals did not admit severely ill psychiatric
patients. Those. who were admitted were quickly
transferred as a rule to a public mental hospital,
usually one under state auspices. Such hospitals were
largely custodial institutions, not medical facilities
oriented to active treatment. Pessimism prevailed.
Each year the number of patients in mental hospitals
increased; very few patients were discharged The
patients' living areas ,typically were crowded and
dilapidated. Though some such hospitals were hu-
mane and compassionate, others were of very poor
quality.

Psychopharmacological Therapy

Drugs called phenothiazines were introduced in the
United Stated in 1955. They quickly proved valuable
for schizophrenic patients and moderately helpful for
patients suffering from manic psychosis. Inhibitors of
the brain enzyme monoamine oxidase (MAO) and the
tricyclic antidepressants, two different classes of drugs,
were first used in the United States in 1956 and 1957.
They were reasonably effective. in relieving severely

depressed patients. Finally, the use of lithium carbon-
ate to treat manic psychosis was discovered in
Australia in the late 1940's and tested extensively in
Europe in the 1950's. The compound was studied
further in this country and found to be a remarkably
effective treatment for manic-depressive illness. But
dramatic as the treatment is in most cased, a sig-
nificant minority of manic-depressive patients do not
respond well to it. Research is under way to clarify the
mechanism of action of lithium to enable still more -effective treatment.

In the climate of optimism that the new drugs
fostered, imaginative innovations in psychosocial ther-
apies were undertaken. These gradually led to a set of
useful therapies: crisis intervention, brief psychothera-
py, group therapy, family therapy, the therapeutic
community, and behavior-modification therapies that
apply the principles of learning theory elucidated in
psychology laboratories.

Effect on Patient 'Population

The patient population of public mental hospitals in
the Unite.' States reached its peak of 559,000 in 1955.
In 1956, for the first time since records have been kept,
the number declined. This population has declined
steadily since then despite a further increase in the
national population and a steady increase in the
admission rate. By 1967, the patient population had
fallen to 426,000 and by '1973 to 249,000. If the pre-
1956 trend had continued, the number of patients in
public mental hospitals in 1979 would be almost 'a
million.

Most of these patients are back in the communities
from which they came. Many were prepared

andreentry by teaching them new interpersonal and
occupational skills and by the use of transitional
facilities such as halfway houses or community lodges.

Need for Aftercare

A large proportion of the patients, especially those
who have not been chronically hospitalized, are able to
go to work, form attachments with family and friends,
and take part in community life. Nevertheless, many
discharged mental patients would benefit from moder-
ate and continuing outpatient treatment and involve-
ment in a community network of mutual assistance.
Some do get ouch adequate aftercare; many do not.
Providing such care is especially difficult in vast,
disorganized, poor urban areas, but some encouraging
prototypes exist.

In some cases, patients were moved too rapidly out
of the large state and county mental hospitals and
communities were not able to absorb them construc-



tively. Many chronically ill patients discharged from
Mental hospitals are living in cheap hotels and
deteriorated single-room occupancy dwellings. In
these neighborhoods, former patients are often abused
by people who take advantage of their helplessness.
Sometimes, they come to public attention through
violent crimes, either as victim or as perpetrator.

PSYCHOPHARMACOLOGY AS A STIMULUS TO

RESEARCH

In addition to benefitting individual patients, psycho-
pharmacological agents also have powerfully stimulat-
ed clinical and basic research. Clinical research was
needed to check the effectiveness of medications
against mental illness. This work led to efforts to
define mental disorders and their subcategories more
precisely and to the development of more rigorous
methods for assessing improvement or worsening of
psychiatric symptoms. The work brought into this

field of medicine a crucial method of pharmacological
research: the random-assignment, double-blind design

of experiments. This research method eliminates much
of the bias of the placebo effectspontaneous recovery
from symptomsand the bias of the staff either for or
against a new medication, which might influence staff

ratings.
Research on brain function has also been stimulated

by drug treatments for mental disorders, principally in
initial attempts to explain the mechanism of action of
psychopharmacological agents. The work brought a
generation of young investigators into the emerging
science of neurobiology and exposed them to the

awesome, fascinating complexity of the human brain.

NEUROTRANSMITTERS AND

PSYCHOPHARMACOLOGY

The human brain is compdsed of as many as 10 billion

nerve cells or neurons, whose long processes or axons
conduct electrical impulses. The axons connect to

other neurons in elaborate circuitry. One axon does

not actually touch the next neuron, but rather is
connected to it by a synaptic cleft, a microscopic gap
chemically bridged by a small molecule that transmits
nerve impulses across the gap. When the neuron fires,
it releases this molecule, a neurotransmitter, which
then diffuses across the gap and attaches to a receptor
on the second. neuron. There the -neurotransmitter,
also called a neuroregulator, activates a mechanism
that may stimulate, inhibit, or modify the firing of the
second neuron. Several neuronssome stimulating,
some inhibitingmay be connected to still another
neuron by these neurotransmitters. Neurotransmitters
include four compounds called biogenic amines: dopa-
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mine, norepinephrine, serotonin, and acetylcholine.
Psychoactive drugs probably act by changing the
functional activity of one or more neurotransmitters.

Two hypotheses of special interest relate neurotran-
smitter malfunction to severe mental illness. The
biogenic-amine hypothesis states that vulnerability to
depression is enhanced by a functional deficit in two
neurotransmitters, norephinephrine or serotonin or
both, in particular parts of the brain, and that a
functional excess of these same neurotransmitters at
crucial brain sites increases vulnefability to mania.
The dopamine hypothesis states that excess activity of
the brain neurons using the neurotransmitter dopa-
mine predisposes to schizophrenia.

The Biogenic-Amine Hypothesis

The biogenic-amine hypothesis of depression and
mania originated in observations on the effects of two
psychoactive drugs, reserpine and iproniazid. Reser-
pine was used in the 1950's to treat manic psychosis.
The drug was also useful for hypertension, but some
patients treated chronically with it for hypertension
developed a depressive disorder. Similarly, and also in
the 1950's, some patients given iproniazid for tubercu-
losis developed feelings of intense well-being. In 1956,
this observation led clinical investigators to treat
depressed patients with iproniazid, with encouraging
results.

Research soon revealed that reserpine depletes
serotonin and norepinephrine in the brain, while
iproniazid inhibits MAO, which is partly responsible
for inactivating the biogenic amines. When MAO
activity is blocked by iproniazid, the level of biogenic

amines in the brain increases. So reserpine causes
depression and lowers the level of brain biogenic
amines, while iproniazid raises the level of biogenic

amines and relieves depression. Subsequently, numer-
ous other drugs were developed that also inhibited
MAO and, like iproniazid, tended to decrease depres-

sive symptoms.
The findings with reserpine and iproniazid suggest-

ed that chemical changes in the brain could alter
emotional distress in predictable ways. Two parallel
and important research strate.,:. followed. One was
to look for new agents that might niter the mood of
severely depressed patients; the other was to study the
chemical mechanisms by which such substances might
alter mood.

The tricyclic antidepressants proved to be even
more effective and considerably safer than the inhibi-
tors of MAO in treating depression?' The effects of
both lithium and the tricyclic antidepressants on brain
chemistry are consistent with the biogenic-amine
hypothesis. Lithium slows the release of biogenic
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amines from neurons and speeds the removal of
biogenic amines, from the synaptic cleft, thus decreas-
ing their functional activity. Tricyclic antidepressants,
on the other hand, slow the removal of biogenic
amines, presumably increasing their functional activi-
ty, The biogenic-amine hypothesis is,, therefore, sup-
ported by the action of four pharmacological agents:
reserpine, iproniazid, lithium, and the tricyclics.

But the tests of the biogenic-amine hypothesis of
depression and mania have not been truly decisive.
Drugs with effects similar to those of the tricyclic
antidepressants on biogenic amines are not effective
antidepressants. Moreover, the biogenic-amine hy-
pothesis has not been confirmed by the precursor-
loading strategy. The precursors are dietary sub-
stances converted to biogenic amines in the brain and
the strategy is straightforward: If depression is caused
by decreased functional activity of biogenic amines,
such activity might be restored by feeding patients
large amounts of precursors of biogenic amines.
Several of these precursors have produced disappoint-
ing results in depressed patients. They have some
effect on mood, but are not effective against depres-
sion. Also, direct attempts to find altered levels of
biogenic amines in patients with mania and depression
have produced suggestive but inconclusive results.
Thus, the biogenic-amine hypothesis of depression and
mania is stimulating and useful, but may well be an
oversimplification. Nevertheless, the research has
yielded significant new insights into brain function and
has improved the quality of treatment. .

The Dopamine Hypothesis

The dopamine hypothesisthat excess functional
actiAty of the neurotransmitter dopamine predisposes
to schizophrenic symptomsalso originated in both
:.:chemical and clinical studies of psychoactive com-
pounds. Drugs effective against schizophrenia seem to
work by blocking the receptor for dopamine in brain
neurons since their antipsychotic potency correlates
fairly closely with their potency in blocking the
dopamine receptor. If dopamine blocking and hence a
decrease in dopamine neurotransmission helps to'
reduce schizophrenic symptoms, increased dopamine
activity might cause or worsen schizophrenia. There is
some evidence that it does. Some chronic users of the
psychoactive drug amphetamine, which increases the
activity of circuits in the brain that respond to
dopamine, develop a syndrome remarkably like para-
noid schizophrenia. Many of these paranoid amphet-
amine users have no history of mental illness.

Still, the dopamine hypothesis remains unproved.
Direct attempts to find increased dopamine activity in
schizophrenic patients have been inconclusive. None-

theless, like the biogenic-amine hypothesis depres-
sion and mania, the dopamine hypothesis of schizo-
phrenia is an important stimulus to clinical and
neurochemical research. It has led to the discovery of
a number of pharmacological agents now in use that
have improved the treatment of schizophrenia.

DRUG SIDE EFFECTS

Drugs that relieve severe mental illness, can have
important side effects. The antipsychotic medica-
tionsthose used to treat schizophrenia, for exam-
pleare remarkably safe, considering their long-term
use. However, a few patients who take them for many
years develop involuntary twitches of muscles of the
jaws, cheeks, and tongue. The disord' sometimes
subsides gradually when the drug is qopped, but it is
disturbing and sometimes continues long after the
drug is stopped: Recently, it has been discovered that
this unfortunate side effect can be alleviated by
administering choline, one of the B vitamins.

The antidepressant drugs so far have not shown
adverse long-term side effects, but they do have an
unfortunate property. Unlike the phenothiazines, the
tricyclic antidepressants can be taken in fatal over-
doses by patients attempting suicide. The problem is
particularly poignant, because, while the tricyclic
antidepressants are quite useful for many depressed
patients who may kill themselves, the drugs usually
require about two weeks to work. The search for safer,
more rapidly acting and effective antidepressants, with
fewer side effects, will be a dynamic area in the next
five years, one relying on expanding knowledge of
neurobiology.2H-3" As in the past, the psychopharma-
cological efforts will be paralleled by work on the
psychotherapy of depression.

Abu of Psychopharmacological Drugs and Alcohol

Psychopharmacological agents have also been abused
by for their effects on mood, thinking, and
behavior. On balance, however, these drugs are much
less serious in this respect than is alcohol. Recent
epidemiological, toxicological, and clinical research
has shown that alcohol-related disorders constitute a
major portion of the burden of illness. Only nowand
quite belatedlyis alcohol abuse becoming a truly
major focus for research in the biomedical and
behavioral sciences.31 This trend is likely to accelerate
in the next five years.

ANIMAL MODELS

However new drugs are developed, they must be tested
in animals before they are given to humans. Tests in
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animals, besides revealing toxic effects, help investiga-
tors to predict the pharmacological actions of drugs in
humans. Thus, animal pharmacologists have devel-
oped a number of tests in rodents that predict
antidepressant and antipsychotic activity of new medi-
cations in man. These tests were developed empirically
by examining the actions of drugs known to be
effective in humans on numerous animals.

A promising but expensive recent approach to
animal testing is the development of animal models
that more closely approximate human mental illness.
Models of behavioral disorders using nonhuman
primates are being created and evaluated. Several of
them are useful not only in tests of individual animals,
but also in studies of nonhuman primates in social
groups. For example, separating a mother monkey
from her infant produces a monkey model of human
depression. Chronic administration of amphetamine to
nonhuman primates produces a disorder resembling a
simplified form of paranoid behavior.

The principle of a relatively close biological rela-
tionship of nonhuman primates to humans that is
helpful in this work can also be applied in other
contexts. For example, further research on immuniza-
tion against a form of viral hepatitii and on reproduc-
tive biology pertinent to contraception retie.; heavily
on the use of higher primates, especially chimpanzees.
However, the availability of primates has been sharply
curtailed by countries that traditionally have supplied
them, and the United States does not have adequate
breeding colonies. This situation could seriously inhib-
it progress on problems of biobehavior, reproduction,
and infectious disease.'

AGING AND HEALTH

The number of Americans aged 65 and over. has risen
from 4 percent of the population in 1900 to 11 percent
today. Their personal health-care expenditures in
fiscal 1976, when they comprised about 10 percent of
the population, were nearly 30 percent of the total for
all Americans.

The National Center for Health Statistics (NcHs)
has recently projected health trends for the next 25
years. Especially significant for health services is the
NCHS projection for the postretirement portion of the
population. The population aged 65 years and older
grew 76 percent from 1953-78, compared with 38
percent for the entire population. If mortality rates
decline as expected, the population aged 65 and older
will continue to grow about twice as fast as the entire
population during the next quarter century and will be
the fastest growing segment of our population.

Chronic disorders tend to increase with age. Their
effect on limitation of activity is a measure of health
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status reported regularly in NCHS Health Interview
Survey. The current rates of activity-limitation, ap-
plied to the populations projected for 25 years hence,
indicate that the number of persons with activity-
limitation will rise from 31 million in 1978 to 42-46
million in 2003, an increase of 35-48 percent among
all ages. We can reasonably expect a corresponding
increase in demand for health services.

The main causes of limited activity today in persons
over age 65 are cardiovascular diseases, arthritis,. and
mental and neurological disorders." Impaired vision
and hearing are also especially important among the
aged. In recent years, the number of elderly people in
mental hospitals has decreaSed substantially. How-
ever, nursing homesvarying greatly in nature and
quality of careare becoming increasingly important
in the care of the elderly. A very large increase in the
number of nursing-home residents is likely in the next
25 years. The special problems of health axe for the
elderly, such as transportation to the source of care,
will also have to be dealt with.

RESEARCH ON AGING

The maximum life span for humans is about 100 - years,
but few people live that long because of the interaction
of aging and disease. The distinction between aging
and the diseases associated with aging is important.
Atherosclerosis, cancer, and senile dementia, for
example, are not inevitable consequences of aging and
can be considered separately from normal aging and
each of these conditions investigated in its own right.

Cellular Biology

Research- in cellular biology is- clarifying the basic
processes of aging. Cultivation of human cells in vitro
provides a model for studying Cellular changes in
aging, since such cells have a finite lif Using cell
fusion, investigators are beginning to determine the
extent to which longevity is programmed in the
nucleus or in the cytoplasm. This work is an attempt
to find the basis for the difference in longevity between
cell types. Cells from patients with conditions associ-
ated with premature aging may provide important
clues to the genetic basis ofaging.

Immunological Studies

The immune system, which produces antibodies in
response to invading antigens, 'deteriorates with age;
the decline can lead to increased susceptibility to
infection and possibly to some tumors. In one study,
80 percent of individuals over age 80 who had no or
minimal immune response to specific antigens were
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dead within two years, ascontrasted with 35 percent
of those,who had a vigorous immune response.

Autoimmunity, or immune responses to one's own
tissues, generally increases with age in experimental
animals and in humans. Animal studies have shown
that increases in autoantibodies and abnormal immu-
noglobtilins, or antibody pi)teins, can be slowed by
manipulating diet and other environmental factors.
The potential reversibility ' of these immunologic
changes suggests.that research may be able eventually
to ameliorate the effects of aging or at least the
susceptibility with age to specific diseases.

Neurological Studies

Senile dementia is pathologically distinct from normal
aging. This conditibn, severe in 5 percent and moder-
ate in 10 percent of those 65 and over, is characterized
by loss of initiative, decrease in judgment, difficulty in
selecting appropriate words, severe loss of recent
memory, difficulty in performing calCulations, disori-

..'entation, and personality deterioration.
Recent research on senile dementia has focused on

changes in choline acetyltransferase, an enzyme re-
sponsible for production of the neurotransmitter
acetylcholine in certain nerve cells. Although the level
of the enzyme declines in normal aging, it declines
much more in patients with senile dementia (of the
important Alzheimer type) than in age-matched con-
trols. Acetylcholine iA one of the major neurotransmit-
ters in a part of the brain having vital role in
memory. Receptors for acetylcholine are present in
normal quantity even when the enzyme responsible for
producing the neurotransmitter is not. It may thus be
possible to find a substance that activates the receptors
and so alleviates Alzheimer senile dementia. Very
recent evidence indicates that feeding extra choline to
patients with senile dementia can improve memory.

Other neurologic research has demonstrated age-
related changes in functional activity of neurotran-
smitters. The finding may explain the higher incidence
of Parkinsonism in older patients. The ailment is
associated with'inadeqrate functioning of brain cells
that" normally function in response to the neurotran-
smitter dopamine. The life of rats has been prolonged
by feeding them the amino acid L-dopa, the precursor
of dopamine. The compound presumably activates
pathways in the brain that respond to dopamine and
has proved useful in' relieving the symptoms of
Parkinsonism ig humans. -

Other studi-Prhave suggested that pituitary glands
in older people may secrete a compound that dimin-
ishes the response of peripheral tissues, such as toes
and fingers, to thyroid hormone. Individual differences
in secretion of this compound could affect activity and

viihcerability to cold. Also, some investigators are
seeking a pacemaker for the aging process in the
brain's pituitary-endocrine system.

Various hormones and hormone fragments are
being studied with respect to brain function, including
learning and memory. A new approach to the treat-
ment of-senile brain disease involves the use of a
hormone fragment that seems to improve memory in
certain' behavioral tests in animals. This medication,
ACTH (4-10), is a fragment of a stress-related human
pituitary hormone. It is being studied in patients with
defective memory.

Pharmacology and the Aged

Pharmacological treatments currently -show some
promise for certain ailments of the aged. Drugs that
dilate blood vessels may be useful in treating senile
patients whose symptoms are due to decreased blood
flow to the brain. Such medication is already in
clinical use. However, further clinical trials are needed
to determine how effective the drugs are and how to
identify patients most likely to benefit from them. The
same is true of anticoagulant therapy, such as aspirin
on .a long-term basis, for prevention of s *roke.

The clinical pharmacology of elderly patients pre-
sents distinctive problems. We are only beginning to
understand the changes in enzyme and organ function,
the effects of drug interactions, and the difficulties in
adhering to a therapeutic regimen because of poor
memory and altered eating habits. For practical
reasons, most studies are performed on young people,
and their applicability to the older population is
limited. Research in clinical pharmacology will benefit
from a perspective that considers the entire life span.

DEPRESSION IN THE ELDERLY

Depression is common among the elderly, who ac-
count for almost one-quarter of all reported suicides.
Some patients, with the personality changes, thinking,
and memory defects of senility seem to improve
markedly if treated with the same medications given
younger patients. suffering from depression. There is
no reliable way so far to predict which elderly patients
are most likely to benefit from antidepressants. In this
respect, as in othel-s, the aged have been neglected
both in current services and research.

Of the mental illnesses of the aged, depression is
more common than is serious loss of awareness and
judgment resulting from pathological changes in the
brain. The aged are subject to multiple stresses,
including loss of family members, friends, jobs, eco-
nomic assets, all of which bontribute to their depreS-

.



sions and other psychiatric disorders. Social isolation
is significant in these difficulties.

SOCIAL EFFECTS

Clinical research has shown that senile, incompetent
behaviors of elderly people are often related to social
factors. Many persons can function effectively at
advanced ages when placed in a network of mutual aid
and social support and given meaningful tasks and a
basis for self-respect.

Retirement is one of the critical changes of later life.
We know little about biological and physiological
changes in response to retirement. Preparation for
retirement can be studied in field experiments, by
systematically comparing different approaches in simi-
lar populations and examining their outcomes.

The family remains the major social, economic, and
emotional resource for dependent older persons. How-
ever, many problems related to dependency require
study, especially because they are so pertinent to the
individual's ability to function in society. Special
attention should be directed to the socially isolated,
who make up most of the 20 percent of those people
over 65 who will spend some time in a long-term care
facility and who constitute a vulnerable subset of the
elderly population.

CHANGES IN SLEEP/WAKE MECHANISMS

While the changes in sleep/wake mechanisms with
aging are poorly understood, they are associated with
many complaints of insomnia among older people.

There is a resultant medical problem because the
elderly are particularly vulnerable to the hazards of
sleeping medications, since they are more likely to
already have the problems associated with those same
hazards, such as respiratory disorders and impaired
kidney function. Also, they are more likely to suffer
from disorders that require the use of other prescrip-
tion drugs and so are -exposed to the risk of toxic
interactions among several different medications.

There is little data on the efficacy of sleeping
medication for older people. The few available studies
show no drug more effective than another. Given the
paucity of ,data on a clinical problem that is truly
difficult for so many elderly people, a serious effort to
learn more of the physiology and pharmacology of
sleep and its disorders in the elderly is indicated in the
years ahead.

HEALTH SERVICES FOR OLDER PEOPLE

There is a growing consensus in clinical medicine and
public health on two principles regarding health,
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disease, andadaptation in older people. First, the care
of the elderly should be designed to maintain maxi-
mum possible functional and social indepeddence.
And, second, health care and social services should be
provided in a manner that preserves the dignity of the
elderly individual and provides opportunities for
personal choice.

Although aging is likely to bring some decline,
many elderly people function well until shortly before
death. For those who are functionally disabled, the
rate of decline may be decreased substantially or
minimized through early detection and appropriate
assistance. To promote independence among the
elderly, we must improve our ability to identify
environmental, genetic, and social risk factors in the
development of functional dependency..

Current practice emphasizes skilled 'institutional
care for the elderly. Many individuals require and
benefit from intensive institutional care, but the lack or
alternative types-of care can result in inappropriate use
of high-intensity services. Indeed, studies of older
people have demonstrated the enhancement of depen-
dency by unnecessary services. If individuals are
blocked from taking responsibility for certain daily
tasks, such as preparing meals and personal care, their
abilities tend to diminish rapidly.

Public concern for the functionally dependent
elderly is warranted for economic as well as humani-
tarian reasons. It is in the interest of both society and
the elderly individual to forestall dependency or to
minimize its impact once functional capacity begins to
decline. It is important to consider those who are at
high risk of beComing dependent, such as the recently
widowed, in addition to individuals who, already
depend on others for care.

We need better ways to compare systematically the
different arrangements for minimizing functional de-
pendency in the elderly. We must also seek more
effective means of linking medical and social services.
And we must examine ways of improving both.long-
term institutional care (as. Sweden has done) and
home -car,e services (as Great Britain has done).

A sustained effort will be required to meet the
health needs of the older people of this country. Their
rising numbers and special problems offer real chal-
lenges in basic science, in clinical investigation, and in
health-services research.

GENETIC FACTORS IN DISEASE

An emerging line of inquiry that will become more
visible in the next five years is the influence of genetic
factors on the response to environmental agents. The
combination of biomedical research with family and
pOpulation studies is likely to bring new understanding

.
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to the prevention and treatment of diseases that are so
burdensome in industrialized countriesfor example,
cancer, arteriosclerosis, depression. This work will
require identification of genes involved in susceptibili-
ty and resistance to these diseases. Greater under-
standing of 'the interaction of such genes with specific
environmental factors may point the way to sharply
focused preventive. techniques.33-37

A special target of such research is likely to be
substances to which a relatively large fraction of the
population is genetically susceptible and to which it is
widely exposedsubstarices found in diet, medication,
and occupation.

INNOVATION IN HEALTH CARE DELIVERY

The importance that American society attaches to
health has piiivoked in recent decades a continuing
debate about how health care should be provided.
Likely to intensify in the coming five years, this debate
has been accompanied by new arrangements for
providing health care. We seem to be moving gradual-
ly away from the traditional arrangement, whose
dominant characteristics include the delivery of medi-
cal services by physicians working independently,
greater emphaiis on curing than on preventing illness,
and the payment of fees after the delivery of services.
This mode remains strong, but others are emerging.38

Innovation in providing medical services is hardly
surprising, given the increase in the nation's popula-
tion, the intensive development of medical technology,
the rise of the medical specialist, the growth of
complexity and cost in health care, and the social and
technical inventiveness that characterizes American
society.

The earliest questions about the effectiveness of the
traditional method of delivering health care in the
United States were essentially technical ones of a kind
familiar to those in many other occupations. For
example, exponential growth of knowledge in this
century, combined with unprecedented technological
advances, have made specialization imperative, partic-
ularly in science and the science-based professions. In
medicine, specialization has meant a declining role for
the general practitioner, the individual physician able
to deal with every health problem from measles and
heart disease to broken bones and depression.

GROUP PRACTICE

As diagnosis and treatment became the joint effort of
two or more physicians, a part of the medical
profession concluded that: technical efficiency, in cur-
ing disease could be improved if physicians became
partneri or members of larger groups. By the early
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1960's, physicians were tending increasingly to enter
private group practice, with continued emphasis on
curative medicine and no change in the standard fee-
for-service arrangement. .This trend toward multispe-
cialty group practice is stronger and more varied in
this country than elsewhere.

Service innovations must be as much concerned
with the quality of care as with its cost.38.40The various
kinds of group arrangements bring to clinical practice
the 'kind of peer review that is effective in judging
scientific quality. Peer review is quite formal in the
clinical context,' but it also includes informal peer
contact, particularly among people of different clinical
disciplines. Such interactions tend to maximize the
diffusion of information, to keep practioners abreast of
new developments, and to ensure that procedures are
executed in accordance with well-recognized stan-
dards based on the best-available evidence.

The basic asset of group practice in organized
settings is the pooling of resources, including ideas,
techniques, instruments, facilities, and clinical judg-
mentS. Within this framework, it is quite possible to
have an enduring doctor-patient relationship with a
primary-care physician, specialists being brought in
when needed. Group . ventures can be organized in-
many . ways, and we are now seeing traditional
American ingenuity and pluralism being applied to the
challenges of the new science base and changing social
context of health care.

ACCESS TO HEALTH CARE

In the United States in the middle and late 1960's,
public attention shifted to another problem: how to
assure that all Americansregardless of race, age,
income, or where they livehave access to at least a
decent minimum of health- care.'" This goal has been
achieved in ahnbst all advanced countries. In the
United States, it became apparent that millions -'of
citizens could not obtain such careor were severely
restricted in their efforts to do sobecause of inade-
quate income, racial discrimination, or residence in
areas where doctors were reluctant to live, particularly
inner-city neighborhoods and rural areas. The national
response to these problems included the creation of
the multibillion-dollar Medicare and Medicaid pro-
grams, efforts to increase the numbers of minority
students in medical schools, publicly funded clinics in
poor areas of the large cities, and continuing nation-
wide effort by certain groups (particularly those
representing labor unions, poor people, and minori-
ties) to establish through federal legislation a national
health insurance program that would pay most health
care bills of all Americans.

More recently, concern over costs, combined with



growing appreciation of the value of preventing illness,
has led to increasing interest in alternatives to both the
traditioral private method for delivering health care
and to a federally controlled and financed system.'
Several alternative delivery systems have become
reasonably well established in the 1970's. Indeed, there
is now a ferment of innovation in the organization and
financing of health care delivery systems. These
pluralistic developments are likely to ramify in the
next- five years, and they deserve careful evaluation.

ALTERNATIVE DELIVERY SYSTEMS

Several kinds of alternative delivery systems now exist;
the most prevalent is the Health Maintenance Organi-
zation, or HMO. As of August 1978, 199 HMO's were
providing health care to more than 7 million Ameri-
cans, or over 1 million more than a year earlier.

Prepaid Group Practice

The predominant type of HMO is the Prepaid Group
Practice (PCP) plan. More ..than 90 percent of those
enrolled in HMO's in August 1978 were members of
either 'a P'-iP plan or of its principal variation. PCP
plans have two essential characteristics. The first is
that families or individuals enrolled in them agree to

`pay a set monthly premium to the HMO, whether or
not they need medical care. That fee covers all care,
including hospitalization. In many cases the monthly
premium is paid by an employer or by government;
the federal government, for example, pays monthly
premiuins for Medicare recipients who belong to
HMO'S. 'he second characteristic of a PCP plan is that
those enrolled are not entirely free to choose their own
physicians or other health personnel. In most cases,
the HMO's staff physicians provide primary care and
also spezialized \care to the extent that they can.
Where additional \ specialized care is needed, some
HMO's require, and others recommend, that the
patients consult specific specialists.

Independent Practice As's ociations

The other principal type of HMO is the Independent
Practice Association (IPA); by August 1978, IPA'S were
providing service to 9.5 percent of the people enrrlicd
in HMO's. In essence, the goal of IPA's is to give their
members the advantage of fixed monthly payments
and at the same time let them choose their own
doctors. Participating physicians practice as they
always have, tither alone or as members of a private
partnership or other group. The IPA customarily
reimburses them, out of the monthly premiums on a
fee-for-service basis. The appeal of the IPA depends in
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part on how many physicians in a community agree to
participate. giving patients the opportunity to choose
their'own physicians has little meaning unitss most of
the community's physicians participate in the associa-
tion.

Assessments of HMO'S

HMO'S must, be managed carefully and must deliver
services efficiently. Since HMO'S agree to provide their
stated benefits for a fixed payment in advance; they
must do so or risk a loss. It is this fixed payment in
advance which is largely responsible for a HMO's

-ability to hold costs down, since it: forces the staff to
provide .care within an annual budgetary limit. In
contrast, the traditional method requires payment for
costs already incurred, regardless of amount.

Hospitalization costs are the highest of all types of
medical care. They were also most prone to inflation
between 1972 and 1977, when hospital,service charges .
rose 60.1 percent, or an average of 12 percent 'a year..
HMO'S have been able to reduce the cost of health care
chiefly by reducing the time that their members spend
in hospitals. A comparison hospital use in seven
large states between HMO memhers, and persons with
Blue Cross/Blue Shield-coverage, for example, showed
that the HMO members spent. 782,000 fewer days in the
hospital in 1976 and had less surgery.

Such examples are encouraging but not compelling.
It is possible that the savings are achieved by reducing
medical,services to the patient below the level neces-
sary for 'good health. It is also known that some
patients go outside the system for surgery; if such
patients were to become a large proportion of HMO
members, the cost savings would be more apparent
than real.

One substantial systematic study compared the
quality of cafe under an HMO, the Health Insurance
Plan of .Greater New York, with other forms of
delivery. The results indicated that HMO members
experienced fewer premature births/ and fewer new
born deaths than did a New York City sample under
the care of private physicians. The observations on
premature births are of special interest because these
babies are at high risk of mental retardation and long-
term disability. Other studies of maternal and child
health care in organized settings, not necessarily ,

HMO'S, indicate that such approaches can be remark-,,
ably effective in reducing death and illness among
mothers and children. However, such experiments are
complicated by uncertainties about the populations
studied. For example, members of }IMO'S may be
habitually more careful of their health than nonmem-
bers. We need a much better understanding of the true
effectiveness of HMO's and similar organizations. In

. 2
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fact, few comparisons have been made of the health
( outcomes of different service-delivery systems. Such

comparisons require greater attention in the next 5 -10
years.

Scholars and clinicians concerned with innovation
in health care are increasingly interested in creating
efficient and high-quality sySterns qhat can compete
effectively in the health care marketplace on a nation-
wide-basis. A variety of useful models are already
functioning in several regions. Whether they spread
widely will depend on the professional and social
context. The following characteristics are desired in
such systems:

A grdup or association of physicians accepts
responsibility for providing comprehenSive health
services to a defined population.

People join through free choice among this and
other health plans, thus providing a competitive
incentive for -the health plan to see to it that its
personnel give patients judicious, caring, willing ser-
vice.

Tile system provides health maintenance s:rvices
to the extent that they are effective; this includes such
preventive measures as immunizations, prenatal and
perinatal. cam ,' `'--7 counseling on health-protective
behavior. 41*

Te health plan has built-in cost constraints. The:
physicians accept responsibility for the total per capita
cost of the ,care of their patients, and they use their
best jUdgment of how to give appropriate care. They
systematically consider such trade-offs as substituting
ambulatory care or home care for more costly
inpatient careL-for example, to make services more
accessible to patients who are poor or who liv,C-far
away.

The mix of specialists, facilities, and other re-
sources are matched to the needs of the, / enrolled
population.

There is built-in quality control through peer
review, ease of consultation, and follow-up on patient
satisfaction and health outcome. Specialized proce-
dures are performed by specialists whose annual
volume of such cases is sufficient to maintain their
proficiency.

There is continuity of health plan Membership.
The health plan keeps a unit medical record for

each patient, so that a new doctor can quickly and
reliably ascertain what Was been and is being done for
the patient and so that unnecessary duplicate tests and
conflicting prescriptions can be avoided.

Primary care physicians and specialists work
closely together in the same system.

General and mental health professionals interact
freely within the system, so that mentally ill patients

are Pot 'excluded or stigmatized and so that the
lehavioral aspects of general health, such as cigarette
smoking, can be handled effectively.

How and to what extent these characteristics can be
achieved in actual practice remains to be Seen.

.

Other Alternatives

Efforts are being made to extend primary, or "front-
,. line," health care to rural areas and low-income urban

areas. One such effort is the National Health Service
CorpsyoUng physicians whose medical education is
subsidized in return for post aduate service in under-
served.areas. Also ere i a cadre of specially
prepared nursesnurse practitionerswho provide
primary care in underserved areas.

Innovations in health insurance, both public and
private, include a trend toward providing a reasonable
"floor" of health care 'for those who can afford very
little or no health insurance at present, and also
increasing coverage among the general population `for
preventive and ambulatory services.

Efforts also are being matieto build closefiffictional
links between mental-health and general-health ser
vices. Also under way are analyses of organizational
changes -aimed at more effective health services for
children and for the elderly.

HEALTH-SERVICES RESEARCH

The evolution and assessment of useful innovations in
health care will depend on continuing advances in
biomedical research, including clinicaliynvestigation
and to an increasing extent on the; young field of
health-services research:

The need for accurate, dependable information
about health services in the United States is becoming
increasingly apparent. "Management of the personnel,
facilities, and technologies that comprise -modern.°
health care institutions requires information similar to
that needed to manage other complex enterprises. The
growing involvement of the public sector, in the
financing and provision Of health services, combined
with the need to address increasingly complex issues
of resource allocation, requires more knowledge than
ever before. The systematic comparison of alternative
delivery systems will be a great challenge to the health
sciences in the year's ahead.

PERSPECTIVES ON HEALTH

At the end of World War II, medical care in the
United States was provided largely by physicians
working as independent general practitioners and by a



modest network of community hospitals with limited
diagnostic and therapeutic capabilities. Penicillinthe

first wonder drughad recently 'become available; the
chief diagnostic tools of fhe practicing physician were
the stethoscope and the' X-ray. Few could have
foreseen broad-spectrum antibiotics; polio immuniza-
tion, open-heart surgerjr, organ transplants, and.com-
puted tomographic scanning 43

The American system of health care today 'bears .

Only a family, resemblance to that cottage industry of
35 years ago. Health professionals use a wide array of
drugs and diagnostic ald.treatment equipment requir-
ing a high level of technical competence. The nation
has hundreds of thousands of physicians and, other
health sprofessionals in many specialties and subspe-
cialtiessurgery, internal medicine, gynecology, urol-
ogy, .psychiatry, pediatrics, dentistry, nuiTirig, :and
many moreas well as thousands of- labwtGlry and
equipment technicians, physical therapists, physicians'
assistants, and other support perionnel; Furthermore,
hospital:operation is now so complex that a cadre of
specifically trained hospital administrators is required.
The American system of health care, in short, has
become a large and complex enterprise, accounting in
1978 for almost .9 percent of the Gross National
Product.

Recent years have brought profound insight into the
causal processes of many diseases, including nephritis,
endocrine disorders, arthritis, gout, ulcer, and hepati-
tis; and of such genetic disorders as cystic fibrosis,
muscular dystrophy, and lipidoses.. Numerous surgi7

cal, pharmaceutical, and palliative measures prolong
life in some cases- and make it tolerable in many
others. There have in fact been clear advances on
many fronts in' the vast field of health.

NEW PROBLEMS IN HEALTH CARE

The recent growth of. American medicine has been
accompanied by significant new problems: doubts
about the wisdom of some of the newer medical
techniques, uncertainties bout the proper relationship
between. patient and physan, and continuing nation-
al concern about thosesuch as the' poor and the
elderlystill unable to obtain the full benefits - of
current medical knowledge. There is also reason for
concern that 'the needs of children and adoleScents,
regardless of family income or social status, are not
being met adequately. Within the past five. years, these
problems .have been augmented by serious concern
with the rising costs of medical carerecently increas-
ing at about twice the general inflation rate. Further-
more, there is a realization that a continued, rise in
spending on personal health services may not yield
commensurate benefits; greater attention to hazards to
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health in the environment and in individual behavior
might be a better investment.

Means of -containing health care costs
and

serve
both the public health and our personal and national
financial imperatives will .not be found easily. In the
long run, we may reduce costs by acquiring deeper

. understanding of human biology and behavior and
applying this understanding to prevention of disease.

Research and Health

In principle, all basic research in the life sciences has
implicationsrfor the prevention of disease." The more
we know of the human organism, the more we should
be able, to affect basic life processessuch as the
reproduction of cells or the secretions of glandsso as
to prevent disease. Research in the life sciences
already has contributed much, but scientists still do
not understand most of the bodily mechanisms to a
degree that would allow prevention of disease at its
primary site. "The, Living State" chapter illustrates
progress being made in this direction.

IMPROVEMENT OF HEALTH

-The health of the public may be improved by
preventing disease in various ways: personal health
services; environmental measures, and changes in
individual behavior.

Personal health services include the procedures and
counseling by physicians and their collaborators in

, private offices, clinics, hospitals, arid other organized
settingswhat is usually called medical care. The
most striking example of prevention in medical care is
immunization against communicable disease. The
effectiveness of immunization against such diseases as
poliomyelitis, diphtheria, and measles has been dem-
onstrated ,beyond all reasonable doubt. A vaccine
against pneumococcal pneumonia is now coming into
use, and work is proceeding on vaccines against
gonorrhea and malaria, although both are some years
away from use. Yet millions of Americans remain
-unimmunized against diseases for which effective
vaccines are availabre.45 Increasing the immunization
rates for polio and measles to the levels of Western
Europe is a challenge that can be met in the next five
years. Efforts in this direction in the U.S. Public
Health Service are.gaining mommtum.

En,yironmental measures for improving health are
well illustratea by the effectiveness of fluoridated
drinking water in reducing dental caries. For example,
12-15 years of communal water fluoridation in five
cities reduced the incidence of caries in children 41-70
percent. The benefits for adults are more, difficult to
assess. However, a comparative study of two commu-

/
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nitiesone fluoridated, the other notindicated that
people over. 45 had at least 25 percent fewer caries
with fluoridation.

In recent years, individualbehavibr has been viewed
increasingly as a leading key to good health. .The
health sciences now are extending their scope to
individual behavior patterns and their relationships to
the illnesses most prevalent in American society. For
example, deaths from lung cancer, . coronary heart
disease; chronic respiratory disease, and other condi-
tions attributable' to cigarette smoking constitute a
major part of the burden of illness-in this country. Yet
surveys indicate that more than one -third of American
adults still smoke cigarettes and that, until very\

recently, an increasing' proportiop of adolescents aged
1(1-15, especially girls, were taking up the habit.
Smoking in the 10-15 age-group is at a veryigh level.
Should these patterns of behavior persist, 'the conse-
quences for the health of the American people. could
be serious indeed.

Building public understanding to the point where
Americans take these behavioral risks to health
seriously will be a long-term and difficult process. We
badly need to find more effective methods of health
education in the next 5-10 years. The smoking
problem in particular is likely to receive much more
ptiblic and scientific attention then in the past.

Because health depends on medical care, on envi-
ronmental conditions, and on individual behavior; we
must take a variety of approaches to maintaining and
improving the health of the American people. The
circumstances call for a broad spectr3um of sciences
working together over the long term 46,47 u

GOALS FOR THE HEALTH SCIENCES

The burden of illness in this coutltry shows clearly
that science still has much to /do in reaching g
fundamental understanding of hdw the body functions
and why it malfunctions. Achievement of, deeper
understanding of the body's vital processes will
require sustained effort in ,every part of the health-

, sciences spectrum, from basic science through clinical
investigation to health-services research. One can
observe today a revival of interest ih older disciplines,
such as epidemiology aiid biostatistics, the strengthen-
ing of such relatively new disciplines as biomedical
engineering and behavioral sciences, and novel combi-
nations of disciplines for doing research on prevention
of disease and delivery of medical service's.

As new scientific opportunities arise, their relevance
to disease must be determined.' Not. so long ago the
then-emerging discipline of biochemigtry' was viewed
with suspicion by chemists as weak chemise', and by
biologists as weak biology. Today, this hybrid disci-

pline plays a. central role in bioinedical -research.
Similarly, not so long ago most medical scientists
doubted that genetics() would have any practical'
significance for health in the twentieth century.
Today, genetics is one of the most dynamic fields in
medicine.

At one end of the health-sciences spectrum is basic
research,. usually initiated by a laboratory investigator
with no particular prevention or treatment .goal in
mind. Next in the spectrum. are small-scale clinical
investigations designed to determine the si wificance of
new knowledge to humans,- Such clinical research
often stimulates basic science. Small-scale investiga-
tions sometimes are followed by medium-scale experi-
ments, usually involving several hundred people, and
then by large-scale,icontrolled field trials involving
thousands of perso s. Such large -scale experiments
typically seek to deljieate the effects of particular risk
factors and the results of specific kinds of itterven-
tions on Human health.

At .the other end Of the research spectrum is health-
.services research, which is concerned with organiza-
tion of medical servicesand their quality, availability,
and cost. Careful and systematic investigation of these
matters is a recent development. For that reason, such
research still lacks a secure institutional base, either in
government or among the nation's leading universi-
ties. '

The prevefition of rheumatic heart disease illus-
trates the value of linkages across, the health-research
spectrum. Basic research on infectious diseases led to
clinical investigation of the link between streptococcal
infection and' rheumatic fever. This resulted in clinical
work that showed the efficacy of penicillin for prevent-
ing rheumatic fever and thus rheumatic heart disease.
These interrelated in /estigations took years to com-
plete, and work is still progreSsing on some aspects of
the problemfoR example, health-services research on
effective implerffentation of methods of preventing
rheumatic fever in ordinary and, especially, poor
communities. But the example is clear: The sequential
linkage of basic research, clinical investigation, and
health-services 'research dristically reduced the toll of
a serious disease in a few decades.

Assessing New. Techniques

An important aspect of health-services research is
assessment of the benefits, costs; and risks of new
interventions and treatments. These investigations are
difficult and sometimes expensive. In some cases, we
are still hard pressed to measure benefits; the
difficulties are compounded when a Wig time passes
between treatment and a measurable effect on health.

Despite the difficulty and added expense, these



assessments of new technology and treatments are
crucial b.ecause of escalating costs, intensified public
scrutiny, and the potential of great harm that accom-
panies the potential of great benefit. More and more in
recent years we have seen new kinds of medical
techniques widely used and accepted without a thor-
ough, objective assessment of potential clinical utility
or probable impact on the existing health care system.
Computed tomographic scanning is one recent exam-
ple.6 In the next five years, serious efforts will be made
to strengthen clinical systems for determining the
proper applications of promising technology.

BROAD APPROACH TO RESEARCH

Each part of the spectrum of research in the health
sciences must- be fostered if the task of improving
health is to be pursued effectively. Overriding empha-
sis in any one part of the spectrum may act against
vigorous cross-stimulation among the sciences and
continuing improvement in the health of our popula-
tion. Communication and cooperation among various
parts of the spectrum must be strong, so that
knowledge developed through basic research can be
translated into practical applications at the clinical"
level and so that the clinical problems uncovered by
medical practitioners can be relayed back to those
Conducting research. Mechanisms are being devel-
opedfor example, by the National Institutes of
Health, by the Congressional Office of Technology
Assessment, arca by professional societiesfor arriv-
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mg at a technical consensus on the potentials of new
information for providing specific diagnostic, thera-
peutic, and preventive advances.

As the national prevalence of various illnesses
changes, the scientific efforts needed to reduce illness
also change. During the first half of this century, the
chief goal of American medicine and public health was
to develop ways to control the most serious contagious
diseases, which were then the principal causes of death
in the United States. As that goal has been ap-
proached, with remarkable though not total success,
the health sciences have gradually shifted their atten-
tion to the types of illness and injury most characteris-
tic of American life today: cardiovascular diseases,
cancer, respiratory diseases, mental illness, major
vehicle accidents, abuse of alcohol and other drugs,
and chronic disorders associated with aging. Most of
these problems- have biomedical, environmental, and
behavioral components, so that multifaceted ap-
proaches are needed to make progress against them.

The nation is beginning to test the exter t to which
the methods of science can be brought to bear on all
factors that determine the health of the American
peoplebuilding on the firm base of ,biomedical
research to include behavioral and environmental
influences and the effects of health care per se.
Research now extends from the laboratory bench to
the patient's bedside to daily community acaities. To
further improve health, we must have deeper insight
into molecules, tissues, organisms, populations, and
health care systems.
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The following outlook section on Ineilth of the American people is

based on information extracted from the chapter and covers trends
anticipated in the near fv.`ure, approximately five 'years.

The nation is learning that health depends only partly on the tradi-
tional methods of health care. Environment and behavior are also
crucial, especially in preventing disease. The scope of research in the
health sciences has been expanding steadily and today extends from
traditional biomedical' investigations to the patient bedside to environ-
mental and behavioral factors in everyday life to the organization of
health services in the community.

In . recent decades, new kinds of prevention and treatment have
been applied successfully to a wide range of disorders, including
infectious diseases, vitamin deficiencies, damaged organs, mental ill-

/ness, cancer, and cardiovascular diseases. But a heavy burden of
illness remains.
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BURDEN OF ILLNESS The burden of illness can be assessed both clinically and economical-

,ly;' clinically =how many people suffer and diecardiovascular dis-
ease and cancer predominate; economically, respiratory diseases have '-
particularly heavy impact in terms of work days lost and other
indices.

Mental illness, although not a leading cause' of death, takes a
heavy toll in suffering, disability, and economic costs. Diabetes and
arthritis also are large components of the national burden of illness.

Recent research has shown clearly that alc.ohOl-related disorders com-
prise an important part of the burden of illness. Only nowand
quite belatedlyis alcohol abuse becoming a truly major focus for
research in the biomedical and behavioral sciences. This trend in
research is likely to accelerate in the next five years .

Tfie next decade is likely to see considerable improvement 'in the
reliability of clinical and economic measures of burden of illness.
These measures can enable a more rational allocation of resources
for research, education, and services. For instance, the population 65
years and over is increasing steadily. Since chronic disorders tend to
increase with age, it is reasonable to 'expect a' corresponding increase

in demand for health services. We can also anticipate, an increase in
the special problems in delivezy of health care' to the elderly, such
as tranportatiom to the source of care.

HEALTH ANi..) BASIC As the prevalence of various kinds of illlness changes, the scientific

SCIENCE efforts needed to reduce illness will also change. One can observe,

for example,, a revival of interest in older disciplines, such as epide-
miology and .biostatistics, the strelgtherifmg of such, relatively,. new
disciplines as biomedical engineering and the behavioral sciences, and
an upsurge of Interdisciplinary research on prevention of disease and
delivery of health Services. Advances in these fieldsand in such
fields as biochemistry, 'genetics, neurobiology, immunology, and phar-
macologypotentially tould yickl marked gains in health over the

next fewdecades.
Major strides in basic science can be expected in the next five

years. Still, we know too little to be able to relieve rriuch of the
burden of illness in the near future. The interplay of basic research
with clinical investigation can provide deeper insight into molecules,
tissues, organisms, populations, and health care systems.

CARDIOVASCULAR DISEASE Large -scale experiments on the prevention of cardiovascular diseases
have highlighted the need to strengthen the linkages of 'basic re-
search; clinical investigation, and health-services research. Such link-
ages can greatly reduce the toll of these serious diseases. Efforts will
be focused on prevention and treatment of-arteriosclerosis and hyper-

tension.
More mmi be known about the basic processes of hypertension

and arteriosclerosis to enhance our ability to prevent the diseases
and their complications by both pharmacological and behavioral
means. Also, we must, learn to identify cardiovascular disease pa-
tients more precisely to better fit appropriate therapy.

Improved drug therapy for hypertension should become available

in the next five years. It will take longer, however, to determine
which therapeutic regimens will work best for which patients in
preventing such complications of the disease as stroke or heart fail-

ure.
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BEHAVIOR AND DISEASE

SMOKING AND
ADOLESCENCE
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Hypertension is more frequent among blacks than among whites in
this country. We do not know why: Identification of specific genetic
and environmental factors in this public health problem remains a
major scientific challenge.

Basic research on arteriosclerosis is likely to advance rapidly in
the next five years. Progress shduld 'be made in cbrifying the nature
and formation of the basic lesion causing the disease, in developing
technical advances that might lead to noninvasive diagnostic tech-
niques, and in providing a firmer foundation for preventing the dis-
order.

Environmental factors acting upon genetic predispositions: are now
considered important in the orig. of cancer. Where :Such causal
factors can be identified, they can often be minimized in the envi-
ronment so as -.to prevent, cancer. A goal for epidemiolOgy is im-
proved understanding of the relationship of changing patterns of
environmental agents to the incidence of cancer. Special attention
should be 'given to those cancers that occur most frequently and
with large geographic variations in their-incidence.

Even after a carcinogen has been identified, it may not be possible
4 to remove it from the environment or to avoid it totally. Thus, we

will need to, establish socially acceptable exposure levels, Such levels
must be based on dependable, quantitative risk estimates derived
froni data much better than most of .that now available.

Cigarette smoking is responsible for 80 percent of the incidence of
lung cancel, so that the advantages and disadvantages of low-tar-
and-nicotine cigarettes deserve systematic investigation. Careful atten-
tion should paid to the effects of cigarette smoking, not only on
lung cancer, but also on cardiovascular and other cigarette-related.
diseases.

The search for more effective combinations of surgery, radiothera-
py, and chemotherapy for treatment of various cancers will proceed
intensively during the next five years.

Modifying risk factors for various diseases through changes in behav-
ior is important but not easy. Significant educational and sociat
changes will be required. -However, there are encouraging indications
that firmly established patterns of behaviorsuch as smoking exer-
cise, diet, working, and coping with stresscan be changed. Work in
the area will intensify' during \the next five years, and will involve
combined efforts in biomedical and behavioral research.

To the extent, that behavior harmful to health can be reduced, the
unborn infant: also will benefit. The unborn infant is at increased
risk of death or .abnormality if the mother smokes or drinks alcohol
during pregnancy. The vulnerability of the fetus to maternal intake
will be investigated intensively in the next' several years.

Because cigarette smoking contributes so heavily to cancer and
cardiovascular disease, research on stopping smoking is highly perti-
nent. The focus will be not so much on stopping initially as on
preventing relapse. This is likely to be an important area of study in
the next five years.

Smoking rates in the 1970's have been rising more rapidly among
early adolescents,. but have stabilized or even decreased in other
parts of the American population. Early adolescence, therefore, will
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be a critical focus in the next five years for research on prevention
of diseases related to smoking. Adolescence is a critical period of
biological and psychological change, and of drastic social change. It
is a time when lifelong behavior' patterns crucial to health are
formed. These patterns involve not only cigarette smoking, but also
use of alcohol and other drugs, automobile driving, diet and exercise,
and human relationships. The impact of peers, influential adults, and
the mass media on adolescents needs careful, systematic study to
clarify the bases of health-related behavior. Research on prevention
of diseases due to smoking will focus on the adolescent age group in
the next five years.

RESEARCH ON ANIMALS Some areas of health research, including behavioral research, rely
heavily on the use of higher primates, because of their biological
similarity to humans. It will be essential in the next five years to:
develop adequate breeding colonies and research facilities for such
primates. They are needed to make critical progress on problems of
behavioral biology, of reproduction (e.g., contraception), and infec-
tious disease (e.g., viral hepatitis vaccine).

MENTAL ILLNESS

AGING

Diugs for treating mental disorders have more than halved the pop-
ulation of, public mental hospitals in this country since about 1955.
The drugs also have spurred rapid growth in research on the chem-
istry and biology of the brain and particularly on the biochemical
bases of mental disorders. This research in part has led to, more
effective drugs for mental illness and is likely to continue to do so.
Better drugs also can be expected to result from systematic
modification of existing compounds.

The rising proportion of elderly people in the American population
is leading to a new era in basic, clinical, and health-services investi-
gations of the problems of aging and health. These efforts include
work on immune responses as protective mechanisms; changes in
patterns of hormonal secretion with age; neurobiology in relation to
memory, sleep, and other brain functions; the distinctive problems of
drug therapy in the elderly; maintenance of functional independence
in coping with chronic diseases; and linkage of health and social
services .'in maintaining health into later life. Such efforts will intensi-
fy in the next several years

GENES AND ENVIRONMENT Studies of the influence of genetic factors on responses to environ-
mental agents will expand in the next five years. The work will
require the identification of genes involved in susceptibility and resis.
tance to particular diseases. The interaction of such genes with spe:
cific environmental factors may point the way to sharply focused
preventive techniques. These investigations are li'tely to concentrate
on, substances that are widespreadas in diet, Eledication, and occu-
pationand to which a relatively large fraction of the population is
geneticE'ly susceptible. ,

HEALTH CARE DELIVERY Innovations in health care delivery are likely to ,-)e prominent in the
next five years. Various organized settings, such as group practice
and health maintenanct organizations, are being used increasingly.
Efforts to extend primary health care to rural areas and low-income
urban areas include the. National Health Service Corpsyoung physi-
cians whose medical education is subsidized in return for postgradu-
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ate service in underserved areas. Also emerging are specially trained
nurse practitioners to provide ,primary care in underserved areas.
Efforts are being made to build close functional links between

mental-health and general-health services: Also under way are analy-
ses of organizational changes aimed 'at more effective health services ,

for children and for the elderly.

The search for improvement in health services will require not only
carefully designed innovations, but also systematic assessmentsthe
function of health-services research.

The need for accurate, dependable information on the organization,
quality, availability, and cost of health services in the United States
is becoming increasingly apparent to health care professionals, gov-
ernment officials, and the public. Management of the personnel, facil-
ities, and technologies that comprise modern health care institutions
requires information similar to that needed to manage other complex
enterprises. The systematic comparison of alternative, health ca7 de-
livery systems will be a great challenge to the health sciences in the-
years ahead. However, such research still lacks a secure institukional
base, either in government or among the nation's leading univesities.
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9 Toxic Substances in the Environment

INTRODUCTION

A principal effect of technological development during
recent decades has been the accelerating rate of human
alterations of land, vegetation, water, and air. Most
visible is the transformation of the American land-
scape. Cities spread outward, carrying residences,
factories, and roads, while inner sections are rebuilt.
Streams are dammed and channeled; wetlands drained
or- restored; forests cleared, reserved, thinned, and
replanted. Farmlands are affected by changes in
patterns of crops, cultivation practices, and uses of
fertilizer, pesticides, herbicides, and water. Mineral
lands are snipped and sometimes reclaimed.

Each transfoimation affects in some fashion the
basic processes of the interlocking systems of land,
water, and air that support life. Each is intended to
enhance the capacity of parts of these systems to serve
human needsfor food, fiber, energy, transport,
recreation, and solitude. Each, however, may also
entail hazard to other parts of the system; each may
reduce the productive capacity of the earth, and
perhaps impair the health and welfare of the people
whom the changes are expected to benefit. The hazard
may result from inadvertently altering a system, as
when land cultivation disturbs stream flow, or from
exposing people to new risks, as when a hospital is
constructed in an active seismic zone.

Some of these linkages are direct and relatively
measurablesuch as the obliteration of farmland by
the asphalt parking ; lot of an industrial plant, thus
impeding groundwater infiltration in exchange for new
manufacture. Others, are far more complex and
difficult to quantify: For example, the cutting of a
forest reduces the standing stock of carbon and
possibly renders global climate more vulnerable to

'carbon dioxide (CO2) buildup, as noted in Chapters 1
and 5.

In this chapter we review only one facet of the
massive changes under *ay: the issues raisea by the
presence of toxic substances in the environmentin
particular those related to the effects of man-made
chemicals on human health. An immense array of
substances in the natural environment may also be
toxic to plants, animals, and humans. Indeed, some of
the chemicals that are necessary for life are neverthe-
less toxic or even lethal in high doses. Ions of zinc and
copper, for example, are essential nutrients, but fatal
at high concentrations. Even salt and oxygen are toxic
in large enough amounts. Natural selenium in certain
soils causes disease in grading animals and tooth
deformation in humans.' Marine plants and sponges
generate a great variety of halogenated organics and
have the ability to tolerate and detoxify such materi-
als? Many chemical interactions in undisturbed natu-
ral systems are imperfectly understood or barely
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suspected. For exampe, natural sources appear to
account for the methyl. mercury, found in me livers of
some marine fish- and mammals. However, the adverse
effects of methyl mercury on these animals may be
ameliorated when selenium is also present3

Interactions of this sort among humans,are extraor-
dinarily difficult to study. Epidemiologists find that
their subjects move from place to place, drawing upon
different soils and groundwater. In any given area,
new substances are being introduced, thus changing
the background. NeVertheless, there is great pressure
on science to understand the consequences of the
increasing introduction of man-made substances into
the environment and to consider possible ways of
dealing with, them. Of most public concern has been
the diffusion of man-made chemicals for household,
agricultural, and industrial purposes. They attract
attention because of dramatic instances of local
contamination and because they are suspected of
contributing to broader injury both to the health of
humans and of ecosystems.

There is a linkage between the effects of toxic
chemicals on human health and on the environment.
For example, air pollutants such as ozone and sulfur
dioxide, which can damage crops, are also associated
with human respiratory ailments.

Much remains to be learned. Some toxic chemical
hazards are well known. Other cherbicals are suspect.
They arouse concern but their dangers have not been
clearly identified. Furthermore, an earlier viewpoint,
that there are low levels of exposures to chemicals that
are totally without effect, (totally safe levels), is

currently being challenged in some areas, especially in
regard to cancers. At the same time, rapid advances in
analytical techniques make it possible to detect smaller
and smaller quantities of hazardous chemicals. Thus,
for a number of reasons we are moving towards a
position where -..joantitative assessment of both risks
and`-benefits must be increasingly used. Since it is
impossible to avoid all-risk, society will have to decide
in each case if the benefit from a hazardous material
justifies%the risk.

Environment is emerging. as a factor in today's
major diseases. The preceding chapter has shown that
since 1900 cardiovascular disease and cancer have
replaced microbial infection as the major health
threats to Americans. Among the cardiovascular
diseases "the elucidation of specific genetic and
environmental factor's" implicated in hypertension
remains a scientific challenge. Water hardness is one
of the dozen ornso factors deserving investigation as a
basis for preventing coronary disease.

Environmental factors, defined broadly to include
diet and cigarette smoking, are now considered impor-
tant in the origin of cancer. This recognition is based

in part on the large geographic variations in incidence
of specific cancers, and it encourages speculation as to'
what kind of background or anthropogenic factors
may account for the differences. in incidence, among.
people in different regions of the United States. The
large number of presumed carcinogens, the highly
variable conditions of exposure to them, the long
latent periods after exposure, and the high mobility of
population make it extremely difficult to work out the
epidemiology of cancer. The five years ahead will see
major efforts by epidemiologists to refine their under-
standing Of .the large variations in geographic inci-
dence.

The situation at present is summed up in the
preceding chapter:

Although some man-made chemicals have been identified as
potential carcinogens, the firmly established incidence of
cancer from these compounds accounts for only a tiny
fraction of all cancers. Cigarette smoking is the one
environmental factor for which firm data demonstrate a
strong association; occupational exposures are also an
important source of environmental carcinogenesis. Other'
environmental factors, including those of natural origin, that
are probably responsible for many and perhaps most cancers
remain unknown. Research on these problems will intensify
during the next five years.

Interest in the outcome and application of that
research will expand even more rapidly as more-
refined measurements reveal the presence of sub-
stances whose presence was unsuspected, as additional
carcinogenic factors are identified, and as more toxic
chemicals are found. Even if there were no ,expansion

`in the production and number- of -chemical com-
pounds, the question of the haiard of those already
circulating in the environment would still be impor-
tant. To the extent that production enlarges, that
question will command even more public attention.

GROWTH OF CHEMICAL TECHNOLOGY
-

Over the past three decades, the production and use of
industrial chemicals expanded a hundredfold. The
welfare of our nation has come to depend in no small
measure upon these and other chemical products.
Synthetic fertilizer is essential to food production at
current levels in many parts of the world. Reliability
and output of crop yields would be substantially
diminished without agricultural chemicals such as
pesticides and weed killers. Almost all pharmaceuti-
cals are synthetic chemicals. The smelting and
purification of metals are chemical processes. Most of
the gasolihe, rubber, plasti, adhesives, deterkents,

textiles, antifreezes, disinfectants, cosmetics, solid-
state devices, films, paints, and much of the building
material we use are synthetic.

J.



For many years the American people looked upon
expansion in the manufacture and use of synthetic
chemicals as a major area of national progress. Many
of the newly generated substances apparently have no
harmful effects at current levels. Some of them,
however, are toxic, and over the past decade we have
come increasingly to realize that this advance in
productivity and convenience has been accompanied
by both real and potential impacts on human and
environmental health now and in the future. This
focuses much public attention on the dangers inherent
in the uncontrolled manufacture and use of synthetic
chemicals and on the ways in which we can in the
future improve the safety of the products and pro-
cesses we use.

Some 80,generally distributed chemicals (not imme-
diately' used in the synthesis of other chemicals) are
each produced in amounts greater than 100 million
pounds annually. Over 25 million pounds each o_ f 25
other such chemicals are manufactured yearly.4

Figure 29 shows the growth of the synthetic organic
chemical industry in the United States since 1917.

FIGURE n Synthetic organic chemical produc-
tion. (Synthetic Organic Chemicals: U.S. Produc-
tion and Sales, 1918-1976, Washington, D.C.,
U.S. International Trade Commission)

o"
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Reported annual production of manufactured chemi-
cals includes some 10,000 individual chemicals. (How-
ever, about 70 percent of the total output is made up
of some 500 large-volume chemicals.5) Many more,
produced in small volume, are not reported. It has
been estimated that approximately 70,000 chenhcals
are in some degree of current use, with perhaps 1,000
new chemicals being introduced each year.6. Growth
rates for six of the major basic compounds used in. the
manufacture of large volume chemicals during the
past two decades are shqwn in Figure 30. Some of
these starting chemicals are utilized' in a wide variety
of ways. As an example, the malty uses of ethylene, the
largest volume starting chemical, are shown in Figure
31. Whether or not these production rates continue,
the number and volume of substances released into the
environment and their uses are large and promise to
remain so.

In the face of increasing demand and production
over the past several years, considerable advance hai
been made in curbing pollution and controlling' the
spread of toxic chemicals. Federal regulations have
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FIGURE 30 Production trends for ma-
jor petrochemical starting materials.
(Synthetic Organic Chemicals, U.S.
Production and Sales,.various years,
Washington, D.C., U.S. International
Trade Commission [Benzene produc-
tion estimates for 1955, 1960, and 1970
courtesy of Chemical Economics Hand-
book, SRI International, Menlo Park,
Calif.] )

Projections
Based on 6%
Annual Growth

1955

brolighl substantial reductions in air pollutants such
as sulfur dioxide, workplace contaminants such as
vinyl chloride,. and industrial-waste discharges into
rivers and lakes. Some of this progress has resulted
from the voluntary cooperation of industry with
federal agencies in restricting uses and production a

. PCB'S, and in early reduction in the use ofhalocarbons
as an aerosol propellant.

Much remains to be done. The pressing need now is
for better knowledgeboth to determine the dimen-
sions and importance of suspected chemical hazards
and to improve regulatory efforts to control recog-
nized problems. Only thus can we s:parate large from
small problems in order, to set our priorities. In many
cases the necessary knowledge will be slow in coming
or never completely available.

The_follow_ingciscussion of a few known and
suspected chemical hazardi (both man-made and

1965

YEAR.

1975 1985

natural) is intended to illustrate the pervasiveness of
the problems, gaps in our knowledge of causes and
effects, and ways that scientific information can be

brought to bear in dealing with issues that threaten to
become yet more troublesome.

PERSISTENCE, TRANSFORMATION, AND
MOVEMENT OF CHF,MICALS

PERSISTENCE

Some chemicals are extremely persistent in a natural
environmenthighly resistant to physicochemical
breakdown and to biological degradation. Such persis-

,tent chemicals collect and remain in the sediments of
lakes and rivers. Some move up the food chain from
microorganisms to other creatures, to. fish, and finally. .

to humans, increasing in tissue concentration at each
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FIGURE 31 Uses of ethylene.
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stage. The accumulations of these chemic'als/ in the
tissue of fish are thus higher than the average/levels in
surrounding. waters.' The stability of these persistent
chemicals tends to make possible their diffusion over
substantial areas by both air and water, (especially air
over long distances).8 The 'resulting contamination Can
be very widespread, For example, the highly Nysistent
ma's are found in both humans and nonhuman
species throughout the world.8

CHEMICALLY TRANSFORMED, SECONDARY, AND
TRACE CHEMICALS

Chemicals can be transformed by various meansfor
example; by'reacton with other chemicals or by the
action of bacteria. Bacteria in the sediments/of streams
and lakes can act on inorganic mercury and produce
the more toxic methyl mercury. Because methyl
mercury derivatives are volatile, they can contribute
mercury to the atmosphere," which can then spread
over long distances and add to the atmosphere's
natural burden of mercury.io
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and
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Packaging
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Polyvinyl Paints
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Poly tyrene
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Secondary chemical pollutants derive from complex
processes in which a totally new toxic agent is
generated. For example, ozone and peioxyacetyl
nitrate (PAN) are produced in the lower atmosphere.
through the photochemical action of sunlight on
nitrogen oxides and hydrocarbons in the air (from
.auto exhausts, power plants, and so on).11 Ozone and
PAN Can damage agricu6\ral .crops., (It is 'of interest
here to note the relationship\hetween site and effect. In
the upper atmosphere, ozone filters some of the'
potentially carcinogenic ultraviolet rays from sunlight
and .is beneficial rather than harmful.)

Sometimes a chemical product presents a"relatively
minor hazard compared to that posed by trace
amounts of contaminants that it contains. An example
is dioxin (tetrachlorodibenzedioxin or TCDD), a sub=
stance found in the defoliant 2,4,5-T. Although dioxin
is' present in only minute quantities, it has been a
major cause of concern about the defoliants possible
toxicity.12-14 We are nowaware of the importance cf
some trace contaminants even att concentrations of a
few parts per
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Deposits of Chemical Wastes

One of the most perplexing aspects of chemical
pollution is the accumulation of chemical wastes in
landfills and sediments. Hudson River sediments; for
instance, contain the accumulation of many years, of
PCB discharges. Dredging is being proposed to remove
the.PCB's from the river. But it has not been shown
that this approach would be successful. Indeed, it
could make the situation worse by simply spreading
the contamination.- Moreover, there would be the
problem of where and how such a vast volume of
contaminated material (an estimated 1.7 million cubic
yarcis)15 Could he safely disposed of with no environ-
mental or health impact.

Other approaches have been suggested:" overlaying
the sediment with impervious material, sequestration,
and bacterial or chemidal degradation. A key question
in each case is whether it is possible to improve on
natural degradation and sequestration, slow and inad-
equate though they may be:

Widespread chemical dumping has been a pattern of
the past, and some dump sites have, been later used for
landfill. The Love Canal near Niagara Falls, New
York, is one such site. Thus far, the human health
impacts of these abandoned and refilled chemical
dumps hive pot been fully evaluated.16.

MAJOR PATHWAYS OF CHEMICAL POLLUTION

Air Pollutants

The nation has been concerned about air pollution for
some years. Tli 4netal dirnensionS of the health
impact's of po utants such the sulfur oxides, ozone,
nitrogen oxi es, carbon monoxide, and particulate',
are only now being defined.t7 Current estimates vary
widely. Major gaps 'in our knowledge of theie health
effects persist---especially detailed information on the

\ health effects of actual concentrations of specific,
pollutants on specific segments of the population.

It is generally believed, for example, that acid
\particulates'alone or in combination with irritant gases
Contribute to the respiratory-effects of air pollution. If
the responsible chemical species and various combina-
tions among a constellation of chemical agents could
be ilentified, it should be possible to design more
efficient and selective coritrOls.18

More refined knowledge of the quantitative impacts
of air pollutants, in terms of specific agents and ;disease
patterns, is also needed. Irritant air-pollutants such as
sulfur oxides, nitrogen oxides, acid particulates, and
ozone are thought to contribute to morbidity and
mortality. But not all 'parts of the population are
equally endangered by thee pollutants. -The young

and the 'old seem. to be more susceptible, especially
.those elderly persons' who already suffer from cardio-
respiratory diseas. e.11-19,2° Knowledge is needed 0T,the
role of host factors, such 'as age, sex, prior or
concurrent disease, and genetic makeup. Also, a better
understanding of the interaction and role of the
various components of the, acid particulate complex
could aid in refining and improving control proce-
dures.

The role, of air pollution in contributing to lung
cancer remains Controversial. It is generally agreed
that there is an excess of lung cancer in urban as
compared with rural areas and that carcinogenic and
cancer-enhancing air. pollutants are in higher (but not
massive) concentrations in urban, than in rhral areas.

. However, in view of other differences in the two
settings, there is no general consensus that the urban-
rural differences in lung cancer ) rates can be
dbnfidently attributed to air pollution. One still-con-
troversial estimate suggests that general air pollutants
can increase the incidence of lung cancer in males who
smoke by perhaps 10 percent beyond the average effect
of ,cigarette smoking alone.21 This estimate does not
apply tOnonsmokerS.

Water Pollutants' ^

Theregare two well -known pathways for the chemical
contamination of lakes, rivers; and groundwaters:
current 'discharges or runoffs, and. gradual releases
from accumulated deposits of chemical wastes. During
recent years, persistent peiticides (such as Mirex,
Kepone, and DDT), mercury, PCB's, and other chemi-
cals have been found in many of our grOundWaters and
freshwater lakes and streams.

A third, perhaps significant..pathway derives from
the internationally employed chlorination of water
supplies. Because of chemical treatment, microbial
and viral contamination of water bodies, the classical
potential hazard to human health, is no longer an
activefthreat_of massive dimensions. The control of
intestinal infections by the chlorination of water
supplies 'has been one of 'the most dramatic publi-
health advances of the past century. However, there is

,now concern that this may produce chemicals Such as
chloroform by interaction with otherwise harmless
organic substances in the water. Laboratory data show
that chloroform and several similar compounds cause
liver cancer in rodents.22 There is also debated
epidemiologicalvvidence of increases of cancer among
populations using chlorine-treated water."

Any change in this extremely successful chlorina-
tion process should be approached carefully. To
remove those organic chemicals that can' react with
chlorine to produce chloroform or similar. compounds,

-



the Environmental Protection Agency has proposed
charcoal treatment of water prior to chlorination in
cities with populations above 75,000.24 This additional
treatment, however may have undesirable side effects,
and would be costly and an additional burden on
public health authorities. Hence, alternative methods
for the control of waterborne pathogens, such as ozone
treatment, are being investigated. The magnitude of

the cancer risks involved in ,chlorination should, in
addition, be more thoroughly assessed.

Trace quantities of many other organic compounds
are present in water. Some of these compounds have
been identified as weak carcinogens or mutagens in
experimental animals or other biological systhms.25
There. are currently n9 fully acceptable means for
evaluating the health risks (if any) from drinking
water containing trace amounts of such compounds;
appropriate techniques should be sought.

Exposure in the Workplace

The workplace has 1Fn a tragic but revealing source
of information about chemical carcinogens. Some 20
chemicals or prOcesses have been linked to the
incidence of cancer in exposed workers. Some, such as
2-naphthylamine, chromium metal production, and
asbestos, have been well known for years. Others, such
as vinyl chloride and, the chloromethyl ethers, have
been recogniied more recently.26 The contribution of
occupatiOnal exposure to chemicals to 'overall inci-
.cnce of cancer in the United States is uncertain;

published estimates have ranged from 1 to 20 per-
cent.27

Cancer-causing chemicals in the kworkplace are
presently regulated through a number of procedures,
such as allowable exposure concentrations for asbestos
and vinyl chloride and stipulated work _practices for
certain chemical Carcinogens. Sevexal new approaches
have been suggested, among. them, a permit system.
requiring the stipulation of control procedures and a
total-enclosure approach, under which carcinogenic
compounds would be isolated from workers and
monitoring would involve the testing of tightness
rather than allowable concentrations. An evaluation of
new approaches might yield a reduction in risk for
workers and better, more cost-effective controls.

Some occupational diseases, such as silicosis, col/
miners' pneumoconiosis (black lung disease), and'
byssinosis (brown lung disease, associated with the
vegetable fiber industries) have been with us for many
years. Recently, attention has been given to the effects
of chemicals on the reproductive and nervous systems.
The soil fumigant, 1,2-dibromo-3-chloropropane, has
been linked to sterility in production workers28 and
lowered sperm counts in field workers.29 Some female
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anesthetists have suffered abortions and congenital
defects in offspring.30 The solvent methyl-n-butyl
ketone has been associated with neurological disord=
ers. 31

What? is urgently, needed is an assessment of the
prevalence and serious" 'less of the various occupational
diseaies to aid in setting control priorities. Also
needed are evaluations in the 'laboratory. of many of
the workfilaccagwicals now in use and or to be
introduced.,

The Marketplace

Among consumer products, both the degree of control
mad appreciation of hazards remain very limited. A
case in point was the rapid introduction of the flaSe
retardant chemical Tris (2,3-dibromopropylphosp-
hate) for use in treating children's sleepwear. The
chemical is now restricted after- being found in
laboratorOsts to be mutagenic and carcinogenic-32
The Tris dicident clearly suggests tharmore rigorous
pretesting is needed before product introduction.

Many household producte.qso-called under-the-sink
chemicals and agents) have not been adequately
tested, especially for chronic effects. There is a clear
need for better understanding of the effects of chemi-
cals used in consumer products, with particular
emphasis un chronic effects and cheminal.interactions.

Toxins in food may be introduced by man or occur
naturally. Aflatoxin, for example, is a product of mold
growth that can contaminate peanuts, cotton seed, and
other agricultural products. There is strong suspicion
of an association of increases in liver cancer in Asia
and Africa with the consumption of food contaminat-
ed with aflatoxins.33 Even more important is the
epidemiological evidence that general dietary choices
may substantially influence the incidence of human
cancer. r

Man-made chemicals in food have aroused wide-
spread but sometimes inappropriale concern. Such
chemicals include food additives thatnhave been used
for deuades under the- so-called GRAS -(generally
regarded as safe) concept. The GRAS. list" is being
reexamined, a process that may raise many problems
of hazard evaluation.

An important legal element is the belaney Clause,
which forbids the deliberate use, in any .amount, of
any food additive found to cause cancer in man or
animal. The wisdom of the Clause hasbeen much
debated, and the issues will be clarified as valid test
cases are examined.

Two recent cases have attracted much' public
interest. Recent laboratory tests showed that saccharin
is a definite but weak carcinogen.34 The* data would'
seem to require action under. the DelaneY.Clause, even
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though the risks to humans from saccharin seem very
modest.

Nitrite, a preservative used in meats such as salami,
wieners, bacon, ham, and so on, is the focus of another
controversy. It can con:bine with secondary amines in
the stomach to fopn nitrosamines, a class of chemicals
known to be carcinogenic.35 Although nitrite does
provide protection against botulism, the same result
might be achieved with smaller amounts of the
chemical than are now being used. However, higher
levels are presumably favored by consumers (and meat
processors) because of the red color they bring to
meats. A further complication is that nitritesfound
in most dietsare reduced naturally in the body to
nitrites in significant quantities.

The principle underlying the Delaney Clause is
clearly acceptable for compounds with minimal
benefits or for which noncarcinogenic substitutes are
available. But quantitative risk assessment becomes
necessary when it is asserted that there are benefits
(including benefits to health) and no ready slt.bgitutes,
or when an agent is of natural origin and its complete
removal impractical. Even though assessments of both
risks and benefits have substantial uncertainties at this
time, they should rnder these circumstances be taken
into account in regulatory decisions.

Cigarette smoking and alcohol and drug abuse are
also major health problems. It is useful to note,
however, that smoking can substantially increase the
adverse health effects of toxic substances in the
environment. The most vivid example is ^_tie interac-
tion of smoking with certain inhaled asbestos fibers--
raising the risk of lung cancer some eight times.36 As
discusseclearlier in this chapter, there also seems to be
an interaction between smoking and air pollution.

cr.
COMPOUNDS OF SPECIAL) CONCERN

SOME PROBLEM METALS

Compounds of some of the old, familiar metals such as
arsenic, mercury, cadmium, and 19-;ad are still poten-
tiallyserious hazards to human health. There appears
to be clear evidence that some arsenic compounds are
carcinogenic in humans, especially in association with
pollutants such as sulfur dioxide. There is also
evidence that high natural levels of arsenic compounds
in water supplies are associated with cancer in certain
population groups such as in Tai in. Strangely, tests
of arsenic carcinogenicity in animals have all proved
negative."

Much public attention was given to methyl-mercury
poisoning after the discovery that many Japanese
families eating contaminated fish caught in Minimata
Bay were payinr a heavy price. Clinical studies
revealed damage to the central nervous system and

2G1.

congenital defects in the offspring of exposed moth -
ers.10 Sale of fish containing mercury is now regulated
i:-. the United States, although the actual health effects
of exposure to low levee': of methyl mercury are
unknown. Since methyl n ,:rcury is found in fish from
many U.S. waters, including the sport fishing waters of
the Northeast, health and wildlife-management
officials face difficult decisions.35

Exposure to cadmium in the workplace is associated
with respiratory and renal disease. More significant to
the general population is the fact that cadmium largely
remains in the body once it is absorbed. Thus, _a
newborn infant starts life with only a few micrograms
of cadmium in his body. But by the age of 60 or 70,
the cadmium burden, mainly from food, in his kidneys
and liver is many milligramsa 1,000-fold increase.
The level in the kidneys by this age is approximately.
One-fourth of the average required to produce renal
disease.39 It is not known whether and to what extent
kidney deterioration normally associated with the
aging process is due to the natural accumulation of
cadmium in normal kidneys.

Cigarette smoke is another source of cadmium.
Absorption of cadmium through the lungs from
cigarette smoke is, in contrast to abSOrption from
food, very efficientup to 40 percent.35.4° As a result,
smokers generally have higher cadmium burdens than
nonsmokers.

The ancient problem of lead poisoning still pe sists
today, sometimes in acute forms. There are poorly
maintained buildings in ghetto neighborhoods of older
cities whose interior walls are covered by many layers
of paint with high lead content. Over the years,
significant levels of lead have been found in children
from such areas, with noticeable adverse effects on
mental development and neurological health.

There is also concern ov.::r so-called normal levels of
lead in the body. Lead levels in the blood of city
dwellers (heightened by the lead from auto exhausts)
are higher than those of rural residents by some 25-30
percent. Our ..riderstanding of biochemical distur-
bances stemming from increased lead burdens in the
body is beginning to suggest that moderately elevated
levels may be associated with biochemical changes
related to synthe:.is of hemoglobin in the oxygen-
carrying pigment of red blood cells.4' TIr: practical
implications of these findings are unknown./

Again, there is a lack of knowledge as to whether,
h6w, and to what extent chronic low-level exposures
to tonic metals contribute to adverse health effects..

SOME HALOGENATED HYDROCARBONS

Three halogenated hydrocarbonsDDT, PCB's, and
vas's (polybrominated biphenyls)illustrate different
parserns of distribution, exposure, and sources of



exposure. All al'e fat-soluble chemicals that are slowly
metabolized. They tend to accumulate in the fat where
they remain as a source of continuing exposure to the
rest of the body.

DDT 'saved millions of lives through its contribution
to the control of malcria, but its wide use as an
insecticide spread the chemical into the atmosphere,
into lakes and rivers, and, through concentration in
the food chain, into fish and humans.

PCB's were originally developed for use in electru.al
equipment, especially condensers and transformers.
The special properties of these compounds, such as
low flarrni, lity, low freezing point, and low volatili-
ty, also led to their extensive use as heat-exchange
liquids, plasticizers, and so on. PCB's have now spread
throughout the environment, reaching many parts of
the biosphere, including humans.9

The carcinogenic potential of PCB's has caused
concern. But the more serious problem may be the
effects of Pcs's on nursing infants. They are the most
intensely exposed to the chemicals, since /they are
dependent on mothers' milk, which, in many parts of
the country, contains Pcifs.42 Laboratory studies on
nonhuman primates have shown that a die4ry intake
of Pca's has produced abortions and underweight
offspring." The application of these iindi

I

ngs to hu-
mans is uncertain,

The problem of PBB'S appears to be mainly restrict-
ed to Michigan where, through a packaging error, the
chemicals-were added to cattle feed supplement. This
resulted in contamination of some cattfe and the
exposure of some people in the area through the
consumption of milk and beef.''' The extent of the
human impact is still being evaluated.

Chlorinated pesticides, such as Chlordane, Mirex,
Kepone, and so on, present dissemination problems
similar to those of DDT, PCB's, anal other such
chemicals. In addition, laboratory experiments have
shown that the chlorinated pesticides DDE, Mirex
Lindane and Chlordane produce liver tumors ir
rodents.45

TrrD (dioxin) first came into prominence as an
impurity in the herbicide 2,4,5-T. It has since been
identified as being involved in several episodes of an
accidental nature, the most recent of which was an
explosion in Seveso, Italy." Health effects of TCDD on
humans are not well establisl'ed. However, TCDD has'
been extensively studied in animals and has been',
found to produce skin disorders, to be teratogenic
(producing congenital defects), and injurious to the '

immune system.'3

ENV(1201'siENTAL FACTOR Ly DISEASE

The widespread publicity accorded carcinogenic
chemicals has created apPrehension in many pInle.
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The identification of a significant number of new
chemical carcinogens has led to the mistaken impres-
sion that nearly all chemicals can cause cancer. In
fact, only a fraction of the chemicals tested are
carcinogenic.

It is also important to recognize. that the modest
increase in the total cancer rate over the past few years
is due to the prevalence of lung cancer associated with
smoking; otherwise, cancer T incidence has actually
somewhat declined.47 However, in terms of the impact
of chemicals in the environment, these total incidence
rates mean less than statistics on cancer rates by organ
site, since different chemicals affect different organs.
Lung cancer, mainly attributable to cigarette smoking,
has gone up dran_atically and is still increasing,
especially among women. Stomach cancer has
dropped sharply. Pancreatic cancer is rising." Thus,
the pattern is mixed and requires detailed analysis.
Except for lung cancer, the other trends remain
largely unexplained.

An important concept involving the role of external,
or environmental, factors in carcinogenesis has devel-
oped over the past! 20 years. Different ethnic groups
have cancer patterns that seem to be related to their
cultural patterns=such as diet, occupation, housing,
etc.rather than to their genetic makeup. Thus,
native Japanese have a high stomach cancer rate.
Their descendants in Hawaii have a significantly lower
rate, and their descendants who live in the continental
United States, a still lower incidence.49 Ethnic groups
tend to assume the cancer rate (by organ site) of the
region to which they have migrated.

Thus cultural patterns, especially diet, may be the
basis for these different rates. This does not mean that
genetic factors are unimportant, since individual
susceptibility, within specific Npulaticns, almost cer-
tainly must vary because of individual genetic varia-
tion. The range of such genetic variation may be more
T less the same in different population groups.

The strong implication of these epidemiological
findings is: that cultural factors may be the source of
major differences in cancer rates. in various ethnic
groups. If this inference is correct, then the excesses
over the minimal background rate of cancer suggest
that the additional cancers attributable to cultural
factors are substantial.

This observation, together with data on such known
cancer sources as smoking and occupational expo-
sures, has led to the estimate that a large proportion
(possibly high is 80-90 percent) of human cancer, may
stem from cultural factors,49 including foods that have
been part of the human diet for thousands of years.

Theie is a need to refine our 'knowledge of the
contributory causes of cancer, whether from diet,
occupation, or other sources. A number of approaches
are required to develop this knowledge, including
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epidemiology, `the continued testing of agents (alone,
and together with other carcinogens and enhancing
agents), and studies of mechanisms of action. Risk-
assessment procedures can be improved by refirfos
methods of translating laboratory data into human
risk evaluations, especially in extrapolating from high
doses to low doses over the long term.

In the long run, critical to all such evaluations will
be knowledge of the minimal rate of carcinogenesis in
man, inherent in our own biology, and the mechanism
of such carcinogenesis. And it seems equally impor-
tant that understanding be sought of the fact that so
seemingly bizarre a diversity of chemical structures all
engender cancerous transformation of animal cells.

Cardiovascular Disease

Evidence continues to accumulate showing iower rates
of cardiovascular disease in hard-water areas than in
areas where the water is soft.21 The issue is still
unresolved. We need more understanding of the role
of water hardness in cardiovascular disease to deter-
mine whether hard water is beneficial and, if so, what
compounds are responsible.

Germ-Cell Mutations and Injury to the
Reproductive Process

There is a strong possibility that mutations of germ
cells could result in damage that would become
apparent in future generations. Mutations arise natu-
rally from imperfections in the biochemical process of
replication. In fact, without such mutations organisms
could not evolve; but additional mutations are caused
by chemicals and radiation, and the maj -way of these
are deleterious. Indeed, the Environmental Protection
Agency has already moved ahead on a proposal that
the potential of pesticides to produce heritable muta-
tions should be systematically tested as part of the
normal registration procedure."

Inte:t..c attention is currently being given to the
potential of chemicals to produce birth defects. Well-
developed methods of testing in this important area
are now available, but there is a further need to focus
more generally on the impact of chemicals on repro-
ductive physiology and on the reproductive process in
general. There are instances of sterility and other
alterations of reproductive physiology that were
caused by certain chemicals. This field has been
relatively neg'ected.

ADVERSE EFFECTS ON NONHUMAN
SPECIES

There is a large variety of materials and processes in
natural systems that need to be understood for
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/purposes of resource management and as background
for assessing the eff -cts of man-made additions to the
natural background. Birds and fish are widely conta-
minated by such persistent chemicals as Pcs's8 and
methyl mercury.' Acid rain from sulfur oxides and
nitrogen oxides in the air appears to be affecting
aquatic life, especially in lakes in the Northeast.18 The
movement of sewage effluent, agricultural wastes, and
fertilizer residues is also a major problem. Such
pollution changes aquatic ecosystems by increasing
the volume of nitrates in lakes and streams.52 As noted
earlier, interactions among a pollutant's impacts on
the environment, nonhuman species, and human
beings are not infrequent. When a lake is contaminat-
ed by acid rain, for instance, acidification can alter the
leaching of metallic compounds from the lake bed,53
thus increasing the exposure of aquatic biota (and
people, if the lake is a source of drinking water) to
toxic substances that are a part of the natural
sediments. We need better understanding of the
extent, nature, and importance of the effects of acid
rain. The damaging effects of individual air pollutants
on some agricultural crops have been fairly well
described. However, knowledge of the impacts of some
chemicals remains inadequate, as does understanding
of the role of synergism between air pollutants.

The impacts of chemicals on nonhuman species
involve a rather different set of considerations than is
the case with human beings. When assessing the
effects of chemical contamination on a natural ecosys-
tem, there is less concern over injury to a single
individual (or small numbers of individuals) than with
the survival of populations, communities, or even
entire species. Weakening of the hold of a particular
species in an ecosystem could lead to the proliferation
of other species; for example, the emergence of the red
spider mite after an area has been sprayed with DDT.54
The consequences for a natural ecosystem could vary,
depending on the circumstances. We need more and
better information on the effects of pollutants on
natt, al systems. Efficient pretesting methods are
needed to predict these effects as well as the degree of
natural resilience that such systems might have.

SCIENTIFIC, TECHNICAL, AND POLICY
RESPONSES

REDUCING OUR RISKS

Safety evaluation of chemicals was relatively simple in
the past It was usually assumed that there is a safe
level for 'every chemical and that this level can be
determined through modest laboratory tests (to which
a safety factor was applied). This concept was based in
part on the assumptiom that a threShold exposure
level existed below which no adverse effects would



occur. Paracelsus' (1493-1541) wrote: "All things are
poisons, for there is nothing without poisonous quali-
ties. It is only the dose that makes a thing a poison."
For a wide range of chemicals that statement holds
true today.

The situation may, however, prove different for
mutagens and carcinogens as compared to other
poisons.* Quite possibly for some carcinogens there is
no "threshold," no concentration below which these
compounds are safe; it may turn out that, with respect
to these materials, health problems can be expressed
only in quantitative, statistical terms. A trace of some
carcinogens may inevitably occasion 1 minute but
nonzero increase in the probability of cancer, whereas
a larger dose will lead to a much greater probability.
The situation is like that of crossing a street; some
crossings are more dangerous than others, but none is
absolutely safe. Devising proper procedures under
these circumstances involves difficult social and politi-
cal as well as medical questions.

The concept of a threshold for carcinogens has been
intensely debated over the past few years. At this time,
it is fair to say that, although there may be cases in
which such thresholds appear to exist, they have not
yet been reliably demonstrated:

Several instances are now knownfor example,
cigarette smoking and aflatoxinin which the human
doseresponse curves for cancer appear to pass
through or near zero and can be regarded as linear
over the lower dose regions. In other words, even a
very small dose would have an effect, and the effect is
directly proportional to the size of the dose.

Although there are as yet no reliable examples,,a
true threshold may exist for some chemicals as r.ancer-
causing, agents. The probability that such thresholds
exist is suggested by the preser;ce of mechanisms that
are known to inactivate harmful chemicals in varying
degrees.t

The Congress has set up a number of federal
agencies designed to protect the public against poison -_

'There is a qualitative difference between carcinogens and other
toxins. A low dose of a kidney poison. for example. may irreversibly
damage a small fraction of kidney cells, but not constitute a threat
to life. A very low dose of a carcinogen, in theory, could occasion
the neoplastic transformation in only one or a few cells'. yet, should
they escape the immunologic surveillance mechanisms and repro-
duce sufficiently, lethal cancer might result.
tGeneralizations concerning carcinogens are fraught with risk,
however. The specific change(s) in the cell genetic apparatus are
unknown as is the rate of spontaneous carcinogenesis. To the extent
that the alterations in or4A occasioned by mutagens are repairable
by the known efficient repair enzymes of normal cells, such effects

may find no biological expression. Some potential carcinogens are
active only after they have been metabolically altered by the liver or
other cells: other carcinogens are excreted or inactivated by the
body. Hence. it seems unreasonable to consider that there should be
a single form of the dose response curve, differing only in slope

(potency). ..
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ous chemicals and advance the cause of safety. The
Environmental Protection Agency has primary au-
thority over much of this area. The Toxic Substances
Control 4Act (TscA), the Clean Air Act, the Safe
Drinking Water Act, and the Occupational Health
and Safety Act have been added to earlier legislation
on pure food and drugs. Since many of these laws are
nett/ and since experience with their administration is
limited, Congress will likely find ways to provide even
more effective protection. We must learn to deal more
rapidly with the large numbers of toxic and potentially
toxic substances in commerce and in our environment
and at the same time to encourage development of
safer products, such as less harmful pesticides and new
pharmaceuticals. Although much has been and is
being accomplished, experience with the new laws has
quite naturally illuminated some areas of difficulty.

A major uncertainty today relates to the concept
embodied in the legislation established in TSCA of
"unreasonable risk." Each of us voluntarily accepts
certain risks. The dangers of smoking are well
advertised. A cigarette smoker is essentially making a
personal riskbenefit assessment. But there is no
practical alternative to using the community water
supply or breathing air. In many instances, as in
choosing modes of travel or buying paint, the individ-
ual may not be fully aware of the possible risks
involved. The administrator of -rscA is asked to
evaluate whether the benefits from the manufacture of
a particular chemical justify the imposition of involun-
tary risks. The situation is still more complex when
the benefits accrue to a different group from those who
suffer the risks.

The problems are not easy ones, and the assign-
ments given by law to federal regulators are difficult in
the extreme. The most difficult decisions, perhaps, are
those of the Commissioner of Food and Drugs, who
puts some patients at risk if he grants .approval for a
new and possibly useful drug and others at risi if he
refuses it.

It is becoming recognized that total safety is

unattainable and that benefits from the use of chemi-
cals range from trivial (and not worth even a minor
risk) 'to vitally significant (and worth a substantial
risk). It is clear that quantitative assessments are
desirable to arrive at balanced judgments as to the full
consequencesboth social t enefits and social costs
of using or not using a p.ai'ticular suspect chemical.
What is much less clear is how to quantify benefits
when they involve health, environmental quality, and
other value-laden areas.

In part because of the paucity of basic data and of
experience in evaluation methods, society has tended
to respond erratically to assertions of chemical threats.
In the case of the 1973 restriction on the use of spray
adhesives, federal response proved hasty and overreac-
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tive. On the other hand, the action to curb the
exposure of workers to asbestos after health effects had
been demonstrated came at a rate that many observers
considered unduly slow. Indications are that we are
now entering an era in which there will be increasing
demand for quantitative riskbenefit assessmeats. This
balancing process could lead to a new fe ,:iulation of
acceptable risk. Acceptability is a . Lucial, not a
scientific, criterion.

What is the best procedure foi those most affected
(or their representatives) to balance risks and benefits?
In most current situations, a regulatory agency makes
the judgments. In others, the Congress has laid down
specific guidelines for acceptable risksair-pollution
laws, for example.

In some countries. tenured boards have been set up,
with representations front the various constituencies
affected by benefits and risks. Although this approach
may be more cumbersome, it provides for open public
debate on an issue and its consequences prior to the
final decision.

Sociopolitical balances are, mainly shaped by cur-
rent value judgments, but they may also involve
technical considerations. One is the development of a
quantitative risk-assessment procedure. Others involve
the procedures for estimates of benefits and costs of
control. The development of quantitative assessments
and their accurate interpretation to the people at risk
will be difficult. The applicable science is still very
much in its infancy, and precise estimates will rarely
be possible; yet, such estimates, even crude ones, are
better than none.

The public response to new scientific findings
concerning chemical risks may be influenced by a
variety of political and social factors not difectly
related to the evidence. For example, it is known that
municipal referendums on adoption of water-supply
fluoridation may be affected by such considerations as
administrative methods and attitudes toward govern:
ment.

RESEARCH RESOURCES

There are several resources available to develop the
needed knowledge on environmental and health effects
of chemicals: the academic community; the National
Institutes of Health, especially the National Cancer
Institute (Na) and the National Institute of Environ-
mental Health Science ( NIEHS); the National Institute
of,, Occupational Safety and Health (NIosH); the
Nation5I Center for Toxidological Research (NCTR);
the Environmental Protection Agency (EPA); the
Department of Energy; and, to a lesser extent, other
federal agencies.

Nevertheless, a number of shortcomings remain.

The greatest need lies in the area of basic research. We
are only now beginning to understand the fundamen-
tal nature of cancer. Just as medieval communities
were helpless in the face of bubonic plague because
they did not realize that it was carried by rats and
fleas, so we may be unable to check the inroads of
cancer until we understand its etiology. Meanwhile,
we must do the best we can. There is clearly a need for
better coordination and especially better linkage be-
tween the more research-oriented units and the
regulatory agencies. The new National Toxicology
Program, bringing together the NCI Bioassay activity
and parts of NcTR and NIEHS under the direction of
the director of NIEHS, and the oversight of an
executive committee that includes the heads of the
regulatory 'agencies, could improve this linkage. A
present limitation in. this field is the shortage of trained
toxicologists and epidemiologists.

The impacts of chemicals on nonhuman species are
not receiving sufficient attention at the national level.
As a result, there are difficulties in making judgments
on the risks many chemicals pose for them.

A field that has been seriously neglected, but which
now has been recognized by both EPA and the
Congress, is research to anticipate future problems, It
is desirable to anticipate potential problems from
chemicals as early as possible, perhaps at the early
industrial development stage. An early-warning re-
search program could establish a basis for developing
low-risk alternatives or needed control procedures;
such measures would be superior to the present
tendency to w: It for problems to emerge as full-blown
crises. Such anticipatory research must, of course, be
based on carefully reasoned and highly effective
technological forecasting.

STANDARDIZATION OF TESTS

Both administrators and manufacturers understand-
ably seek as much simplification and standardization
of safety testing as possible. While some standardiza-
tion is desirable (such as minimum standards of good
laboratory practices), there is a danger in carrying it
too far too soon. Premature freezing of techniques can
stifle the development of what is still an infant science.
It would be unfortunate to lock in procedures that
may not be adequately informative or efficient. In a
rapidly evolving field such as this, a best-available-
procedures approach to safety evaluation may be best.

INTERNATIONAL COLLABORATION

Ongoing research in the United States needs to be
closeiy linked with parallel activities in other nations,
not only because of what can be learned from their
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experience, but also because of the influence the
United States has on standards elsewhere. To these
ends there is also a need for mechanisms to insure that
international resources for such evaluations are used
effectively, without unnecessary. duplication or over-
lap, and that they take inw account differences in
physical and cultural environments.

OUTLOOK
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The World Health Organization has authorized a
major expansion of its program for evaluating chemi-
cal safety for humans thro ;igh a .greater (and to some
degree decentralized) reliance on cooperative centers
throughout the world. Similar resources for evaluating
environmental effects of chemical. are needed but are
not now available.

The following outlook section on toxic substances in the environment
is based or information extracted from the chapter and covers trends
anticipated in the near future, approximately five years.
Somc toxic chemical hazards are well known; others remain poorly
defined. Gaps in our knowledge of causes and effects are serious,
and the need to fill them is urgent. More knowledge will help to
reduce or eliminate the hazards from toxic agents while permitting
us to enjoy the benefits of the great majority of chemicals without
fear of harm to human health or the environment.

Manufactured chemicals have become ubiquitous. Their production --
is steadily rising and their uses multiplying. Over the next five years,
a great number of new chemicals will be introducedperhaps as
many as 1,000 annually.

But we are still struggling with problems from the past. Chemical
wastes were often dumped haphazardly in disposal sites, and some of
these sites (e.g., the Love Canal near Niagara Falls, New York)
were later used for landfill. Estimates are that hundreds of these
abandoned chemical dumps exist, most still undiscovered. Many will
be found in the coming years, and the goveininent will have to
establish procedures for dealing with them. Thus far, the human
health hazards posed by these discarded and refilled dumps have not ,
been fully evaluated.

Highly persistent chemicals, such as PCB'S, are continuing to build
up in the sediments of our freshwater lakes and streams. These
chemicals move up the food chain frOm microorganisms and other
creatures to fish and finally to humans. Through this biomag-
nification, such chemicals are further accumulating in humans and
nonhuman species. No effective means have yet been developed to
.sequester, degrade, contain, or remove chemically laden sediments.
Moreover, there are fears that some of the proposed solutions to the
dilemma may actually worsen the situation.

A rising proportion of the nation's electrical power will probably
be generated by coal. Although power -plant pollution controls will
be maintained, the total environmental burden of such air contami-
nants as acid particulates may well increase.. While the general di-
mensions of the health impacts of these and 'other pollutants are
being studied, detailed knowledge on the impacts of actual concentra-
tions of specific pollutants on specific segments of the population is
still lacking.

Rapid advances in analytical techniques are making it possible to
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detect sma'..r. and smaller amounts of toxic chemicals--as small as
parts per billion. In consequence, trace chemicals will be discovered
in previously =suspected places. Already trace amounts of organic
compounds, some identified as weak carcinogens or mutagens in

experimental animals, have been found in drinking water. Currently

there is no fully acceptable way of evaluating health risks (if any)
from drinking water containing traces of toxic chemicals. A related
concern is that the chlorination of drinking water may, through
interaction with otherwise harmless organic substances, produce po-
tential carcinogens.

A great deal more attention is being focused on workplace expo-

sures to chemicals following the passage of the Occupational Safety
and Health Act. Some 20 chemicals or processes have already been
linked to cancer in exposed workers. More such associations, involv-
ing mutagens as well as carcinogens, may be found in the next few
years, as new evidence of long-term exposure effects. is discovered.

IMPLICATIONS Known and potential problems stemming from toxic chemicals raise

a range of implications, some general and others specific. Underlying
a number of therifis the challenge to the threshold- concept, which
holds that certain low levels -of exposures to chemicals are totally
withouteffect. The threshold theory has been intensely debated over
the past few years, particularly with regard to cancer. At this time,
it is fair to say that although such thresholds may exist for some
toxic chemicals, none has yet been reliably demonstrated for any

carcinogen.
As a result of the growing .conviction that there is no completely

safe level of exposure to any carcinogen, we are entering an era of
quantitative riskbenefit assessment. If complete safety is unattainable,
we must be able to evaluate the benefits of individual chemicals: Are
they vitally significant (and worth a significant risk) or trivial (and
not worth even a minor risk)?

The techniques of quantitative risk assessment are still in their
infancy. Over the next five 'years, there will be increasing efforts to
evolve better methods of extrapolating the results of tests on labora-
tory animals to humansin particular extrapolating from high doses
given to test animals to long-term low doses to which humans are
generally exposedand to gain better understanding of the biological
processes involved. The goal is to move, as rapidly as possible, to
quantitative descriptions of doseresponse curves at low-dose levels.

Even more elusive than quantitative risk assessment is the quanti-
tative evaluation of benefit& There will be efforts in the near future
to develop more sophisticated mean's of both presenting and inter-
preting quantitative riskbenefit evidence so it can be understood by
affected groups and responsible government officials.

This approach to safety evaluation will increasingly be applied to
new chemicals, chemicals In the workplace, chemicals in the environ-
ment, and the reassessment of existing household chemicals, There
will be no single definition of acceptable risk. Each decision will
depend on the uses of a particular chemical, its potential substitutes,
the riskbenefit ratio, and yet other factorsall within a context of:

rt prevailing social values. Such decisions will be as important in deter-
mining control strategies as in arriving at acceptable risks.

Continuing efforts will be required to develop new technology for
effectively sequestering, degrading, containing, or. removing chemically
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laden wastes in freshwater lak,:g and rivers as well as in abandoned
dumps. The challenge is to isolate or neutralize such wastes.

More knowledge will be gained of the specific effects and compo-
nents of air pollutants, such as acid .particulates, on specific segments
of the population. The results could make possible the design of
more efficient and selective controls.

Epidemiological studies, will furti.:.: ref pe. knowledge of the effects
of chemical exposures in the workplacj There will be more labora-
tory evaluations of those chemicals now in use and new chemicals
being introduced. There will also be increased efforts to uncover
presently unrecognized chemical haiards in the workplace. New ,,and

better control methods to protect workers from dangerous chemicals-

will be stressed, including edfication-in-their-Wridling. What is fur-
ther needed-is=an EVAInation of the prevalence and seriousness of
various occupational diseases as a basis for setting control priorities.

The cancer risk involved in chlorination of drinking water will be
more thoroughly assessed and, if necessary, alternative methods of
controlling waterborne ptithopns investigated. Also, better methods
will be sought to evaluate the hazards of trace chemicals in drinking

water.
The growing awareness of potential chemical hazards is a positive

development. During the next five years, we will come to know
more about the nature, extent, and, seriousness of the problems posed
by toxic chemicals. Indeed, new problems may lie uncovered. But as

more knowledge is gained, we will learn how to better control and
reduce toxic chemical hazards.

Increased training now getting underway will add significantly- to

the ranks of qualified toxicologists and epidemiologists within the
next five years but will only begin to meet major needs towaid the
end of that period.
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10 Academic Science and Graduate Education

INTRODUCTION

Preceding chapters of this report have presented some
ofd the more recent accomplishments of American
basic and applied science. Much of this work has been
capled out in U.S. universities by their facultieS and
their graduate and postdoctoral students. With few
exceptions, the individuals responsible for these ad-
vances have been educated in the public and private
universities and colleges distributed throughout the
natidn.

Thus the universities are a major force in American
science. Today, their fadulties, students, and sirOport
staff re responsible for more than half the basic-
scientific research performed in . this country. Their
graduates in science, and engineering populate Private
and government laboratorieSand engineering centers
throughout the United States. .

The Conduct of basic research in U.S. uni ersities
historically has been 'closelysiiiiked to the g aduate
education of scientists and engineers. One feeds the
other, in contrast to the pattern in Europc and the
Soviet Union, where centralized research institutes are
essentially separated from education sysiemS. Basic
science in the United StateS is dependent upon the
coupling of research and education at the postgradu-
ate level, so that the vitality of American science is a

function of the vitality of academic institutions,
particularly of the major U.S. universities that carry
out most academic science and award most of the
advanced degrees in the sciences and engineering.

Although federal supPott lessened in the early
1970's, the strong national commitment to fundaMen-
tal scientific research continuesperhaps best symbol-
ized by the provision of $3 billion federal in 1978 to
fund research and graduate education in U.S. universi-
ties. As a re:ult of this strong support,. particularly
during the growth years of the 1950's and 1960's, the
United States has developed a-broad, diversified, and
highly competent academic research and related
postgraduate capability. The unity trsities are now and
will continue to be remarkably productive both in
increasing our understanding Of, Lature and man and
in educating nevi generations of .scientists and engi-
neers.

Nevertheless; the institutions of academie R&D
have been facing serious problems that threaten their
productivity and may well slow

in
present thomen-

tum, The earlier rate of growth n financial support for
academic R&D has slowed to relatively level funding
in constant, dollars over thf, past 'decade. kc-traged
annual growth (it constant .1972 dollars) from 1953 to
196(i was 12 percent; from 1960 to 1964, 14 percent;
froth 1968 to 1)74, essentially zero perdent; and front

ti
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1974 to 1978, about 4 percent'? Yet over this period
the academic research population has continued to
grove, increasing thc,demand for research support. As
research becomes more sophisticated, the required
instrumentation, facilities, and supporting services
become more expensive, adding further costs beyond
those due to inflation. Federal agencies can now fund a
smaller fractiod.,of.worthy research proposals; and
other demands on university resources have sharply
increased, causing some private institutions to draw
upon their basic endowment capital.

The increased competition for research funding has
led to longer, more detailed proposals, prepared and
reviewed by scientists on time formerly spent on
research. Funding agencies, in an effort to meet
increased demand, have tended to reduce both the
amounts and the time period of support. Funding
available for direct support Of research has also been
eroded by rising indirect cost rates 'resulting in part
from the need to satisfy regulations of federal and
local agencies. These requirements often make serious

P demands on the time of the research investigator
well as on university administratols.

Given these problems, it is appropriate to ask
whether academic science in the United States can
maintain its high rank. There is concern that academic

; science is on the verge of a decline, and that it may be
a decade before its decreased vitality and momentum
are fully apparent, by which.time the direction may be
very difficult and expensive to reverse.

The period immediately ahead will require adjust-
_

ments in the policies of universities and in their
relationships with the federal government as the
principal external sponsor of academic research. Some
of these problems are now being addressed by ad hoc
groulis,enotably the Sloan Commission on Govern-
ment and Higher. Education and the National Com-
mission on Research. The general resolution of the
Problem, however, v ilriequire the thoughtful atten-

tion
and best effort of all gartnersuniversities,

government, and industry--,--if the U.S. research enter-
prise :s not to suffer.

SCIENTIFIC RESEARCH AND GRADUATE
EDUCATION

American scientists and engineers begin their profes-
sional education as college undergraduates. Through
Introductory and intermediate courses in mathematics
and the various natt.ral sciences, the} learn scientific
principles and gain an overall view of the history and
subject, matter of the various disciplines. Inadequate
education at thjs level is difficult fo? students to
overcome later.

Graduate education in the sciences and engineering'.

consists of advanced instruction in the current body of
knowledge,, methods of thought, and research tech-
niques, all of which must be assimilated by those
gaining/ expertise in these professions. HoWegier, in
addition io receiving highly specialized instruction,
graduate students participate in and contribute to

--research, under the guidance of senior faculty mem-/
bers, often as paid assistants. This firsthand experience'
in the laboratory starts them on the path to maturity
as independent investigators. Formal graduate edu a-
tion concludes with the writing of a dissertation b sed
on the student's research and intended to b an
original contribution to knowledge.

Many of those who receive doctoral degrees in the
sciences subsequently accept postdoctoral research
appointments at academic institutions. These who
hold these positions are given the opportunity to
engage in one or two years of advanced research, often
of their own choosing and design, at leading scientific
centers having specialized facilities and faculties.
Postdoctoral appointments, which usually place few
other/ responsibilities on their holders, give younger
scientists the variety and intensity of training they
need to become fully qualified investigators. -

Active research, then, permeates academic science
and is interwoven with the education of both under-
graduates and graduate students. This interrelated
arrangement not only gives students abetter under-
standing of the currentstatus of their, science but also
provides members of the facultyi .mand their -graduate
assistants with the intellectual 'stimulus that strength-
ens and enlivens teaching. I

ENROLLMENT, DEGREES, AND JOBS
f

THE ,1960'5

The 1960's were a period Oft expansion for higher
, education, including academiciscience,in-the UnitediStates. Undergraduate enrollment increased by an

average 7 percent a year, which meant that colleges
and universities everywhere :needed more teachers,
administrators, buildings, an'd facilities. During this
period, the federal government substantially increased
its .funding for scientific investigations sponsored by
federal agencies and for graduate fellowships and
traineeships4 particularly in the physlcal and biomedi-
cal sciences. -

The natural consequence of 'these trends w.as., a
substantial increase in the number of graduate stu-
dents and in the number of persons, gaining Ph.D. or
Sc.D. -degrees. Between, 1965 and 1971, the awarding
of doctorates in all fields.inCreased at an annual rate of
11.7 percent; the 'number of those with doctorates in.

science or engineering rose at a rate of 10.3 percent.'
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By 1971, the nation's universities were awarding more
than /30,000 doCtorates annually, .b.oth scientific and
nonscientific, and many of those earning doctorates
were able to secure academic jobs.

THE 1970's -/-

Howeler, the early -1970's marked the beginning of a
difficult period of readjustment for higher eduCation,

/ particularly in the natural sciences. Large annual
increases in earlier years of funds for scientific
research by academic investigpors were replaced by
more modest 'increments or by actual declines mea-
sured in dollars of constant purchasing power. The
number of doctorates awarded annually in the Physi-
cal sciences; engineering, and thelifesthences began to
fall; as did graduate enrollmehts in the physical
sciences, mathematics, and engineering. After reach-
ing -a: peak- of 33,755 in 1973, awards of doctoral THE PRESENT AND THE FUTURE
degrees in all fields, both scientific and nonscientific,

Academic Science and Graduate Education

TABLE 9 ., Employment Plans of New
Ddctorate Recipients (in percentages)

27r

Fields of Employment

Engineering
Mathematics..
and Physical
Sciences- Nonsciences .

1969" 1977 1969" 1977

Postdoctoral study 20 28 2 4

Academic 31 25 80 70

Industry:government,
and nonprofit 42 38 7 15

Other and unknown 6 9 II 11

ToTALs 100 100 100 100

" From unpublished NRC tables.

SOURCE: National Researck Council. Summary Report. 1977. Dort iiiii te Recipients
fr U.S. Universities. Washington.

started to, decline. As shown in Table 8, by 1977.,
doctoral production in the sciences And engineerihg
had dropped frorri the,11971 figure of 14,311 to 11,777.

IUndergraduate enrollments; 'however, continued to
increase durirm, the decade, but at an average rate of
only 4 percent. :

General financial pressures within the universities to
maintain their expanded establishments, combined
with a slower rate, of growth in undergraduate
enrollment, also reduced-opportunities for those seek-
Ing academic employment. Between 1969 and-1977 the'
proportion of new doctorate recipients in engineering,
matheniatics, and the physical sciences who secured
academic p6sitions dropped from 31 to25 percent (see
Table 9)..

TABLE 8 Doctorates Awarded in the
United. States

CAS

Year'

Totals
Sciences and
Engineering"

Number index Numbet ' Index

9.732 ;100 4,674" 100

1965 16.340 18 8.307" 178

1970 29.500, 303 13.637 292

1971 31.872 327 14.311
4307

1972 33.044 , 340. 13.984 299

1973 33,755 347 13.674 293

1974 33.046 340 12.950 277

19/5 32,948 339 12.763 273

1976 32.936 338 12.212 261

1977 31.672, 325
...

11%777 252

" Engineering. mathematics. physical sciences and life science,.
"From.unpUblished 'tat. tables.

SOURCES' National Research Council. Summary Reports, 1977, Doctorate Recipients
from U.S. Universities, Washington. c

-

Overall undergraduate enrollment in the nation's
colleges and universities is expected to begin a decline

. within the next two or three years. The reason is that
the number of births in the United States has been
decliningsince the end of the baby boom in 1964:- s a
result, we can expect a decline in the number of hi k
school graduates 'seeking to enroll in universities \
during the early 11580's, returning to a situation that
existed in the late 1950's.

This decline, however, will be more graduiil than
might be predicted on demographic grounds. There
has been a significant increase in the number of

Vulliwterticularly women and minority-group
membersattending College. More than half of all
college students in 1977 were older than 21,2 which
was &ice the age at which the great majority of
students received a first degree. Many of these older
students; however, are found at community colleges
and vocational institutions rather than at liberal arts
colleges or universities.

A decline in the number of undergraduates, whatev-
er ifs Size, will probably not have a corresponding'
effect on the number of graduaie students. Graduate
enrollment both the sciences and other fields is
expected to continue to rise as more and more college
graduates seek, advanced degrees to bolster their
chances on 'the job market. Many of these will be,

'students who enter doctoral programs, only to drop
out before' they obtain their degree. Fugthermore,
foreign students comprise a substantial percentage of
those enrolled in .S. graduate schools, and that
percentage is ex ted to continue growing for the
next several years.3
,Data for l977-78 on first-year enrollments of

gradtiate students suggest that' earlier trends in
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vidual disciplines may now be changing. First-year
enrollments of graduate students in" the physical
sciences and engineering -,re up slightly. while first-
year enrollments in the life sciences are slightly down.

Despite increased numbers of graduate students,
total doctoral productiondown by 25 percent in the
physical sciences and engineering between 1971 and
19774seems likely to continue to decrease.

A smaller percentage of the new doctorate holders
will obtain academic jobs than at any time in the
recent past, partly because the number of undergrad-
uates will decline and partly because the retirement
rate of professors will be low. As of 1976, over half of
those on college and university faculties had been
hired during the preceding 15 years. Unless there is a
marked movement among current faculty members to
early retirementan event that seems unlikely in- a
period of inflation and the recently legislated niini-
mum mandatory retirement age of 70the result will
be relatively few openings for new faculty members
until the 1990's.

Furthermore, as indicated earlier, a substantially
larger proportion of individuals with recent doctorates
in the sciences are seeking and obtaining jobs outside
the intklirersities than was true 10 years ago. This
indicates that` younger scientists are adjusting to the
realities of the job market and the situation of the
universities. Their ability to make this adjustment,
however, is complicated by differences in demand. The
demand for solid-state 'physicists, for example, has
remained muchi higher than the demand for nuclear
phyiicisti The demand for analytical chemists has
stayed at a high level, even though the market for
chemists generally has been relatively unfavorable.
Predicting differences in future job markets is difficult,
and it synuld seem to be increasingly desirable to
search for modes of araduate and postdoctoral educa-
tion that enable stet, uts in the sciences to adapt more
easily to changes in demand.

MAINTAINING FALuLTY BALANCE.

The prospect of a ,neriod during which few younger
scientists receiv academic appointments brings with it

_the possibility bf some impairment of the capacity of
the universities to carry out basic research and sustain .

the vitality of their faculties. Younger faculty, as a
group, bring to their work a high degree of enthusi-
asm, singleness of purpose; and freedom trom admin,
istrative duties. As recent graciates, they also benefit.'
from the currency of their knowledge and perspec-
tives.

The existence of ,organized researchnits of the
kind 'described in a _§.ubsequent section will enable
universities to absorb some-scientists and engineers

without teaching responsibilities. The possibility that
universities also will be engaged more cAtensively in
applied research may 1.rovide additional employment
opportunities for yot.nor scientists 'and engineers.
However, these positions ire generally divorced from
the central educational role of the universities.

Although the general outlook for faculty positions
over the next five years is predictable, it will be
important during this re7iod to monitor and analyze
such factors as the number of academic jobs available
for younger faculty, t: :nds in academic and nonaca-
demic salaries, shifts of faculty out of academic life
into other positions, retirement rates (including early
retirement), and changes in tenure ratios, rules, and
customs. Such studies should be helpful in assessing
the nee.' for remedial measures necessary to assure
competent and balanced science faculties.

SUPPORT OF GRADUATE STUDENTS

During the past few years there has been a substantial
shift in the sources of financial support for graduate
students (see Table 10). For many years, most of the
federal funds used to provide fellowships and trainee-
ships for graduate students came from the G.I. bill. In
the peak year of 1975, $370 million was provided for
graduate students under this legislation,5 but this
funding will fall to an estimated $207 million in 1979.
Although subst .. lesser in amount. the National
Institutes of E .alth (NIH) training prc,:ztram in the
biomedical sciences ($130 Million ,in 1977)15 and the
National Science Foundation (NsF) graduate fellow-
ship program ($11 million in 1978) have been especial-
ly helpful in providing assistance to graduate students
in the sciences. However, these programs have de-
clined in some arf as or remained at the same level.
The proportion of graduate students whose major
source of support was the federal government has
declined, from 40 percent in 1968 to 23 percent in
1977. Most of the difference has been. made up by'?`
students themselves (by working, by the earnings of

TABLE 10 Sources of Support for Full-Time
Graduate Students in Sciences and Engineering
in Doctorate-Granting Institutions (in percOitages.)

Sources of Major Support 1968 1971 1977

Ft derti 40 31 23

Institutional 32 37 37

Self 20 2' 32

Other 8 10 8

cot to is National Science hg,,ndation lin/11mill. Sindeni .Support and %bummer
itne.nr, et in Grodwitehibu . Fall In70. p. 73 and Full 147: p. 46; and Grudini6.

S, irnt e. f.ghn ,,,oho.ribn It Ful11677. p. 77. Washington.
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spouses, and by borrowing from private lenders) and
by the universities, which have increased their funding
for fellowships. One effect of this changed pattern has
been, to divert larger amounts of university funds to
the support of graduate students, with a resulting
reduction in the university funds available for other
university functions.

WOMEN AND MINORITIES

The proportion of female graduate students in the
universities increased from 38 percent in 1969 to 47

/percent in 1978.6 This proportion will probably
increase very slowly over the decade ahead. The
majority of women at the graduate level are still found
in education, the humanities, and the social sciences.

Both the number of women receiving a doctorate in
science or engineering and the proportion of all
doctoral recipients in science or engineering who are
women: increased significantly between 1968 and 1977.
The number of women receiving doctorates in science
and engineering rose from 1,306 to 3,292; the propor-
tion rose from 9.o percent to 18.0 percent (see Table
11). These numbers and proportions, however, are
both heavily weighted by the relatively large numbers
of women in the life sciences, biology and medicine,
and in the social sciences.

The number and proportion of women on university
faculties will probably remain relatively small over the
next decade, even with expected increases. As noted in
the previous section of this chapter, there will be

'relatively few academic positions available during the
1980's, except in collegiate institutions not offering
graduate degrees in the phys..,.1 and life sciences and
engineering.

iProgress in enlarging the representation of nonor-
iental minorities in science has been sloyv and irregu-
lar. In 1977, for example, the proportion of doctorates

TABLE II Women Securing Doctorates in
Sciences and Engineering

1968 _1977

Percent of Perce of
Doinorates Doc tes

Field Number Awarded Number Awarded

Physical sciences 232 5.0 431 9.9

Life sciences 510 13.8 957 20.1

Social sciences 552 15.8, ,L830 28.1

Engineering 12 0.4 74 2.8

10151 1 AA 8.9 3.292 18.0

r Nr.lhonal rscart.h CIMmtJ SuriIn H1170,1
Jr.. 1.: 1_,To eristies p X Vr"hington

P.,77 lhn frim,ift
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granted to minority groups was quite small compared
with that of whites, as shown-in Table 12.

The low representation of blacks and other
ties among recipients of doctorates can be sign
increased only as efforts to erase the et
genecations of discrimination become effective.
will take time. Meanwhile, efforts must continue to
strengthen the educational background of minority

/ students who need help in order to deal successfully
with/graduate studies.

FUNDING OF ACADEMIC SCIENCE

Funds separately budgeted for the support of academ-
ic R&D (that is, funds designated specifically for
research) come from a variety of sources: the general
funds of universities, the federal government, state
government, private foundations, industry, and indi-
vidual donors. Virtually all the federal government's
support comes to the universities as grant and contract
funds and, in 1977, constituted two-thirds of the
separately budgeted funding. The universities them-
selves, the next most important source of funds for
f -parately budgeted research, provided 22 percent.
Private foundations and industry provided 8 percent
and 3 percent, respectively.'

University contributions from 'general fonds,that are
not separately budgeted are less clearly c:entifiable but
they are large. Universities provide laeulty and sup-
port staff salaries arts' Oenefi*.L, a:: well as the general
facilities and envir- -ain' make universities a
particularly prod' . ,.. for basic science.

In the case of ; universities, these general.
funds are derives Arnarily from funds that the
universities receive i. om state governments. In the
case of private ,univi2rsities, the funds are taken
primarily from tuition revenues, endowment income,
and private gifts The data presented in this section
reflect- only ..:parately budgeted funds and therefore
undcrstare the actual level of tmiversity financial
support /C_ academ: science.

LEVELS -OF SUPPORT

Total support for academic R&D (that is, basic
resnarch, applied research, and development) has risen
steadily since World War If in ::e91 terms except for
the period 1968-74when there was no increase in
constant dollars, and ..!te federal contribution actually
declined by 8 perce,ti, causing universities to ,increase'
their contribution in compensation. During the period
lf.'74 79 there has-, been a 17 pereent increase in
support; which is helping to offset fie adverse effects
resulting from the years of level funding (see Table
13).
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TABLE 12 Doctorate Recipient by Racial/Ethnic Grotip and Fields
of Science (fiscal year 1977)

All Fields
Physical
Sciences Engineering

Life
Sciences

Racial-Ethnic
No. No. % No. ' No. %Group

American Indian 215 1 16 f, 12 I 37 I

Asian 907 3 223 6 248 14 182 4

Black 1.186 4 44 1 I 68 2

Hispanic 471 i 56 2-
.15

22
,

I 35 I

White 23.411 86 3.051 85 1.412 79 3.506 88

Other and unknown 1.181 4 210 6 84 5 1N4 4

TOTAL" 27.371 3.600 1.793 3.986

citizens and non-U.S. with permanent visas.
'Less than 0.5 percent.
vE Am( r National Research Council. Summary Reprel. /977. !h "mnur Re,ipienr, f
Washington

TI. funds over the last 'decade have had to be
shared among a growing group of claimants. The
number of scientists and engineers with doctorates
employed by colleges and universities engaged primar-
ily in research and development increased by 50
percent (from 33,600 to 5C,400) fr.,.tm 1961 to 1969 as
undergraduate enrollment and federal fuetds for re-
search and development rose.8 This group has now
matured, and, as principal investigators, :nany now
seek support. The combined effect cf a slow increase in
available funds and a rapid increase in claimants has
been a gencral decline in the fraction' of proposals
funded by federal agencies. For -example, in 1967, 82
percent of the proposals found worthy of support by
the ,NIIH were funded. By 1977, this percentage tad
fallen to 48.8

Funding for Boric Research

Basic research comprises about 68 percent of all
research conduced in universities. In constant dollars,

U..S UnirrraticA. p. 16.

total support forbasic academic research declined by 8
percent between 1968 and 1976, and federal support
for basic academic science fell by 10 percent in
constant dollars over that period.lo To offset the cut in
federal funds, universities increased their support ,of
separately budgeted research from $334` million to
$360 million in constant 1972 dollars, or 8 percent,
over the 1968-76 period.11'This increase in expendil-
tures strained the resources of many of the universi-
ties.

Virt .ally level' expelditures for all academic sci-
ence, ,:ombined with the increased number of eligible
investigators, had significant effects over this 1968-76
period, in addle mt to a reduction in the fraction of
proposals accepted. As federal agencies sought to
stretch their -funds, budgets proposed by academic
scientists were often cut, and a smaller proportion of
Proposals, as noted above, were funded for shorter
time periods. Increasingly stringent eronomies became
necessary in t such things as shop and technical
services, equipment purcnases, graphics, and travel.

TABLE 13' Recent Trends in Expenditures for Academic Research
and Development (constant dollars. in 1972 dollars)

All Sources

Current
Year Dollars

Percent
Increase Constant
Over 1974 Dollars

Federal Go-Jecnment

Percent
Increase Current
Over 1974 Dollars

Percent
Increase
Over 1974 Dollars

Percent
.Constant Increase

Over 1974

1974 3,023 2,606 2,032 1,751

1975 3,409 13 2.681 3 2.288 12 1,799 3

1976 3,730 23 2,789 7 2,501 ' 23. 1.870 7

1977 4,064 34 2,870 10 2.717 34 1,919 10

1978 52 3,018 :6 3,075 51 2,024 16

1979 4.965 64 3.055 17 3,315 63 '2,040 17

SOURCE: National ,Science Foundation. National Pattern., of R&D Resources: Funds and Personnel in the United States.

1053-1078179. pp. 29, 37. Washington.
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Meanwhile, the rising competition for funds forced

many researchers to devote much of their time to
preparing lengthier and more detailed applications for
research grants and contracts.

In recognition of the need, the federal government
has recently raised its level of support. Between 1974
and 1977, federal funds for basic scientific research
were increased 10 percent, in constant dollars. Accep-
tance by Congress of the President's proposed funding
for basic scientific research in the universities during
fiscal year 1980 would result in a 15 percent total
increase, in cor,tant dollars, between 1976 and 1980.

EFFECT OF CHANGES IN NATIONAL. PRIORITIES

Changes in national priorities lead to changes in the
research budgets of federal agencies. Between 1968

and 1978, for example, the portion of federal research
funds accounted for by the Department of Health,
Education, and Welfare (primarily NIH), NSF, and
other agencies rose from 50 percent to 64 percent,
while the portion accounted for by the Department of
Defense, the Department of Energy, and the National

Aeronautics and Space Administration (NASA)

dropped frolm 50 percent to,33 percent.16
Such shifts affect both the universities and the

agencies. Some individual researchers must change the
direction of their research or seek new sponsors;
opportunities for graduate students decline in some
fields and rise in others; new research groups' and
research structures (such as centers and institutes) are
formed, while older ones may be disbanded. Mission:.

oriented agencies seeking solutions for real and press-
ing problems tend to emphasize applied research and
development at the expense of their support of basic
research. NSF, which has sole responsibility among
federal_ agencies for assuring adequate balance and
general support of basic science, is foced with many
demands as a result. of decisions of other agencies. If
these shifts continue, as is likely, it is possible that the
corning years will see an increase in the proportion of
university-based applied science and specialized insti-

tutes and nonteaching research centers:

CAPITAL EXPENDITURES

When Funds are relatively plentiful (as they were in

the 19 ';',/s), capital investments tend to. rise. When
funds are relatively scarce (as they have been in the
1970's), the tendency is to pay operating costs first and
use what may be left over for capital investment. This
is what accounts for the reduced federal investment in
capital facilities for basic scientific research. Academic

research in the natural -sciences requires capital
investment in buildings and large research installa-
tions. Laboratory equipment and special instrumenta-
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Lion are also capital costs, but their useful life is
typically shorter than that of buildings.

Federal obligations for academic research facilities

dropped from $212 million in 1966 to $28 million in
1975, in constant 1972 dollars.12 Federal funds avail-

able to the universities for purchasing laboratory
equipment also declined, although not as-greatly. The.
proportion of funds allocated to NIH for laboratory
equipment, for example, declined from 11.7 percent in

1966 to 5.7 percent in 1974.13
The federal government's decision to reduce alloca-

tions for capital in-,estment and equipment was a
rational response to budgetary problems. However,
the period of low invesuent ivas so protracted that

many 'research installations have become, or are
becoming, obsolescent. Some experiments simply can-
not be performed in existing facilities with an earlier
generation of equipment. In short, the academic
research system is consuming its capital, and the grace
period during, which the system could operate
effectively on earlier capital investments is running
out.

The need to lift the level of investment in research
facilities and equipment has been recognized by the
Administration and by Congress. Special funds$93
million in 1978, $88 million in 1.979, were provided,
and $101 million is proposed by NSF for new gpital
investment and-equipment in its 1980 appropriation
request. Several years of funding at this general level
will be required to refurbish the facilities and instru-
ments necessary in modern academic science.

SUPPORT STRUCTURES

Effective research in scientific laboratories also re-
quires an array of support servicesshops, libraries,
equipment, technicians. Some of the most urgent
problems of the universities over the ,iext five years

will arise in funding these services.

PROACT FUNNING

Although federal agencies support some broad areas
of investigation through large grants or contracts that
finance the work of many individuals and groups, the

dominant mode is support of individual projectsthat
is, support foi a defined research task spelled, out in a

proposal made by an investigator to a federal agency.
This method of operation has many fundamental

strengths:

Recognition and encouragement of initiative on
the part of individual investigators.

Provision of an efficient mechanism for matching
the legitimate needs of mission-oriented agencies for
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research in given areas with the legitimate desire of
scientists to work on problems that interest them.

Large-scale participation by good scientists in the
decision process and assurance of quality through peer
review of individual projects, while retaining for
responsible goVernment officials large-scale program
decisions.

Establishment of r means for shifting agency
program ,emphasis ut substantial disruption of
specific research projects.

Avoidance of the necessity, in distributing federal
research funds, to judge,the relative merits of universi-
ties.

Disclosure to the Congress and the public of the
content of research financed from public funds.

WEAKNESSES OF THE PROJECT SYSTEM

Yet the project system as currently administered is not
without flaws. One problem, noted earlier, is a
decreasing length of average periods of support for
projects. The system is one that has been characterized
as financing 10-year ideas with 3-year grants and 1-
year appropriations. There is no short-term solution tc
this problem. If average periods of support- are
lengthened while total funds remain constant, fewer
new starts in each year are possible or the average size
of grants has to be cut. Woi-thwhile lines of investiga-
tion may be unfunded; cutting back the size of grants
often impairs progress. Thus, the decisions of program
managers are invariably compromises.

Federal agencies must obtain enough information
about proposed research projects to enable them, or
peer-review groups, to judge whether the 3v,ork merits
support. As funds have become tighter, applicants
have taken. to writing more detailed and documented
proposals in the hope of gaining a competitive edge;
and some agencies have encouraged, or even required,
needlessly detailed applications. As periods of support
and the average grant become smaller, the, burden of
more-frequent application writing rises.' Many princi-
pal investigators now spend substantial portions of
their time writing proposalsa fraction that could
and should be substantialI7 reduced without decreas
ing-the rigor of the review 'process, NSF recently placed
a I5-page limit on grant applications in order to
reduce this burden on both reviewers and investiga -'
tors.

Under the project system, expenditures under a
given grant must be limited to activities specified
under that grant, transfer of grant funds from one
category of expenditures to another is limited, and
funds must be spent within a specified period. These
rWes, which are intended to ensure.pradent expendi-
ture, often preyent research institutions from adjusting

to unforeseen prob
ments or insights.

Finally, there is the ubi Ltous question of in rect
costs. When federally finance ertaken
in academic institutions, two kinds of costs are
generated. The first are direct costs, such as salaries
and supplies recwired solely for the conduct of a
specific project. The second are other costs arising
from the vse of common services provided for a
number of projects. These include the provision of
heat and light, library services, and use of accounting,
contract, and administrative offices. University admin-
istrators generally hold that the federal government
should pay the full direct and indirect costs of the
research that it supports. They also argue that highly
detailed accounting on such matters as the division of
effort of investigators between research, teaching, and
other functions is impracticable and unnecessary. At
the same time, government auditors and contract
administrators point to abuses that have occurred and
argue for stricter accountability of investigators' ,time.

The debate over indirect costs has gone on for-More
than, 20 years, .but it intensified during the recent
period of relatively scarce federal funds. Much more
than an agreement over the technicalities of account-
ing is involved. Indirect costs have increased, in large
part as a result of the increasing complexity of the
project system and of the costs of complying with
federal regulations and accounting procedures. Satis-
factory resolution of the issue requires a consensus on
the respective responsibilities and rights of the spon-
soring agencies and universities and on what is

properly allowable as indirect costs.

ew develop-

ACCOUNTABILITY, MANAGEMENT, AND

REGULATION

Public concerns affecting both federal spending gener-
ally and research and development expenditures spe-
cifically are leading to closer supervision and manage-
ment of academic science. The sheer size of the federal
investment in basic and applied academic science
about $3 billion per yeardirects that responsible
attention be given to oversight of expenditUres and the
management. of research activities.

Efforts to use federal funds more efficiently have the
implicit support of both government and the academic
community, but perspectives differ as to ho w and
where these efforts should be directed.

Pressures for fiscal accountability will not decrease
and may well increase. Grant and contract. administra-
tion, therefore, is not likely to become less complex
unless the special problems of the universities can be
better recognized within government procurement
procedures aimed at prese7ing public accountability.

.
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Distinct from the rel:tively small individual research
grant or contract are the large research efforts carried
out within the universities. These large projects, which
often use big machines and the entire personnel of
research institutes to attack broadly defined tasks,
involve management techniques and resources quite
different from those of the individual investigator.
Improvements should be attainable in both areas
through the joint efforts of university and agency
administrators.

Finally, there is the area of social goals. In recent
years, national efforts to erase racialdiscrimination
have been joined by, equally concerted efforts to
eliminate discrimination on grounds of sex or age.
Greater national attention is being paid to meeting the
special needs of the physically and mentally handi-
capped, and to protecting the rights of those who serve
as human subjects for research. Other goals include
more 'astute regulation of pension plans and more
adequate provision of health services in every commu-
nity.

So far as the universities are concerned, the prob-
lems and cbs;:s of meeting these obligations and
complying with federal and state laws and regulations
are similar to those faced by other institutions.
Howeyer, some regulations, such as those relating to
laboratory safety and p?otection of human and animal
research subjects, relate to problems that differ sig-
nificantly between universities and other institutions
and directly affect the cost and quality of scientific,
research.

Both the universities and federal agencies face
complex obstacles in establishing reasonable regula-
tiOns and administrative processes. Recent legislation
directed toward social goals has demanded more in
the way of new skills, attitudes, and resources, and
more understanding by both parties, than could be
generated in a short time. The consequence, too often,
has been an . adversarial relationship. Moreover, a
number of existing regulations and their administra-
tion generate costsin consumption of time and
moneythat are higher than- necessary for both the
federal agencies and the universities.

There needs to be a better forum in which the
philosophical differences between the universities and
the .federal government can be considered, free from
the atmosphere of adversarial negotiations and tight
deadlines that have increasingly characterized discus-
sion of these differences: A basic difficulty is that
government fitiding of academic research is generally
short term, while many of the university commitments
are long term. Moe general is the question of whether
the government is merely a purchaser of university
services rather than a partner in a joint venture in
research, sharing responsibility for the institutional
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health of the universities. If these problem3 and if
differences are to be resolved, ihe next five years
should see a major national effort on the part of both
parties to achieve the purposes of each.

OTHER ISSUES

STRUCTURAL ADAPTATION

During the past three decades the growth in the size
and complexity of scientific endeavor has required
some modifications in the structure of academic
science. Today, effective research often requires close
collaboration among investigators from different disci-
plines, highly specialized equipment, and administra -.
tive arrangements that do not fall easily into the
patterns or traditional university administration. As a
result, the last 30 years have seen the rise of special
research unitsinstitutes, centers, laboratories, and
otherSwithin the universities.

These special units often function in a semi-autono-,
mous way, with their own hierarchical structure,
goals, and administrative arrangements. Each of the
major research universities has a set of these special
research units, operatihg yithiri the university frame-_

work but with somewhat looser ties to the parent
organization than the individual scientific depart-
ments, and differing in structure from one university
to another. This adaptation to new directions in
scientific exploration will continue into the indefinite
future.

UNIVERSITIES AND INDUSTRY

Prior to World War II, industry provided the major
portion of funding for academic science from external
sources. After the war, however, industry's place as
the chief outside supporter of academic science was
assumed by the federal government. As of 1977,
industry support for academic science amounted to
$139 million in current dollars, about 3 percent of the
total support from all sources.'4 This sum; provided
for both general scientific research as well as work on
specific projects of special interest to the industrial
firms supporting them, does not take into account the
large amount of work done' by academic scientists
working as occasional consultants within industry to
help solve specific problems. Most of this consulting
work in recent years has been done by members of
chemistry, physics, and engineering departments.

It is deaf that the nation would benefit from a
closer and more extensive relationship between the
universities and the industrial world. Basic scientific
research often serves as a foundation for later techno-
logical advances that can be utilized by industry;
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industrial problems, in turn, often plYer fertile ground istrators of federal agencies, university scientists, and
for innovative scientific exploration. The need for a corporate officials have all begun to realize the
closer relationship between the universities and indus- necessity-for it and its potential benefits.

try is now becoming more widely recognized. Admin-

OUTLOOK
2

The following outlook 4ection on academic scieace and graduate
education is based on information extracted &um the chapter and
covers trends anticipated in the near future, approximately five years.

The major universities of the United States play a vital role in the
pro-gress of American science. In addition to educating young scien-
tists, they are responsible for more than half of the nation's basic
scientific research. Having had the benefit of strong national atten-
tion and a large commitment of federal funds, academic science
during the past three decades has developed a momentum that will
allow it to continue to make major contributions to the world's store
of knOwledge during the next five years and beyond. This period,
however, will also be a time of. adjustment for universities and aca-
demic science as they attempt to deaL with such new circumstances

,.as more stringent financial conditions, declining undergraduate enroll-
ments, a sharp reduction in the number of new faculty positions,,
and the need to meet new regulatory and other administrative re-
quiremems. Adjusting to these new demands will require time and
effort on the part of all those concerned with the vitalqy of academ-
ic science.

SCIENTIFIC RESEARCH AND The close tie between scientific research and graduate -education, in
GRADUATE EDUCATION the sciences can be expected to continue over the next five years.

While most academic scientists will continue° to perform their dual
roles, teaching graduate and undergraduate students while supervising
or conducting research, the number of specialized research institutes

.and centers may well increase. '
ENROLLMENT

DOCTORAL DEGREES

Total undergraduate e-etifollment in American colleges and `universities
enter a period of decline during the next five years, chiefly

because of the :-)irthrite decline. Graduate school .enrollment, how-
ever, will continue to grow, in both scientific and nonscientific fields.
More college graduates will pursue master's degrees and doctorates
in order to bolster their ability to find professional positions. In
addition, the sizeable number of foreign students in graduate schools
is expected to continue to rise.

Somewhat paradoxically, the total number of doctorates to be award-
ed over the next five years will gradually decline, despite an increase
in the number of those in graduate schools. As in tile past, a
supstantial percentage of those seeking doctoral deg:zes will relin-
quish that goal. Furthermore, declining undergraduate enrollments
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will mean a reduction in the need for new faculty members with
doctoral degreei." A substantial part of the decline in doctorates will

be accounted for by a reduced number of doctoral awards in phys-
ics, chemistry, mathematics, and engineering.

The relative unavailability of university faculty' openings will cause a
greater number of persons with doctoral degrees or other advanced
educate:: M_ the sciences to seek positions in industry, government,
and nonprofit research organizations during the next five years. The
small number of academic positions available during the next several

years may also require special measures to assure the retention of
the best young academics in science.

WOMEN AND MINORITIES The large increase in Zhe relative number of female graduate students
and in the number of female holders of doctoral degrees that oc-
curred in recent years will C lw somewhat in the next five years.
There will be slow but contirit.,a growth in the numbers of women
in the sciences and engineenag The declining need for faculty =mem-
bers will also limit the job prospects of women with recent doctoral ,1

degrees. The outlook for minority students, particularly blacks and
those of Latin American ancestry, is for continued slow improvement
in the number of doctoral recipients over the next five years. Contin-

ued efforts to overcome the effects of disadvantaged background will

be required.

FUNDING OF ACADEMIC
SCIENCE

Funds for academic science come from a number of sourcesthe
federal government, the universities themselves, private philanthropic
foun4ations, and industry. The states, through their contributions to
public universities, can also be considered a direct source of funding.
Although federal funding for academic science has increased modest-
ly in recent years, and may continue to do so, the universities will
be under increasing _pressure to increase their share of the funding,
now more than 20 percent. The decline in federal support during the
period 1968-74, combined with inflation and the rising number of
scientific investigators within the universities, assures that the years
immediately- ahead will nonetheless be a time of emphasis on frugali- .
ty within academic science. Universities and government will have to
find ways to cope with the problems of aging buildings, obsolescent
equipment, and rising support costs.

PROJECT FUNDING During the next five years, most of the funds for academic research
will continue to be distributed in .the form of individual and
contracts. Although this system has a number of strengths, attention
should be given in the years immediately' ahead to relieving the
procedural rigidity that is now its chief weakness.

Continued attempts will also' be made tp resolve the differences

between the universities and the federal government over the appor-
tionment of indirect costs and over accounting Procedures.

a

ACCOUNTABILITY, Growing federal regblation in such areas as health, safety, financial

MANAGEMENT, AND security, and equal opportunity will also continue to affect the uni-

REGULATION versities. In the recent past, the rapid proliferation of regulation has
created strains between the federal government and academic sci-

' ences. During the next five years the efforts of both parties should
be directed toward achieving the goals of regulation in a positive
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manner -that enhances understanding and reduces'total costs as well

as the time diverted frgm scientific research.

OTHER ISSUES The relationship between academic science and industry should be-

come a closer one in the years immediately ahead.

C.

CP
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Institutions for International Cooperation

N4,

INTRODUCTION

The vigor and developmefit of science and tec ology
are intimately related to the interaction of id and
activities of its many participants. This process takes
place in several ways: personal contact, publications,
symposia and workshops, .coordinated but indepen-
dent research, and closely coupled collaboratiVe
search. The process may be highly informal and
unstructured, or it may be carried on withiti formal
national or international institutions.

Here we emphasize formal international institu-
tions. It is important to also recognize, however, the
network of scientists and technologists that has
operated effectively as an "invisible" international

.,. institution for more than a century.
Immediately. after World 'War II, emphasis was

placed on institutional arrangements that would help
to rebuild the scientific infrastrficture in Western
Europe and Jap. 1. Now, however, international insti-
tutions facilitate. the traditional role of the scientific
and technological enterprise in, developing,. under-
standing and extending knowledge, and also in .re-
sponding,to global societal problems ;that have gained
prominence since World War Since issues such as
environments: quality, energy, population, health,
food, water, urban settlements, poverty, and peace

have global aspects, international institutions are
important in coping with them. Clearly, we are.still in
an experimental phase of adapting existing institutions
or fashioning new ones to address such problems, but
their urgency requires a rare combination of imagina-
tion, wisdom, and discriminatiOn" in deploying the
intellectual resources of increasingly interdependent
nations:

This chapter- attempts to put into perspective the
rationale for international science at both the academ-
ic and intergovernmental levels and to do so in-terms
of the short -range prospects for international institu-
tions of science and technology. Rather than attempt-
ing a catalog, we have concentrated on a selected few
institutions of science and 'even fewer-of those dealing
with technology, and to draw attention to those that
operate largely outside Ihe established and well-stud-
ied framework of intergovernmental bodies. We have
also tried to concentrate on institutions whose prime
interest is in the fields- of science, agriculture,:ind
medicine, and have given comparatively little atten-
tion to institutions whose contribution to internai,:onal
cooperation is secondary ,to.other missions. There are
hundreds .of ways in which scientists, engineers,
physicians, agronomists, and social scientists share
knowledge and cooperate with each other to `discover
new Irnoiviedge. Indeed, the diversity and richness of
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thi!: interchange makes it virtually impossible to
estimate the total scope of scientific cooperation taking
place in the world at any given time.

This chapter, then, will briefly discuss inter.iational
institutions concerned with science, engineering, agri-
culture, and medicine whose future seems to us to be
Particularly important in the near term. It will also try
to show how they have evolved andothe basis of their
importance in' today's world. The buildingcare, and
maintenance of international, institutions. is a difficult
and still evclving art. Our analysis has led us to the
conclusion that much more needs t? be done to make
international institutions truly effective./We have -
to explain why this is so and to offer some glimpses of
future possibilities.

THE RATIONALE FOR INTERNATIONAL
COOPERATION

International aooperation in science' is essential today,
as it has been in the past. It contributes both to the
vigor of S. science and to the health and well-being
of our plahet and its inhabitants. Through cooperation
we can help to meet our global responsibilities, 'aid we

can address lines that transcend the concernr of any
one nation.

In order to be shared, knowledge needs to be
transmitted in some common language. Early observ-
.ers of natural phenomenarecognized that for others to
see' what they had seen required that they be ,able to
describe their observations in words and numbers that
meant the same thing to everyone. Thus one pf the
first, and even today one of the most important,
aspects of international science is the development of
common standards, units of measurement, and 'nor
menclature, most of which is done by the scientific and
professional societies and their international analogs.

Science is an international enterprise andiommuni-
.cation is central to its existence. Today
dreds of scientists move across national, boundaries to \
conduct research in the laboratories of colleagues who
are working on like problems.

Some idea of the dimension of the person-to-person
contact is suggested by a 1978 survey' of a sample of
203 U.S. doctorate-granting institutions and medical`
schools that showed that three-fourths of these lnstitu- "

tions had some faculty who collaborated on. research
with their foreign colleaguesprincipally in Western
Europe, Latin Afnerica and the Caribbean, the. Near
and Middle East, and Japan. Moreover, during 1977-

7,8' nearly 3,800 faculty members from doctorate-
(granting institu,tions participated in cooperative scien-
tific and technical activity with developing. countries.2

By contrast with basic research, institutionally

directed and supported applied research, the totality
. of which alsoi'is difficult to measure, may, well involve
even more people and require more funds because of
'the scale of the projects. Institutionalized cdoperation
in technology is infinitely more complicated than it is
in science. Technology embraces so many topics and
has so many ancillary,attributes, many of which are
related to commercial profit-making and national
security, that a meaningful examination of these
institutions, is not possible within the scope of this
chapter: We would note here, however, that there are
a number of areas in Which the engineering and
technical commpnity of the United States has pio-
neered in cOoPerative ventures, space exploration
being probably the most drarnatic. Equally important,
of course, are the intergovernmental relationships that
regulate the movement of one/aft and ships and the
agreements,that permit our current level of telecom-
munications. Other vital technological cooperative
venturesnclude the setting of indusaial and commer-
cial standards, agreements with respect to patents and
their licensing, and, the relatively free exchange' of
engineering 'information Upon which our collective
safety and progress depends. Primarily for simplicity,
we will pursue a discussion of the history of ,Cientific

cooperation as whiTE recognizing that
cooperation in engineering has had a parallel course:
The two systems of internad'onal cooperation comple-
ment each other ana are essential to the advancement_
and application of knowledge.

A scientific ,observati6n should 'be susceptible to
duplication (excluding Of course the observation of

. one-time' or one-plaCe phenomena). Thus if a scientific
paper is properly written, the experiment or/observa-
tion it describes.can be repieduced in the laboratory of
a distant colleague. This obviously provides for a
desirable redundancy that produces independent
verification or refutation of alleged advances of scien-
tific knowledge. In recent years this facet of 'global
science .has been deliberately' constrained by the
scientists themselves (with some encouragement from
legislators and budgqzmakers) when building the huge .
and 'very expensive achines of physics. Regular
meetings of the directors of high-energy physics
laboratories have enabled- joint* plannirg so that each
major new machine has the eapacitxio do something
the others' cannot do and unnecessary duplication is ,

avoided. Instead of building machines in many coun-
tries, the practice is to bring scientists from other
countries to the machine, at obvious savings of
resources''..

Another eleinent of therationale for international
science is the globally designed and executed experi-
ment utilizing many observers-throughout-the-world

28G

4,0



1'

.
who follow common and agreed-upon instructions.,
Reaching back to the earliest astronomers who shard
their observation's about the course of the stars, we
have come to such extraordinarily productive projects
as the International Geophysical Year 20 years, ago
'and today the Global Atmospheric R'search Program
(GARP) and the World Climate Program (wcp). In
these programs highly sophisticated research is being
planned by scientists with the -undeistanding that
major and minor powers of the world will contribute
according to their resources of manpoiver and facili-
ties,;but they will all receive the full results of these
efforts to understand the world's weather and climate-

The techniqUes of sharing our constantly expanding
reservoir of knowledge have not changed very much in
a long time except in scale. The basic ,medium for
exchange is still the journal article, but becapse it often
takes many months, Sometimes years,' to assure
publication and because the number and specialization
of journals has riioliferated, international scientific.
meetings and symposia have.becOme a complementary
medium it3r great? importance to scientists. Further,
informal information ac9uired about a colleague's

. research in progress frequently leads to personal and
group collaboratiOn, avoidance of unintentional
cation, and mOdipc-ation of research plans, falyiqUes,
or instrumentation. Condutted todaY--larg'ely')in En-
glish and draWing specialists from all over the world,
the scientific conference selves several purposes. Here
the common language of a discipline receives its
regular infusion of new terms; and the process of
agreeing upon names, values, and unit descriptiOns is
begun!, Also here; results and ideas are exchanged and
new research strategies are often planned and shar-
pened. The sign ficance of a recent experiment or
theory can be ex mined-by others similarly engaged,
and plans for co aboration of mutual benefit can be
worked out, whe her the task be that of mapping the
world's oceans or sharing the instrumentation of space
facilities.

n recent years the scientific conf has been
used as a model by the United Nations and its family
of agencies for t e organizatiorrof intergovernmental
debates on pop lation, the environment, food and':,
nutrition, resour es, -and _energy, albeit in a largely
political rather than scientific atmosphere. These
partially scientifi , partially political conferences con-
stittite public rec gnition of the need to apply science
and technology t .pressing public problems, most of
which require i ternational cooperation fo' . their
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SOME CHARACTERISTIC INTERNATIONAL, e.

INSTITUTIONS OF SCIENCE AND
TECHNOLOGY

A very rough approximation of the division of labor
`among the \\ international institutions of 'science and
technology is that the nongovernmental entities do
to support the adVances of science as an end, whild the
intergovernmental organizations tend to be devices to
'convey lechnology as a means. But it quickly becomes
apparent that mdst nongovernmental and intergovern-
mental organizations are attempting both. I .

The broad sweep of scientific work 1 of major
international agencies such as the World Health
Organization, the World Meteorological Organiza-
tion, the. International Atomic Energy Agency, the
Food and AgricUlture Organization (FAO) of the
United Nations, the U.N. Development Program, or

--the U.N. Environmental Program, to liSt the most.
prominent, is generally well known. Each of these
institutions has an \objective for the fuitherance of
which the United States contributes, in.funds, ideas,
people, and policy direction. We h"die chosen other
lesser-known models of international cooperation
where' the work of individual scientists and'scientific
organizations has been and can be, we .believe,
partidularly pioductive in the future.ln the discussion /

that follows, we will, however, allude to certain of the
Specific activities of some of the U.N. agencies as they ;

1 /are also illustrative of models to be pursued.. ,

- In the academiclwOrld the,oldest,..best-kneln, and
most effective of- the i international nongovernmental ,
organizations of scienceisthe InternatiorialCouncil of
Scientific Unions (icsp), a sort of umbrella organiza-
tion for many specialized scientific bodies.3 icsu is
composed of 18 autonomous scientific union's and
more than 60 national members, such as academies of
science, research councils, or like institutions. The
main's purpose of test;f is "to encourage international
scientific activity for the benefit of mankind." - c.

/In addition.to fostering the effortsof Vie,specialized
unions and their /omponent comMissionsServing the
broad range of the physical and life sciences; fcsu ;.
initiates and coordinates. multinational /research pro-
grams in such areas I as space, oceanographic, and .l
polar reseal:di, i and also serves a a vehicle to.
communicate scientific information iid develop stan.:
dards in methodology; nomenclature, and units.

Startinkwich the voluntary meinbersliip of individu-
al scientists in: their home country's professional

amelioration. Th scientific community has felt their societies; the institutionalization /of international sci-
impact in terms cll. the, redirection of research funding ence flows.: through national iommittees for each

--
4

and priorities and in newly discovered interests and discipline to-national academie and similar bodies to
01-challenges. , 4

i . the international unions of scientist (e.g., the Interna--
o ) .
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tional Union. of Pure, and AppliediChemistry), and
then 'via the collaboration of these unions within the
tcsu to form special projtect-oriented multidisciplinary ,
comdtittees and commissions that attempt to bring
order a,ndpurpoie to international' science (Figtiri32). ,

c
---- Icsu itself' was formally created in 1931; but its

origins can be traded back to the. nineteenth-century
associations of astronomers and earth, scientists that
were createa,:as are most institutions, to meet specific

. needs '(in this case those whose work manifestly
transcends national boundaries) and to the lInterna-
tional.Association of Academies (1900, Lond n, Paris,
St. Petersburg, Washington). ;Today it encom assess all
of the natural' science's'. Organizations Comp able in
terms of effectiveness or recognition do not yet xist in

either the prof Tonal fields of medicine and engineer-
ing, or the dj ciplines of the social sciences, although
there have n nominal analogs in existence for some
time. , . ',.. ,

.

In the 9.40f tau, the support and assistance of the`
major warkil'science adahernies has jieeia decisiVe
undergirding element. Neither medicine, engineering,
nor the social sciences hak'eqUiValent_national institu-
tional bases,. although Strong and . internationally
minded engineering academies have been established
in several /countries in recent yearS. The,firstinterna-
bona! ccOvocation of these aciflemieS was':held in
,Oetober4'978 *under the auspices of the "U.S. National
AcadeihNof Engineering.

The stngths of the international nongovernmental
science unions are in a 'way also their weaknesses.
They are, sustained by the efforts of unpaid scientist
volunteers, often .;c vorted by small and poorly paid

1-.., secretariats. The ..work they do, is subject to funding
constraints that are always austere at best. Because of
other priority calls upon the thng4af their leadership,

_ i.-\-
projects move'sloWly and areJargely dependent on the
tenacity of a few very dedicated individuals.

A strength of/icsu, as disVnct from the work of its
memb.-:, 'unions, lies in its eleven special and scientific

'committees, five interunion commissions, and three
ipermanent services, whiCh provide for shared disci-

plinary approaches to Space, climate, water, science
information, ad other topics.

Three exafnr es of JCSU scientific committees fol-,
- low: 1.

The InternationalBiologicallProgram (IBP) was
organized to coordinate research r'''On the biological
basis 'of productiyity acid human, adafttability to
-environmental. chadge§. American Scientists studied/
ecosystems of major econoinic importance such 'as
forests, grazing lands,. and arid lands. International

. collaboration made possible the collection of compara-
ble data from several sites around the world. .

There has been increasing recogniti n of the

''

International Council
of Scientific Unions

18 Member
'Unions

National Academies
and Like Bodies

National Professional Societies
and Scientific Communities

I

FIGURE 32 Organization of the Internatio,bal Council
of Scientific Unions. =

needs for interdisciplinary approaches to environmen-
tal problems. Accordingly,' in 1970 Icsu established
the Scientific Committee on Problems of the Environ-

-'ment (SCOPE). It has two main tasks: to advance
knowledge about the influence of human activities on .
the environment and to/serve as a nongovernmental
source of advice on environmental problems.

SCOPE 1ias seven activities.at present: biogeochemi-
cal cycles; dynamic c angel and evolution 'of ecosyS-
terns, environmental aspects of human settlements,

. ecotoxicOlogy, simul tion. modeling of environmental
,systems; environmental monitoring, and zommunica
-ti p otenvironmental information and societal assess -
meet and response.

More recently, the Committee on Genetic Experi-
inentation (cooENE) was established by icsu to serve
as 'a-nongovernmental, interdisciplinary, and interna-
tional council of scientists and as a source of advice on
recombinant DNA for goi',ernments, intergoyernmental
agencies, scientific groups,, and individuals. Its func-
tions are: to review, evaluate, and make available
information on practical and scientific benefits, sde-'y
guards, containment facilities, and other 'technical'
matters; to consider , environmental, health-related,
and other consequences of any disposal ,of biological
agents constructed by recombinant DNA techniques; to
foster opportunities for, training and international
exchange; and to, provide a forum through which
interested national, regional, and other international
bodies/may communicate.

COGENE is currently concerned with: guidelines for
research on recombinant DNA; risk assessment expert ='
ments; and benefits and 'applications of recombinant
DNA.

In addition to these/ Icsu examples, thf..:re are joint
activities with intergovernMental agencies.

In ti.at has come to be viewed as a model in
538
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international institutionalized scientific cooperation,
GARP began in 1961 when advances in understanding
the theory of atmospheric processes and expanding
computational capabilities :ed President Kennedy to
propose to the United Nations that the icso and wmo
mount an international program of atmospheric re-
search. A joint organizing committee of 12 world-
renowned meteorologists was appointed by the two
organizations and accorded great autonomy in plan-
ning a comprehensive program of unprecedented
scope.

By 1974, a large coordinated research effort was
conducted in the eastern Atlantic Ocean with the
objective, among others, of examining the relationship
between convective activity and the large-scale wave-
like disturbances that are frequently the progenitors of
hurricanes. Several thousand scientists and technicians
from 72 countries, aided by a thousand land stations,
40 ships, 12 aircraft, and 6 satellites, brought under
observational surveillance 20 million square miles of
land and ocean. The research was successful and
mathematical models have now been developed that
are capable of predicting the development of tropical
atmospheric wave disturbances, their westward propa-
gation, and of simulating their rainfall pattern.

This success led to an even larger experiment
launched in December 1978.4 Embracing the entire
globe and involving 5,000 scientists and technicians
from 150 countries, the Global Weather Experiment
will last for 1 year and involve 5 geostationary
satellites, up to 4 polar orbiters, more than 40
oceanographic research vessels, thousands of miles of
specially instrumented aircraft flights each day, more
than 300 instrumented balloons circulating freely
about the equator at a height of 15 kilometers, and
over 300 'Ocean buoys in the oceans of the Southern
Hemisphere, each capable of transmitting observations
for 9 months. In addition, thousands of commercial
ships and aircraft have been instrumented to report
data from wherever they are located.

Large-scale computers process the immense quanti-
ties of data received daily and put it in a form useful
for the research effort that will extend over the next
decade. Plans were laid at the World Climate Confer-
ence in February 1979 to use this unique data base in a
World Climate Program aimed at understanding
natural climatic variability as well as change induced
by human activity.

Testimony to iEso's value is the continued donation
of volunteer tin.e and the continued use of Icso to
stimulate new scientific ventures. Within its formal
institutional framework, it is estimated5 that, on the
average, each year about 40,000.scientists come into
contact with colleagues from other countries through
iEsu-sponsored conferences.

Among institutions where science is pursued as an
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end, there are portions of the U.N. family of special-
ized agenciessuch as WMO and wHothat support
and sustain basic research (both directed, or applied,
and nondirected). Almost invariably, however, the
research now supported by U.N. agencies is linked to
some social or economic goal and frequently it is tied
directly to a technological means. Thus, the s in
UNESCO, which used to be science qua science, is now
labeled "natural sciences and their application to

1:velopment."
Within the realm of the health sciences, three
ograms of the wHo deserve mention for the way

they illustrate international cooperation. That small-
pox has essentially been eradicated in the world is
directly attributable to a program initiated in 1966 by
the WHO. In this instance, international cooperation
was required, first in the production of vaccine, second
in its donation by producing countries and its eventual
production in developing countries (which in a mere
three years produced vaccine that was acceptable
internationally for its potency and stability), and
finally in an improved vaccination technique that
required the development of a delivery system that
was usable in all sorts of cultural environments by
people of varying technical abilities. The program
hinged on the cooperation of governmental health
departments and private (in many cases profit-making)
concerns who gave willingly and generously to the
goals of the program.

A complementary WHO program, also begun in
1966, is international collaborative research on tropi-
cal diseases. In this instance, six diseases (malaria,
schistosomiasis, filariasis, trypanosomiasis, leishman-
iasis, and leprosy) have been selected for concentrated
research by scientific working groups in a number of
locations around the world under the general guidance
of WHO steering committees. The heart of the program
is the linkage, via formal and informal networks, of
research being undertaken in these diseases in different
centers in different countries and the agreement
among the participants to exchange information and
collaborate in the design and operation of the research
projects.

WHO'S third program, again more than 10 years old,
is the special program of research development and
training in human reproduction. The program is
designed to meet the needs of developing countries
and has three main goals: developing contraceptive
technologies, designing technologies that are accept-
able and that can be easily implemented, and enhanc-
ing developing countries' increasing self-reliance in
basic and applied research. The program, which is
funded by both developing and industrialized coun-
tries, has met wide acceptance throughout the world.

The International Atomic Energy Agency (IAEA) is
a well-known example of a multilateral intergovern-
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mental organization devoted to the solution of prob-
lems generated by high technology. Coping with safe
levels of irradiation of food, the disposal of nuclear
waste, transport of hazardous nuclear materials, ioniz,
ing radiation, nonproliferation, and the world's long-
term energy needs, this agency collaborates closely
with WHO, the FAO, and with national nuclear
regulatory agencies. The IAEA also supports research
and training in nuclear sciences and engineering, as
well as serving as the focal point for intergovernmental
agreement on one of the most politically complicated
technologies of our age.

Among the international institutions where science
is precisely targeted is the Consultative Group on
International Agricultural Research (cGIAR). This
multinational and multi-institutional group stems
from the agricultural research programs originally
sponsored by the Rockefeller Foundation in the 1940's
and later also by the Ford Foundation. CGIAR was
started in 1971 to finance a revolution in the agricul-
tural productivity of less-developed countries. It now
supports research and training activities through 11
centers or programs located in the developing nations
where almost 600 senior staff and a total of over 8,000
persons study the major food crops and animals in
virtually all of the ecological zones of the developing
world. The annual combined budget of the centers
now exceeds $100 millions Jointly sponsored by the
World Bank, the FAO, the U.N. Development Pro-
gram, and the U.N. Environment Program, it has 18
donor governments, 4 private foundations, 3 regional
development banks, the Commission of the European
Communities, the International Development Re-
search Centre (IDRc), and the Arab Fund for Social
and Economic Development affiliated with its pro-

_gram.
The centers began with a strong orientation toward

purely biological research, but they became the home
of the green revolution. Centers are now developing
plant types and practices to benefit small farmers who
must operate without much help from controlled
irrigation, fertilizers, and pesticides. The centers are
also taking into account the social customs, consumer
habits, and other societal habits affecting agricultural
productivity.?

The CGIAR family consists of the following centers
and programs with their locations and dates of
founding:

CIAT

International Center for Tropical Agriculture
(Colombia) 1967

CIMMYT

International Maize and Wheat Improvement Center
(Mexico) 1943

CIP

International Potato Center
(Peru) 1971

ICARDA

International Center for Agricultural Research in the
Dry Areas

(Egypt) 1976

ICRISAT

International Crops Research Institute for the Semi-
Arid Tropics

(India) 1972

ILCA

International Livestock Center for Africa
(Ethiopia) 1974

ILRAD

International Laboratory for Research on Animal
Diseases

(Kenya) 1973

IITA

International Institute for Tropical Agriculture
(Nigeria) 1968

IRRI

International Rice Research Institute
(Philippines) 1960

WARDA

West Africa Rice Development Association
(Liberia) 1971

GENES Board

International Board for Plant Genetic Resources
(Italy) 1974

In September 1978 the CGIAR produced "An
Integrative Report" on the Consultative Group and
the International Agricultural Research System. As-
sessing the impact of high-yielding varieties of rice and
wheat (the only two major innovations introduced so
far by the CGIAR that have been in use for sufficient
time to permit study) on agricultural production and
in terms of social and economic impact, the CGIAR
drew a number of positive conclusions. For example,
in the 12 years since the high-yielding varieties were
introduced, they have come to occupy over one-third
of the total acreage being sown in these two grains.

One major conclusion of the review, concerning an
issue in controversy, was that the principal research
strategy of the international centers, that of developing



yield-increasing technology, contributes both to more
equitable distribution of the benefits of economic
growth and greater agricultural productivity. A non-
controversial finding was that the returns on the
dollars invested in agricultural research have been
truly impressive.

Complementing this remarkable illustration of in-
ternational cooperation in the application of science
and technology to a specific global goal are other
efforts more modest in scale and scope. For example,
one of the most useful institutions for scientific
cooperation with Western Europe is the Science
Committee of NATO, which manages a $9 million
program directed toward basic fundamental sciences
rather than programs related to the military and
defense objectives of the alliance. The bulk of the
funding is used to provide grants or fellowships and
for the support of specialized scientific meetings. In
the past 20 years, some 75,000 individual scientists
and engineers have participated in NATO's science
activities.

Another NATO innovation was the Advisory Group
for Aerospace Research and Development (AGARD),
the history of Ix hich goes back almost to the founding
of the NATO alliance. This group, which has a
fundamental military orientation, is nonetheless a
remarkable example of international scientific cooper-
ation. AGARD has many of the characteristics of a
professional society and has made contributions very
like those made by the professional societies in other
disciplines.

AGARD is but one example of very high level
technical cooperation in practical fields that have
received great impetus from the international military
and security requirements of industrialized countries.
The civilian applications of these technologies are in
many cases as important a' their military uses.
Certainly NATO- and AGARD-initiated research on
aircraft manufacture, safety, and Space applications
has equaled comparable contributions by other profes-
sional, technical, and scientific bodies.

The International Institute for Applied Systems
Analysis (IIASA) near Vienna has been successfully
launched by an ad hoc consortium of scientific bodies,
supported by public funds, to explore new ways to
understand and manage complex systems in areas
such as energy, food, environment, water, and urban
centers. It brings to bear the experience and insights of
scholars and institutions from all over the industrial-
ized worldfrOm !loth market and planned econo-
mies.

IIASA, first organized in 1972, brings together
scientists of different disciplines, cultures, and nation-
alities to work on problems of concern to mankind and
to improve analytical techniques and their usefulness
for decision making. nAsA's scientific staff consists of
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approximately 70 persons, supported by member dues,
who spend varying periods of time, ranging, from a few
months to a few years at the institute, plus another
20-30 persons supported by grants and contracts from
other sources. The institute's 1979 budget has been set
by its 17-member international council, its governing
body, at 130.6 million Austrian schillings (about $9.6
million).

During 1979 the institute expects to complete work
on the final report of five years of research on global
energy prospects. Approximately two years later work
will be completed on its second major program, that in
food and agriculture.

The Stockholm Institute for Peace Research (SIPRI)
and the International Institute for Strategic Studies
(uss) in London are modest but scholarly and produc-
tive efforts addressing the problems of conflict. De-
spite the highly political and controversial nature of
the issues with which they deal, they have acquired
respect derived from their objective and scientific
approach. SIPRI is an independent research institute
with a particular focus on disarmament and arms
control. Financed by the Swedish government, but
with an international board, staff, and scientific
council, it publishes an annual authoritative yearbook
of world armament and disarmament, as well as
reports and books on special topics in arms matters.
Its funds (of approximately 4.5 million Swedish
kroner, or about $1 million) come from the Swedish
Parliament. By contrast, the uss is an organization
whose international membership is dedicated to schol-
arly analysis of all types of issues related to interna-
tional security and specializes in the production of the
Adelphi Papersa series of essays. The !Bs income,
privately subscribed, is $240,000 per year.

The Norwegian government supports the Interna-
tional Peace Research Institute-Oslo (PRio) which is a
somewhat newer institution devoted to study of
different types of violence. PRIG publishes studies and
two journals, the Journal of Peace Research and the
Bulletin of Peace Proposals under international aus-
pices.

Another institutional innovation, modest in size, is
the International Foundation for Science (IFs), which
gives grants to young scientists for research relevant to
development. Founded in 1972, IFS is a nongovern-
mental organization sponsored by scientific academies
and research councils of 42 countries, two-thirds in
developing and one-third in industrial parts of the
world. At present 10 countries contribute to the
foundation's budget, largely by government grants
through academies or research councils. The budget
for 1978 was $1.4 million. IFS supports the work of

ling grantees who must be native to, and carry out
research in, a developing country, and where the
institutions of the grantees contribute the salaries and
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basic support, often at amounts several times the
foundation grant.

The IFS is sui generis in the sense that it is
stimulating a network of individual researchers in
several fields of applied biological research. The fields
chosen have substantial economic and developmental
impact potential and the research is of a sort especially
appropriate to the needs of developing countries. The
seven principal topical areas are: aquaculture; animal
production; vegetables, oil seeds, and fruit; mycorrhi-
za studies, afforestation problems; fermentation, meth-
ods for food preparation; natural products; and rural
construction.

Another institutional innovation is the International
Development Research Centre (IDRC) established by
the Parliament of Canada in 1970 to foster research in
development problems and in the ways to apply
knowledge to economic and social advancement in
developing regions.4 The IDRC enlists experts from
Canada and other countries to help developing regions
build research capabilities, innovative skills, and
institutions to solve their own problems. It encourages
coordination of research and fosters cooperation
between developed and developing regions.

The goal of IDRC is to emphasize the role of the
scientist and engineer in international development,
and it encourages developing countries to use their
own scientific communities. It is funded by and
reports' to the Parliament of Canada, but it is

administered by an international and autonomous
board of governors.

It is a governmental aid organization created to
support research projects originated and conducted by
developing country researchers in their own countries
and in terms of their own priorities. It has helped to
create research networks that allow developing coun-
tries to share experiences and conduct studies with a
common design in areas of mutual concern.

IDRC's area:, of concentration are: agricultural and
nutritional sciences, health sciences, information sci-
ences, publications, and social sciences and human
resources. Since its inception, over VO0 million of
IDRC support has been provided for 550 research
projects, of which more than two-thirds were in
science and technology.

Perhaps the best known of the basic scientific
operating organizations financed by governments is
Cr: N, the Conseil Europeen pour la Recherche
Nucleaire, formed by collaboration among 12 Westrrn
European nations. It is an outstanding example of
international collaboration both on scientific and
political levels. Its laboratories serve a community of
rr. ,e than 2,000 physicists, including many from the
United St: Jest some in permanent residence, but most
of whom come for short working periods. CERN's

present facilities represent an investment close to 1

billion current dollars by the European governments
that support it. Its accelerators and support facilities
are among the world's best. CERN has led major
advances in our knowledge of the fundamental proper-
ties of matter and of the fundamental forces governing
the behavior of matter in the universe. A proton
proton interacting storage ring is currently in opera-
tion, and a massive protonantiproton interacting
storage ring is proposed.

The important role of the large multipurpose
funding institutions which support international scien-
tific and technical activity deserves recognition. These
institutions support research and applications in many
ways, both directly and indirectly, as part of their
broad programs. From the World Bank to the U.N.
Development Program and the U.N. International
Children's Education Fund (UNICEF), to the major
private foundations of the world, there are many large
and small patrons of science and the application of
technology. Without the support these institutions
provide to national and international research and its
technological applications, many scientific and techno-
logical institutions would not survive.

SOME SPECULATION ABOUT FUTURE
NEEDS AND PROSPECTS

Over the next five years the debate on how science and
technology can contribute to a lessening of tensions
between East and West, how science and technology
can ameliorate conflict between North and South, and
how they can solve the problems of the poorest of the
poor will continue. How and to what extent can
science and technology provide solutions to a wide
range of essentially political problems? With accumu-
lating experience we hope for increasing convergence
between scientific and technical solutions and political
problems, but the difficulties in achieving such conver-
gence are manifest in the lengthyand still not very
fruitfulconferences on the Law of the Sea andin the
thin margin of agreement and rather large residue of
disagreement that remained after the 1977 U.N.
Conference on Trade and Development. In these
forums the consensus form of decision making and
crosscurrents of national interest tend at best to reduce
the crispness of definition of issues while simulta-
neously blurring the boundaries of acceptable compro-
mise.

The international institutions that are now and will
in the future be regarded as constructive and worth
saving or encouraging are those that are perceived to
reflect the interests of a number of nations, each of
which, in fact, may have quite diverse motives and
concerns
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Many of the major international intergovernmental
organizations based on a one-countryone-vote prin-
ciple appear to be coming under the effective control
of developing country representatives. The result of
this controlmost notable in some agencies of the
United Nationsmay be a shift toward regional and
bilateral arrangements where national interests are
believed to be more precisely matched. In a sense, this
return to free bilateralism may be likened to the
rationale that underlay the initial arrangements for
scientific cooperation in the early part of the last
century.

We perceive three generic clusters of problems with
which international institutions will be called upon to
deal. These clusters of problems are perceived in the
environment of EastWest and NorthSouth competi-
tion. In some respects they are manifestations of the
differences that exist in natural resources and geo-
graphic limitations. In other respects they represent
the differences in scientific and technological capacity
and productivity that exist among countries.

Interdependency problems such as the global
effects of an increasing build-up of CO2, multinational
management of water basins, and exploitation of the
seabed under some yet-to-be-agreed-upon internation-
al arrangement.

Distributive issues of equitable access to natural
resources, including assured food supply, reliable
sources of energy at affordable prices under acceptable
environmental constraints, and vastly expanded deliv-
ery of health care, adequate housing, and educational
opportunityall of which have science and technolo-
gy components. These issues of distributive equity
relate both to a nation's domestic concerns about
meeting the needs of its people and to its international
aspirations and the obstacles it faces in global competi-
tion.

Vulnerability concerns such as those that have to
do with radioactive wastes and the development of
nuclear power, levels of acceptable environmental risk,
natural catastrophes such as drought, and the worries
of some that our technical capabilities are outpacing
our political management skills.

THE INTERNATIONAL BACKGROUND

American interest in international institutions relates
directly to our domestic experience. In the 1950's and
1960's America was the unchallenged leader of world
science. Today, after monumental, postwar U.S. re-
construction assistance, science and technology have
steadily expanded in Western Europe and Japan.
America still contributes the single largest and most

."
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successful share of the total global scientific exercise
about one-thirdbut its role is changing.

One of the manifestations of the change in our
scientific status is the decrease in postdoctoral ex-
changes between the United States and Western
Europe. Reasons for this are complex and not fully
understood, but it is clear that the young scientists of
Europe no longer perceive a postdoctoral fellowship in
the United States as critical to their career develop-
ment.

At the same time, Americans are not going abroad
for postdoctoral work to the extent they once did,
because funding for this purpose is relatively scarce
and because they may experience problems in reenter-
ing the U.S. job market. This is paradoxical because
now, when our colleagues abroad have more to give,
our postdoctoral community engaged in research at
foreign institutions is at its lowest in years. We know,
for example, that the number of those with new
doctorates in science and engineering who had firm
commitments for postdoctoral study abroad at the
time of their degrees peaked in 1971 at 409. By 1977,
that figure had dropped by 55 percent to 186. The
proportion of this group with firm commitments for
postdoctoral study abroad also decreased from 2.4
percent in 1971 to 1.2 percent in 1977, a 50 percent
drop. This decrease occurred during a period when the
proportion of doctors of science and engineering with
firm postdoctoral study commitments increased slight-
ly.8

The U.S. educational system is being utilized by
increasing numbers of foreign students in our institu-
tions of higher education. Their needs and the obvious
importance they assume as the U.S. population of
college-age youth declines have not escaped attention.
The 235,000 foreign students currently enrolled in
U.S. institutions of higher education now are expected
to increase to a million within 10 years, reflecting the
growing needs of the developing nations and their
ability to provide funds. Today, 27 percent of all
engineering doctorates and 45 percent of all engineer-
ing degrees go to foreign students.9

The United States is also still a favored country for
advanced training by scholars from the Soviet Union,
Eastern Europe, and now the People's Republic of
China. The United States has some 16 bilateral
scientific and technical agreements with the Soviet
Union in addition to the long-standing bilateral
exchange arrangements conducted by the National
Academy of Sciences and International Research and
Exchanges Board. Exchanges with the People's Re-
public of China have been conducted on a formal
delegation-for-delegation basis since 1972, but ::re now
entering into more conventional and productive ex-
changes between individual students and scholars,
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lecturers and researchers, which may become a truly
significr.nt means of reestablishing the much-desired
personal relationships so important to sustained and
fruitful international scholarly relations. The value of
these exchanges is hard to measure, but the individual
exchanges with the Soviet Union have gone on now for
20 years and surveys of participants indicate that in
their judgment the exchanges are scientifically produc-
tive as well as politically useful.'°

Competition

European strength in basic research and the impres-
sive Japanese capacity for technological innovation
have clear and obvious implications for American
industrial concerns. In addition, the more advanced
developing nations are determined to carve out a share
of the technologically based Western consumer and
capital goods markets. Thus, in the United States and,
in many other industrialized countries there are some
fears about loss of jobs and business to foreign
competition. While the magnitude of concern is
difficult to gauge, there appears to be reasonably
strong, albeit limited, protectionist sentiment develop-
ing with respect to the U.S. export of high technology.

In the developing world there is a strong pull
toward technological self-reliance and a negative
reaction to all forms of dependence on former colonial
powers. There is also in developing nations a resur- .

gence of interest in their traditional cultures and in the
spiritual values embodied in those cultures. Congruent
with this concern for their cultural heritage is a search
for individual equity and international social justice.

Human Rights

Furthermore, a broad range of humanitarian concerns
have assumed singular importance in the eyes of the
scientific and technical community. These are the
questions of human rights and repression, freedom of
inquiry, travel, open immigration, dissemination of
research results, and free circulation of scientists and
ideas. None of these issues is new, but their enhanced
visibility and the expectation of an accepted set of
international standards of national behavior have
opened new avenues for personal expression of con-
cern by scientists. The revulsion against repression has
caused some disruption of scientific exchange. For
example, 2,400 U.S. scientists have recently an-
nounced their intention to severely restrict coopera-
tion with the Soviet Union as a protest against prison
tams meted out to certain Soviet scientists. To the
extent that human rights are issues between individual
members of national communities of scientists, they
will affect and complicate the ways in which the

scientific and technical community interacts in almost
all of its global institutions.

Even in the most dire circumstances, scientists who
are at bay in those countries where freedom of thought
is proscribed insist that the exchange with their
colleagues abroad is a more effective measure than the
practice of boycotting. They make the point regularly
and consistently that their professional lives as scien-
tists depend on the ability to communicate with their
colleagues abroad. They also take the long historical
view and realize that scientific relations are fragile and
take time to build, and, if they are upset by political
concerns, these relations can wither quickly and at
considerable cost.

WHAT DO WE NEED TO KNOW MORE ABOUT?

We have come to the realization that we still have
much to learn about transferring technology to devel-
oping countries effectively. We are also concerned that
these countries appear to be having substantial
difficulty adapting, absorbing, and utilizing some of
the technologies that have been or are in the process of
being transferred.

Second, highly imaginative and creative efforts are
needed to fashion new modes of collaborative r&
search. With the resources for research concentrated
in the industrialized world and pressing needs for
research concentrated in the developing world, there is
a gap that must be bridged. In part this issue is being
addressed by some of the institutions described in the
early part of this chapter and reference will be made
later to other institutional innovations.

Third, far more knowledge is needed about the
resources and availability of scientific and technical
labor. We are witness to over- and undersupplies of
scientists, engineers, managers, and technicians
throughout the world. India ranks third among the
countries of the world in terms of numbers of
scientifically and technically trained people, but is first
to admit it has yet to find effective ways to employ all
or most of them.

Fourth, we also need to know more about how to
induce change in international institutions. As a case
in point, the major countries of the world for various
reasons have long resisted the establishment of more
agencies in the U.N. family. This resistance has been
based on three considerations: First is the perception
that the U.N. agencies now encompass just about
anything one wants them to, so why create another
agency if a new task can be undertaken in an existing
agency? Second, there is no desire on the part of the
funding nations to increase their annual dues. Third,
as the ad hoc Working Group on Policy for Science
and Technology within the U.N. system has said, the
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United Nations already contains a wide spectrum of
activities in science and technology which are not at
all well coordinated.11 These issues must come to the
surface and they will demand solution. Fourth, many
of the global problems (e.g., climate) that require
international cooperation and an appropriate institu-
tional framework are interdisciplinary and we are still
at a rather primitive stage in constructing institutions
that are effective in crossing scientific-technical and
social- political boundaries.

Finally, how far can the networking formula used
so effectively by the CGIAR and some other highly
directed institutions be applied? Networking is the
organized and structured cooperative arrangements
that are put in place between institutions to facilitate
their communications and e:tchange of data to enable
mutually reinforcing activities.

WHAT WE'VE LEARNED

Having alluded to the strengths and weaknesses of
international institutions, it is important to identify
the strengths upon which we can build more effective
international scientific and technical cooperation.

Creativity and flexibility characterize the volunteer
nongovernmental institutions. They can communicate
very rapidly, move ideas quickly around the world,
and develop unofficial communication arrangements
of great sensitivity and usefulness. Theirs is a highly
idiosyncratic and individualized activity based on
people, not organizational momentum and mission.
However, resources are usually insufficient for follow-
through and they are dependent on external financial
support.

In recent years the United States and partner
nations have experimented with multinational techni-
cal assistance organizations and with bilateral science
and technology agreements, joint commissions, and
the like. At present the United States is engaged in 38
government-to-government bilateral agreements in
areas that include agriculture, space, environment,
energy, the oceans, natural resources, health, housing,
defense, transportation, development assistance, and
science and technology in general. A much larger
number of agreements exists between U.S. governmen-
tal agencies and their counterparts abroad. There is no
question in the minds of observers that, while both
multilateral and bilateral approaches are needed,
unless the goals sought are well designed and clearly
articulated and unless adequate financial and human
resources are dedicated, the experiments will be faulty.
We have learned from sad experience that applying
science and technology to political problems does not
solve the problems.
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As we have noted before, this chapter is not the
place to analyze the bilateral and multilateral scientific
and technological arrangements of the U.S. govern-
ment. There are, however, a very few of these
arrangements that might be cited for their unique
characteristics with respect to scientific cooperation.

Bilateral support and networking of research insti-
tutions, the sharing of information, and the mutual
recognition of priority scientific research targets can
be extended into sectors of economic and developmen-
tal effort as well. A number of experiments in regional
collaboration are getting under way and more should
be expected, as should new forms of disciplinary
collaboration and cooperative research.

For example, in 1970 the United States and South
Korea agreed to collaborate in the establishment of a
Korean Institute of Science and Technology (KIST).
Starting from its incorporation in 1966, when little
industrial R&D was being performed in Korea, KIST
has become an organization that at the end of 1977
employed nearly 1,000 persons, (including 300 re-
search scientists) with contracts worth about $13
million, 57 percent of winch came from industry. The
principal areas of R&D (by total contract value) were
chemistry and chemical engineering, mechanical engi-
neering, electricity and electronics, metallurgy and
materials, and food science and feeds. KIST has
supported Korean industrial development through its
R&D and development of pilot-scale operations,
analysis of advanced foreign technologies, develop-
ment of new products and processes (from 1967-73,
131 patent applications were made), and repatriation
of overseas Korean scientists and engineers. In addi-
tion, KIST has fostered the establishment of several
promising new research organizations such as insti-
tutes for electronics and for ship-building and design.

The U.S. National Academy of Sciences and the
Brazilian National Rep-:arch Council undertook 10
years ago to modernize Brazilian chemical research
resources. The result, after 17 young U.S. chemists
had spent two to three years each teaching in the
universities of Rio de Janiero and Sao Paulo and 15
senior U.S. chemists had made regular trips to Brazil,
was the phased introduction of 196 highly trained
Brazilian chemists into Brazilian education, industry,
and research.

On the international scale, the Swedish Internation-
al Development Agency has created a Swedish Agency
for Research Cooperation with Developing Countries
to promote research that helps developing countries
achieve greater self-reliance and economic and social
justice.

A consortium of 8 Sahelian countries and 12

industrialized donor nations has formed Le Club des
Amis du Sahel to coordinate research to halt and
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reverse the problems of desertification and drought in
the Sahel.

In the United States the prospective Institute for
Scientific and Technological Cooperation (isirc), with-
in the government, has been designed as a grant-
making and coordinating body to improve the avail-
ability and application of technology abroad and to
expand knowledge and skills needed to meet develop-
ing-country problems in a framework of mutual
benefit and partnership.

The key to tsrc operational style and technique will
be direct collaboration of developing country and U.S.
experts from the start. The purpose of this approach is
to capitalize on the lessons learned in some 30 years of
development assistance activity and simultaneously to
recognize the presence in developing countries of a
new generation of technically capable people who are
determined to set their own domestic priorities. The
specifics of isrc's approach remain to be developed
and will be central to its success.

Another U.S. innovation that we believe has prom-
ise was signaled by the adoption of Title V of the
Foreign Relations Authorization Act of 1978, relating
to the role of science and technology in foreign policy.
This recognition by the Congress of the growing
importance of science and technology in the conduct
of diplomacy as well as in the management of foreign
affairs is a positive step toward effective international
cooperation.

PERSPECTIVES: THE NEAR-TERM
ENVIRONMENT FOR INTERNATIONAL
INSTITUTIONAL CHANGE

Science and technology have become increasingly
visible as a part of foreign policy as well as of trade
and academic exchange. The tradition has been that
science is a part of world culture and technology is
part of world commerce, but today these distinctions
are blurred. Our views originate largely from the
academic world and we have been concerned primari-
ly with the scientific and technical cooperation initiat-
ed by scientists and engineers outside of government
and carried out by a mixture of official agencies and
nongovernmental voluntary organizations. Here,
again, the distinctions are blurred because the scien-
tific communities of individual nations cooperate with
each other under a wide array of institutional mecha-
nisms. Underlying these institutions, and fundamental
to their existence, is the understanding of the need to
extend and share knowledge. This is what scientific
cooperation is all about.

In the international environment, most of the time
institutional change appears to proceed at a very slow

pace. Except for very occasional and sometimes
dramatic political events that force rapid change,
international institutions for science and technology
move slowly.

We note that the growth of new international
organizations more or less stabilized in the 1960's and,
while the bulk of the new international institutions we
have discussed (IDRC, IFS, CGIAR, etc.) were formed
within the past decade, we do not predict a surge of
new organizations in the next decade. Funds to start
new organizations are more difficult to obtain and the
rea'.ization of the immense effort required to make a
new international institution work has permeated the
thinking of both innovators and funding sources. We
therefore expect a period of consolidation and shaking
out as the more obviously successful and effective
organizations lay claim to the available funds. How
this will affect efforts to fill newly perceived and
important gaps is not at all clear, but the existing
institutions may not be capable of meeting these needs.
Substantial renewal and adaptation will be required if
international institutions are to meet the challenges
facing them.

We foresee increased interest in process within
institutionsa realization that our current ways and
means might be modified to accelerate the transfer of
information and of managerial technology. At the
same time we foresee no diminution in the universal
reliance on direct contact and the transfer of accumu-
lated personal wisdom and experience.

As noted previously, for- the past decade or so the
major powers have sought, to curb the institution-
creating instincts of members of the United Nations.
There are no signs that this mood is changing;
therefore we suspect that most of the institutional risk-
taking will be arranged outside the U.N. framework.
However, with appropriate intervention, the U.N.
agencies can work a significant improvement in the
use of the large resources at their disposal. These
agencies have the staff, funds, and technical means to
coordinate their work in development and in other
areas of scientific And technical support far more
effectively than they are now doing.

A straw in the wind of change was the 1978 Buenos
Aires U.N. Conference on Technical Cooperation
among Developing Countries (or TCDC as it came to
be known very quickly). Billed as a forerunner of the
U.N. Conference on Science and Technology for
Development (UNCSTD), TCDC may in fact have
reached a decisive turning point with the decision of
the developing countries to seek ways in which they
can help support each other in the uses of science and
technology. The meeting, which had little press
coverage or participation from the industrialized
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countries, was highly regarded by the developing-
world participants and is seen by them as a milestone
in cooperative initiatives.

The August 1979 uNcsirD is a unique manifestation
of the crosscurrents affecting the way science and
technology will be used in the future. The attempt of
the conference organizers to embrace the whole of
science and technology in an economic, political, and
diplomatic framework is proving to be very difficult.
In the meantime, several privately sponsored prepara-
tory meetings have developed constructive, albeit
limited, options for the conference to consider. Some
of these options are referred to in our text. Whether or
not uNcsirD is declared a success is of little account,
considering the groundswell of encouragement and the
myriad solid technical proposals for human better-
ment that its planning and design phase has elicited.
The conference is not an end in itself but part of a
process that, we believe, will be destined to be both
long term and productive.

While the trends of international institutions' in
science and technology are largely in the direction of
applications to meet human needs, the institutions of
science qua science will continue to be needed and to
be fostered for the practical reasons of disciplinary
order, as noted earlier, but, far more important, for
the support they give to the continued search for new
knowledge.

Two areas where institutional inventiveness might
make a significant difference are the application of
science and technology to economic development and
the technological element of arms controldespite the
argument that neither issue is centrally a science and
technology problem and both are political, economic,
and technical in nature.

In the case of economic development, we urge
prompt and full exploration of the simultaneous
creation of three forms of international cooperation
linking national and international organizations: a
consortium of financial donors, a network of knowl-
edge-generating institutions in developing countries,
and a mechanism to match specific scientific and
technological skills of the industrialized nations to
specific problems of developing countries. The donor
consortium (which already exists in some respects)
would be located predominantly in the developed
countries. The knowledge-generating and implement-
ing networks should be fostered mainly in the develop-
ing nations. The United States' proposed ISTC may
approximate the beginning of a U.S. response to these
needs, but it is too early to tell. The need for a well-
articulated donor network of national foundations,
interacting with national and international research
centers and with the national agencies that actually
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create and maintain agricultural, health delivery, and
other institutions, is apparent. This is a unique
opportunity for exploration requiring innovative, vig-
orous, and effective 1eadership.

Arms control also presents a real challenge. Where
there should be an international core of agencies
funding research, virtually nothing exists. Where there
should be a network of agencies generating and
assembling knowledge at the international level, we
find SIPRI, PRIO, and uss, as well as a handful of more
narrowly based institutions. We ask if this is sufficient.

The well-known Pugwash and Dartmouth confer-
ences have been valuable for personal contact and
wide-ranging exploration of issues.,Pugwash is recog-
nized as one of the earliest vehicles by which Soviet
American dialogues on disarmament were given high
visibility by technical experts. Today the number of
avenues for exploration of new arms control and
disarmament initiatives is vastly more comprehensive
than it was in the 1950's when Pugwash began. The
question now is how to stimulate and sustain analysis
in depth of the security issues that .divide Past and
West and to grapple effectively with the arms races in
the developing world. Pugwash interest in economic
development has diluted its emphasis on disarmament.

The institutional politicization of the 1960's and
early 1970's seems largely to have run its course. It is
reasonable to anticipate an increasing degree of
sophistication about the pressing needs of developing
countries: technology transfer, the application of
science and technology to development, and a greater
recognition of the need for attention to our interna-
tional institutional resources. The basic global infra-
structure has not been built, but a substantial founda-
tion has been laid.

It is clearly in the U.S. national ir:iqrest to build and
to sustain a community of cooperative institutions,
working linkages, networks, and consortia that are
sufficiently innovative to contribute to the quest for
global accommodation as well as the health of U.S.
science and its efforts to meet American technical
responsibilities.

As we approach the many issues involved in
building, renewing, and adapting institutions over the
next five years. it is important that we do not become
divided into the "uncritical lovers" and the "unloving
critics" of institutions described so vividly by John
Gardner. The former shield their institutions from
life-giving criticism, literally smothering them in an
embrace of death, loving their rigidities more than
their promise. The latter are skilled in demolition, but
almost willfully ignorant of the arts by which human
institutions are nurtured, renewed, and made to
flourish.'2

2 s7



296 INSTITUTLONS

OUTLOOK

The following outlook section on institutions for international cooper-
ation is based on information extracted from the chapter and covers
trends anticipated in the near future, approximately five years.

In the near future, a number of issues will draw increasing attention
to the workings of international institutions of science and technolo-
gy. One of these is the environment in which these institutions
work, now beset by two types of polarization: conflicts between East
and West and North and South. Both result from differences in
scientific and technological capacity and productivity between and
among nations. With the resources for research concentrated in the
industrial world, and the pressing need for expanded research in the
developing world, new methods of technology transfer and collabora-
tive research must be found.

The issues we describe here are in many respects overlapping.
Nonetheless, we foresee three major areas for concern:

Interdependency problems such as the global effects of an in-
creasing build-up of carbon dioxide, multinational management of
water basins, and exploitation of the seabed under some yet- to -be-
agreed -upon international arrangement.

Distributive issues of equitable access to natural resources, in-
cluding assured food supply, reliable sources of energy at affordable
prices under acceptable environmental constraints, and vastly expand-
ed delivery of health care, adequate housing, and educational oppor-
tunity. These issues have two facets. One is internal to each nation
and is a direct measure of the well-being of individual citizens; the
other relates to the nation's place in the world and its ability to
secure the needs of its people in global competition.

Vulnerability concerns such as those related to, management of
radioactive wastes and the development of nuclear power, levels of
acceptable environmental risk, and natural catastrophes.

We do not see a surge of new organizations to deal with these
problems in the next decade. We can expect a period of consolida-
tion and possibly even thinning out as the more successful and
effective organizations receive the available funds. We can anticipate
changes in the character of a number of institutions that will require
a complex mix of scientific and technical knowledge from more than
a single discipline if they are to deal successfully with global prob-
lems. Newly perceived institutional gaps remain to be filled, and it is
important that a conservative stance toward the formation of new
organizations not be used as an excuse to avoid institutional innova-
tion.

The status of U.S. science and technology is changing and will
continue to change as a result of international competition and as
the more technologically advanced developing nations seek to acquire
an increasing share of the technology market. This will cause in-
creasing concern in the United States.

The developing countries are newly aware of the potential for
cooperation among themselves. This, combined with their apparent
influence in many international institutions, may result in a shift
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toward regional and bilateral arrangements that more precisely match
national interests. Certainly over the next five years we can expect
an expansion of the debate on how science and technology can be
effectively used to help solve economic, social, and political problems.

Two specific areas, among many, where institutional inventiveness
can make a significant difference are the application of science and
technology to economic development and the technological aspects of
arms control.

We predict increased governmental and academic interest in the
process of change within institutions. How can organizations be bet-
ter evaluated against clear criteria of effectiveness and how can organi-
zational improvement be accelerated?

In applying science and technology to economic development, we
believe it will be useful to explore carefully three kinds of coopera-
tion linking national and international organizations: a consortium of
financial donors, a network of knowledge-generating institutions, and
a mechanism to match specific scientific and technological skills of
the industrialized nations to specific problems of developing coun-
tries.

To bring the most effective intellectual forces to bear on matters
of disarmament and arms control, the small group of existing organi-
zations will have to be markedly strengthened and indeed here new
institutions may be needed.
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The basic mission of the U.S. Department of Agri-
culture (USDA) is to enhance the economic and envi-
ronmental value of America's agricultural and forest
lands. To this end, basic, applied, and developmental
research programs are in progress across the country.
The principal agencies in the Department that contribute
to improving the nationwide effectiveness of research,
extension services, teaching, and information dissemi-
nation in the food and agricultural sciences are the Sci-
ence and Education Administration, the Forest Service,
and the Economics, Statistics, and Cooperatives Service.
Numerous issues are emerging that reflect a national so-
cietal context within which there are concerns and roles
for scientific and technological activities in USDA.
These include natural resources and the environment,
energy, structure of the food industry,- crop productivity,
animal productivity, food and fiber safety and market-
ing, human nutrition, and forestry and related range-
lands. Opportunities for scientific and technological con-
tributions in these and other areas, and constraints on
this research, are described in the following paragraphs.
Short summaries of several other emerging and equally
important issues are also provided.

NATURAL RESOURCES AND THE
ENVIRONMENT

Research in the large issues of natural resources and
the environment requires multidisciplinary approaches
in science and the development and transfer of technol-
ogy. In many cases, cause and effect are remote from

each other and not easily perceived, nor may all the
consequences be easily understood. Often the issues ex-
ist or threaten to exist because of shifts in alternatives,
more intensive uses of resources, and the indivisible hu-
man sharing of the environment for differing purposes.
Thus, the opportunities for and the constraints on con-
tributions to resolution of natural resources issues by
science and technology may, themselves, be judged in
human value systems as part of the issues. The important
issues that need to be addressed in the next five years
are identified and discussed briefly below.

Environmental Quality Constraints vs. Productivity

Recent environmental legislation and the resulting
regulations are placing more constraints on the Ameri.:m
farmer in his effort to produce food and fiber. As ;he
regulations are implemented over the next few years,
farmers must change many of their farming practices if
they are to be in compliance with the laws. Increased
emphasis must be placed on developing procedures to
assess the effect of management practices on runoff, ero-
sion, and water quality, and on developing new man-
agement practices to ensure a continuing high level of
production while maintaining or improving the quality
of the environment. This includes such practices as con-
servation tillage and structures, multiple-cropping, more
efficient use of water and fertilizer, and integrated pest
management.

There is growing concern involving the long-term
health effects of exposure to processing dust and chem-
icals on workers, and the environmental effects of food
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and fiber processing on air and water pollution. Research
is needed to identify and monitor potential hazards and
to develop alternative technologies that are safe and en-
vironmentally acceptable.

Maintain Supply and Quality of Water

Industrial and agricultural water requirements are in-
creasing. As a result, groundwater withdrawal in many
parts of the world vastly exceeds the rate at which it can
be replenished. In the United States, one-fourth of the
total gross farm receipts come from the 10 percent of
the land that is irrigated, and the use of irrigation is
increasing. We are fast approaching the point where
fresh water will be the limiting factor in food and fiber
production. An intensive effort is needed to develop such
management practices for utilizing water more effi-
ciently as drip.irrigation, irrigation scheduling, and re-
cycling wastewater, and to develop farming practices,
including plant breeding, which will require less water.
We must also develop procedures and strategies for re-
plenishing the groundwater supply.

Weather and Climate

A major cause of variation in world food and fiber
production is the fluctuation of weather and climate.
Recent cyclical changes in rainfall and snowfall patterns
have led to unprecedented drought conditions in Western
Europe and parts of the United States. In other areas,
excessive precipitation has delayed planting and created
poor growing and harvesting conditions. In a recent
study the National Research Council stated: "An in-
creased effort must be made to define the basic func-
tional responses of crops and animals to weather and
climate so that we can improve our present systems of
crop and livestock management."

USDA is working to improve its capability to develop
new methods and improve existing methods for earlier
forecasting and is investigating the impact of production
inputs and weather on crop yields in different regions.
With state experiment stations and land-grant universi-
ties, USDA will be developing data bases and analytic
models on crop yields, plant characteristics, technolog-
ical factors, economic variables, and weather to improve
its capability to predict agricultural production levels.

Other Uses of Prime Agricultural and Commercial
Forest Lands

America's land must produce more food, fiber, and
timber today than ever before if agriculture is going to
continue to meet forecasted domestic and foreign de-
mand for food. At the same time, additional land is
needed for urban development, highways, factories, and

other nonagricultural endeavors. Almost three million
acres of cropland are so diverted every year. As the
better land in some areas is removed from the agricul-
tural base, farmers are forced to use less desirable land.
Usually, production is lower, costs are up, and the
chances of environmental pollution, through erosion for
example, increase. We must develop farming practices
to utilize the less-than-prime land more efficiently in the
production of food and fiber. This will require basic
research on the chemical and physical properties of soil.

Economic and legal analyses of Federal, state, and
local policies and programs on rural land use are needed,
particularly as these policies and programs affect the
allocation of land between agricultural and other uses.
Identification of institutional factors and variables af-
fecting land use is needed to provide research and eco-
nomic intelligence with respect to land use planning and
policy, consequent distributional impacts, and the eco-
nomic effects on U.S. agriculture.

Cost. Income, and Environmental Constraints

Producer costs of complying with environmental reg-
ulations, given the present state of the arts', may vary
substantially among different geoclimatic farming re-
gions and among different farm products. For example,
research results indicate that costs of meeting environ-
mental requirements in disposing of wastes from con-
fined swine enterprises are higher for smaller enter-
prises, and those costs are affected by temperature, water
balance, soil characteristics, and topography. Such dif-
ferential costs may encourage development of more
large-scale swine producing enterprises, with consequent
shifts in regional location of production and the conse-
quent necessity for adjustments in resource and products.
markets. The extent of such impacts, including the cost
of meeting the environmental regulations, will depend
to some extent upon the dev,elopment and use of new
technologies and technological systems, both in produc-
tion and in meeting standards of environmental quality.
Economic research is needed which would estimate im-
pacts by present and prospective technologies as well as
the effect of compliance with environmental policies or
regulations upon producers' costs and income.

Water Quality

Efforts to develop area plans for water quality control
as prescribed by Section 208 of the Water Pollution Con-
6-01 Act of 1972 have clearly shown that there is a gross
deficiency of needel technical information on the fate
and pathways of aemicals in the soil and associated
water. Asa result, estimated performances of Section
208 plans have unacceptably wide confidence limits. It
has also become clear that with current and projected
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plant nutrient prices (and consumption of natural gas for
making fertilizers), such technical data are not adequate
for developing economically sound fertilizer rate and soil
management recommendations. Basic research to de-
velop improved technical information on the fate of
chemicals in the soil and associated groundwater is ur-
gently needed for use in such developmental research
activities. Improved knowledge of the nitrogen cycle is
the most pressing need. These same research needs exist
for organic farming and recycling of wastes.

ENERGY

Energy needs present a very complex set of national
and international issues. Like food and shelter, they per-
vade nearly every aspect of scientific, technological, so-
cial, and economic existence. And, they are very much
interrelated with aspects of food and shelter that are
either taken for granted or are basic issues in human
social organizations. The aspect of the energy issue ad-
dressed here is the production of energy and other prod-
ucts from sources other than nonrenewable fossil fuels.

There are opportunities for scientific and technologi-
cal contributions that will allow farmers or forest enter-
prises to produce on-site energy from agricultural wastes,
produce and utilize specific energy crops or materials,
apply energy conservation measures, and utilize such
alternative sources as solar or wind energy. Methane
generators, for example, represent a possible disposition
of agricultural and forestry waste for energy production.
Forest and sugar crop biomass productions are examples
of specific energy crops that need to be continually reex-
amined in the future.

In addition, plant sources are the only renewable raw
materials that can provide the various kinds of hydro-
carbons that we now obtain from petrochemicals. Rub-
ber, lubricating oils, pesticides, fertilizers, plastics, and
solid, liquid, and gaseous fuels have all been developed
from plant raw materials. Comparative costs do not pres-
ently favor plant raw material sources for these products,
but the pendulum is swinging in that direction, and time
is needed for developing the technology that will be re-
quired if plant-derived industrial hydrocarbons are to be
considered as replacements for those from traditional
sources.

Existing alternative uses of biomass such as livestock
feed and the return of biomass to reduce erosion and
preserve productivity compete with the conversion of the
biomass to energy. When considering those alternatives,
together with current and prospective price-cost condi-
tions, the economic potential may not support converting
all types of biomass to energy products. Developing new
technology for capturing and using solar energy may be
more promising as a research thrust. Solar energy use
in agriculture is now limited to a few applications such
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as drying grain or heating greenhouses. Its use in agri-
culture may remain limited until some dramatic technical
breakthrough lowers costs. Prospects for those break-
throughs appear to justify substantial increases in re-
search in solar energy use in agricultural production and
processing.

STRUCTURE OF AGRICULTURE AND POLICY
ISSUES

The trend to fewer and larger farms, capital needs in
agriculture, and renewed economic pressures on tradi-
tional family farms are among the vital issues relating
to the structure and organization of U.S. agriculture.
Underlying these issues are such factors as government
programs and regulations; market instabilities; new tech-
nologies; changing organizational arrangements; esca-
lating land prices; national, state, and local tax policies;
and increased capital requirements for farming. The con-
sequences may be a continuation of the trend toward
larger and fewer farms, increased concentration of
wealth in agriculture, increased vertical integration and
contractual linkages with agribusiness, reduced deci-
sionmaking autonomy and independence of farmers, and
increased vulnerability of farmers, marketers, and con-
sumers to inflationary presseres. Analysis of these issues
in depth is needed to equip policymakers with a greater
understanding of the impacts of Federal programs, mar-
ket conditions and technological developments affecting
the structure and organization of agriculture, and alter-
native program and policy options.

STRUCTURE OF THE FOOD INDUSTRY

The food industry operates under a myriad of Federal,
state, and local regulations. It also has become highly
concentrated and characterized by many of the compet-
itive practices of the industrial sectorproduct differ-
entiation and advertising, nonprice competition, and
high product turnover. The high costs associated with
the food marketing system and related government reg-
ulations are of concern to both the President and the
public. Future research is needed that would contribute
to:

Determining the effects of government regula-
tions, technology, and the structure of the com-
petitive behavior in the food marketing and dis-
tribution sector on the costs and other elements
of performance related to manufacturing and dis-
tributing food and fiber; and

Identifying new marketing structures and alter-
natives that would enhance small and part-time
farmers' access to markets and consumers' op-
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portunities to obtain high quality food at reason-
able prices.

Inflation, energy, transportation, finance, regulations,
taxation, antitrust, market orders, and other problems
have heightened the policy debate concerning coopera-
tives and their impact. These concerns are likely to con-
tinue into the 1980s. Also, as capital costs increase,
farmers and their cooperatives face problems of acquir-
ing and managing their financial resources effectively.
Research is needed to analyze factors influencing indi-
vidual cooperative growth, capital needs, and access to
financial analyses and procedures for long-range plan-
ning for medium sized and smaller cooperatives.

WORLD FOOD AND FIBER FORECASTING

The 1970s have demonstrated the need for improved
information in the international supply of food and fiber.
Examples include the 1972 and 1977 Russian wheat pro-
duction shortfalls and the reduced 1978 Brazilian soy-
bean crop, all of which had significant impacts on U.S.
commodity markets and farm Kogram costs. Aerospace
remote sensing has the potential to provide significant
improvement in the Department of Agriculture's infor-
mation system for domestic and foreign situations. Re-
search in cooperation with the National Aeronautics and
Space Administration, the Department of the Interior,
and the Department of Commerce is needed for devel-
oping and evaluating this potential.

TRANSPORTATION

Changes in transportationdeteriorating railroads and
poor roads and bridgesand a variety of government
regulations and programs are having an adverse impact
on rural America. At present, the Department lacks in-
formation to accurately evaluate the effects of these
changes on agriculture and rural communities. To
strengthen its role as a participant in the determination
of Federal programs, regulations, and policies, USDA
needs to improve its information and research base in
the transportation area.

To provide the necessary data and analyses, research
is needed to evaluate the efficiency of existing and al-
ternative transport systems with emphasis on improving
local and export systems for distribution of grains, soy-
beans, and other commodities and to provide a wide
variety of services to rural people.

Research needs to focus on investigating the growing
mobility, problems of people living in rural areas. Infor-
mation about the adequacy and efficiency of alternative
transportation policies, as they relate to agriculture, rural
areas, and cooperatives, would be included.

CROP PRODUCTIVITY

Crop output is an item of basic concern in the food
and agricultural economy of any society. The declining
rate of increase in the yields of a number of major U.S.
crops in the last decade has become a matter of increas-
ing discussion and concern. In the meantime, several
world food and nutrition studies have reached the same
general conclusion: world population will increase to
seven or eight billion in the next two or three. decades.
This means an increasing world food demand which
U.S.-produced crops can help meet. Also, the United
States is placing increasing reliance on crop exports for
relief from foreign trade and exchange imbalances.

Opportunities for scientific and technological contri-
butions_to increasing crop productivity may be classified
into two broad categories. One is the biology of the
plant. The other is the control and management of plant
microenvironment.

THE BIOLOGY OP THE PLANT

In achieving and maintaining high levels of crop'
yields in the United States, traditional approaches to
plant breeding and improving plant physiology have
been important. These are the approaches to be relied on
as the p-incipal current efforts to improve and maintain
crop yields and to improve nutritional quality through
breeding. Some of the newer technologies should be
viewed as supplementary to the basic approaches, and
some of the scientific opportunities should be viewed in
a long-run perspective.

Taxonomy of Economically Important Species

A thorough understanding of the systematic relation-
ships of groups of organisms permits us to make maxi-
mum use of genetic variability in striving to reach spe-
cific objectives in crop protection and crop improvement.
Such new approaches and technologies as comparative
phytochemistry, computer-assisted analyses of popula-
tion dynamics and correlation data in systematics, and
the increased emphasis on cytogenetics, breeding sys-
tems, and biosystematics, along with the well-known
traditional approaches, provide a basis for success.

Developing Plants for Stress Environments

Losses now caused by environmental stresses (asso-
ciated with temperature, moisture, air pollution, soil
minerals, salinity, and acidity) must be reduced. Crops
that can be grown economically on low productive land
must be developed. It is through both breeding and cul-
tural practices that the genetic-environmental interaction
is optimized. Traditionally, environmental modification
has been emphasized independently of breeding and vice
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versa, but there is an opportunity for breeding to con-
tribute much more. The major refinements will come
through genetic tailoring of plant species to meet envi-
ronme..cal stresses and pest problems. This calls into use
the broadest possible array of genetic diversity in germ-
plasm collections of crop plants.

Plant Physiology and Photosynthetic Efficiency

A concerted multidisciplinary effort is needed to better
define each of the stages that help to determine a plant's
net photosynthetic efficiency and to define interrelation-
ships among the several functional stages in the total
physiological system of the plant. Such knowledge of
the physiological systems of plants is a prerequisite to
development through genetic and plant breeding research
of commercial plant varieties having higher levels of net
photosynthetic efficiency and higher yields in a given
microenvironment.

Genetic Modification and Research

Genetic modification of cereal grain plants so that they
acquire symbiosis with nitrogen-fixing bacteria would
sharply reduce energy requirements and costs of pro-
duction, and would reduce the threat of environmental
pollution from the application of nitrogen fertilizers to
cropland. A concentrated research effort is needed to
identify and define areas and methodologies to use our
knowledge of DNA and its potentials for advances in the
agricultural sciences and technologies.

Research Constraints

There are two major constraints to optimizing classical
plant breeding methods: sources of genetic diversity for
our crop plants and their wild relatives are rapidly di-
minishing in many important source areas, and resources
are not currently available for adequately evaluating crop
germplasm already in hand. Constraints on developing
plants for stress environments include the complexity of
fitting stress resistance into the array of objectives breed-
ers must take into consideration, the insufficient evalu-
ation of germplasm collections to identify needed genetic
traits, and the need for interdisciplinary teams of plant
breeders. physiologists, and soil scientists.

CONTROL AND MANAGEMENT OF PLANT
MICROENVIRONMENT

Plant Pest Management

Evidence of adverse effects of chemical pesticides
upon nontarget organisms, including people, and the cu-
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mulative long-term nature of some of those effects have
resulted in increasingly stringent constraints on the use
of chemical pesticides. This development has created the
potential for a large social return from research to de-
velop environmentally safe and effective plant pest man-
agement strategies for a wide variety of commercial
crops.

-The increased movement of people and goods
throughout the world increases the risks of inadvertently
introducing new pests. Options for reducing these risks
include improvement of quarantine procedures, im-
provement of methods for early detection of foreign
pests, and expansion of research programs on foreign
soil aimed at establishing integrated management pro-
cedures for foreign pests before they become established
in the United States.

New types of pest control approaches derived from
the study of plants and animals themselves will be
needed to reduce the current dependency on industrial
chemicals. Some of these currently exist: for example,
plant, insect, and nematode pathogens; pest-resistant
plants; insect attractants, pheromones, and hormones;
and cultural and mechanical methods for disease, insect,
nematode, and weed control.

Research is needed on the environmental, economic,
and social impacts on agriculture and rural areas of al-
ternative Federal environmental quality standards, poli-
cies, and programs, including the impacts on farm pro-
duction, costs, income, and consumer prices. Improved
economic research tools for policy analysis and evalua-
tion of pest control programs need to be incorporated
with nationwide information on pest control, including
alternative chemical, biological, and cultural control
methods. This would contribute to improved determi-
nations of cost effectiveness and economic impacts of
alternative pest control strategies, including integrated
pest management practices.

Ecosystem Structures

The economic, sociological, and nutritional demands
upon the biosphere by expanding populations necessitate
the development of the knowledge and technology re-
quired to establish and maintain ecosystems which op-
timize food production while providing other benefits.
The knowledge to manage ecosystems optimally through
controlled input, selective utilization of natural re-
sources, ard controlled harvests is not sufficient. Re-
search is needed to assess the impact on ecosystems of
varying management practices, including the establish-
ment of different crop plant to noncrop plant ratios, crop
to crop ratios, and crop to noncrop ratios. Cropping pat-
terns, crop production systems, and pest management
systems that contribute to ecosystem management must
be developed.
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Research Constraints

For protection against the potential introduction of
new plant pests, present research opportunities to de-
velop management options are constrained by the need
to limit domestic research to biologically safe facilities.
Also, resources are inadequate to support preventive re-
search in host countries.

Implementation of integrated pest management tech-
nology is lagging. Shortages of resources and trained
personnel are important factors hampering attempts to
achieve widespread understanding of integrated pest
management principles as a systems approach for pest
management in major agricultural production chains.

ANIMAL PRODUCTIVITY

The production of animals and animal products on
farms usually equals or exceeds the production of crops
in value. Research on aaimal protection and production
is essential to the continuation of the plentiful and eco-
nomical supply of animal foods that the American con-
sumer desires and enjoys. Achieving the goal of reduc-
ing costs to both' producers and consumers while
providing safe and nutritious products is dependent upon
a wide range of improvements including reducing the
$4.6 billion lost annually due to diseases and pests, im-
proving inherent efficiency, and providing optimum nu-
tritional and management regimes.

As in the case of plants, the opportunities for scientific
and technical contributions to animal productivity are
considered to fall into two general categories. They are
the biology of animals and the control and management
of animal microenvironment.

THE BIOLOGY OF ANIMALS

Reproductive Performance of Beef Cattle and Swine

The breeding herd in a meat animal industry may be
visualized as an overhead cost to the production of meat
by their progeny. The longer the gestation and sexual
maturation periods, the smaller the number of progeny
per gestation, and the smaller and younger the progeny
at the time of sale relative to the mature animals in the
breeding herd, the higher are the overhead costs. Recent
scientific advances indicate that an increase in the num-
ber of progeny per gestation in both beef cattle and swine
can iye expected to result from research on reproductive
physiology.

Animal Production

Increased efficiency in animal production is dependent
upon improving genetic capabilities for specific pur-

poses, meeting nutrient needs, improving reproduction
rates, and developing management systems that optimize
inputs. Significant progress has resulted from studies in
many of these areas. Some outstanding examples are a
halving of fat in pork carcasses in the past quarter cen-
tury, markedly increased milk per cow, and increased
rate and efficiency of gain in broilers. Major opportu-
nities exist for further improvements. Some of these are
(1) continuing emphasis on breeding and selection to
improve genetic capacity for production: (2) reducing
current losses due to reproductive problems; (3) increas-
ing efficiency of feed utilization through improved un-
derstanding of factors affecting appetite and digestibility:
(4) developing methods for increasing usefulness of
range plants, other forages, crop residues, and other
feedstuffs not directly utilizable as foods by people: and
(5) modifying ratios of fat to protein in animal products
by genetic and physiological approaches while retaining
desired flavors and other consumer attributes.

Physiology of Turkey Breeder Hens

Sharp advances in turkey feeding technology have not
been matched by advances in the technology for pro-
ducing turkey eggs and poults. Physiological problems
that cause the rate of lay of turkey breeder hens to be
low and variable have not yet been defined. Breeding
and management practices to correct these problems
not be developed until such research has been success-
fully completed.

CONTROL AND MANAGEMENT OF ANIMAL

MICROENVIRONMENT

Animal Protection

Reproductive, respiratory, enteric, and exotic dis-
eases, mastitis, pseudorabies, salmonellosis, blue-
tongue, and brucellosis are major concerns in food pro-
ducing animals. Interdisciplinary teams are making
significant progress on many diseases and with sufficient
funding can increase basic knowledge to overcome con-
straints now limiting progress. Vaccines that are being
developed for internal parasites appear promising. Blood
parasites are under intemive study, but the research re-
quires development of new basic concepts and ap-
proaches, for example, antigen fractionation, attenuation
in insect tissue cultures, cell-mediated immunity, and
genetic studies.

Animal Production

Recent research indicates that swine can be rais.d in
intensive systems, and adequate further research might
achieve increases in efficiency similar to those demon-
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strated in the poultry industry since 1950. In dairy and
beef cattle, large advances might also be achieved
through careful management research.

Insect Pest Management Systems

To increase animal productivity through insect pest
management systems, major emphasis is needed on se-
lective chemicals, biological control, attractants, and
breeds of animals that are resistant or tolerant to the
attack of various insects. Of prime importance in devel-
oping improved control technology is basic research in
insect physiology, genetics, and behavior.

Research Constraints

Undecided consumer and nutritional issues involving
dietary composition and food safety, and environmental
issues involving increasing livestock concentrations
combine to present a set of general, social, and economic
constraints on levels of research, technological devel-
opment, and technology transfer. More specifically,
constraints include the (I) removal of chemicals from
our current arsenal against diseases and insects by action
and regulatory agencies concerned with human health,
safety, and environmental pollution; (2) enormous cost
of getting a new chemical or drug on the market; (3)
development of resistance to drugs and chemicals by
pests, and the introduction of new harmful pests; (4)
absence of basic research on which to build new tech-
nology; (5) rejection by humane societies of methods of
controlling predators; and (6) spreading of current re-
sources to include new areas of responsibilities, such as
human nutrition and energy conservation.

ON-FARM PRODUCT LOSSES

On-farm losses in agricultural production are exten-
sive. Firm estimates of the losses are not available, but
several reports indicate them to be serious. They repre-
sent losses of both energy and resources. Some of the
losses of raw products occur in harvesting, storage, and
processing (such as drying); some are caused by equip-
ment failures due to inefficiencies; some derive from
adverse environments. Losses occur in livestock pro-
duction as well as in the production of food and fiber
crops.

Improved harvesting metho&:, machinery, and tech-
nology would reduce losses in harvesting crops. There
is a need for basic research on the mechanism of stress
and damage in the harvested product. Equipment failures
probably indicate the need for better materials technol-
ogy in equipment fabrication. Losses in the on-farm stor-
age of many food crops can occur because of structural
failure due to inadequate design, an improper storage
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environment, or crop conditions at time of storage. The
environment in which livestock are kept greatly affects
their production and reproduction efficiency. Research
by agricultural engineers has led to improved production
and reproduction environments for some livestock.
There is an opportunity to expand this research to all
livestock and to determine economical methods of pro-
viding environments that will reduce losses in livestock
production.

Under current price relationships, the technology to
reduce agricultural losses is expensive when compared
to the value of the losses. But this balance seems to be
changing, and the application of new technologies to
reduce agricultural losses will be increasingly justified.
Nevertheless, the current price relationships detract from
a sense of urgency about developing the technology to
reduce agricultural losses.

FOOD AND FIBER SAFETY AND MARKETING

Postharvest costs make up two-thirds of food prices
and a much higher proportion of fiber product prices.
As the world popplation expands, it will be increasingly
important to reduce food and fiber losses in the product
processing and distribution system.

Reducing Food Losses

Secretary of State Kissinger, at the 1974 World Food
Conference, said, "Major priority must be to reduce
losses from inadequate storage, transport, and insects."

..Postharvest food losses for the United States have been
'estimated at $31 billion, and losses have been reported

in less developed countries of over half the food pro-
duced. There is a need for improved protection and pres-
el,ation of food by environmentally acceptable Inethods
to prevent contamination by insects, microorganisms,
and toxic materials and to prevent physical loss. Poten-
tial improvements in technology include controlled at-
mospheres, temperatures, hormone bioregulators, low
dose atomic radiation, and pH control. These and other
technologies need to be examined and improved indi-
vidually and in combinations.

Reducing Food Costs

Processing, materials handling, and transport are ma-
jor cost components in domestic food marketing. New
technologies are deeded that are energy efficient, reduce
handling, and improve product protection without add-
ing packaging materials or transportation costs. Such
appropriate technologies as ambient cooling of produce
and direct marketing of fresh, rather than processed,
foods need to be reexamined.
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Increasing Food Safety and Quality

Food and feed must be protected against contamina-
tion from naturally occurring toxicants and microbial
damage as well as from chemical residues and additives
which can affect the health and safety of consumers.
Continuing research is needed to identify contaminants,
develop rapid methods for detection, determine cause
and potential for occurrence, and develop means for pre-
vention, removal, or safe disposal of contaminated prod-
ucts.

Improved analysis of food safety and quality issues
and of the cost effectiveness and impacts of current and
planned programs is needed. This includes research to:

Study the nutritional status of the population and
evaluate the economic impacts of public efforts
to improve that status;

Determine the economic impacts of Federal reg-
ulation of drugs and additives in the production,
manufacture, distribution, and storage of food;

Evaluate existing and proposed changes in food
grades and standards for consumers, producers,
and food marketing firms;

Evaluate cost effectiveness of alternative nutri-
tion education programs; and

Investigate and analyze the roles of price, in-
come, family size and composition, advertising,
product labeling, health status, and attitudes on
consumers' food purchasing habits.

Utilizing Natural Fibers and Renewable Resources

Natural fibers, including leather, and numerous by-
products from plants and animals compete directly with
manmade fibers, plastics, and chemicals from natural
gas and petroleum. Research is needed to improve ef-
ficiency and reduce costs of converting farm commodi-
ties and byproducts into useful consumer products as
nonrenewable sources of basic materials become more
scarce.

HUMAN NUTRITION

Three recent government reports that deal with na-
tional priorities in nutrition research are in essential
agreement. The overall issue of major significance is the
definition of and means for promoting consumption of
optimal diets for growth, development, and prevention
of disease at all ages. This is of special importance in
view of our rapidly changing national diet. It is estimated
that a supermarket may now contain upwards of 12,000
items from which the consumer must select his or her
food; r ,ny of the items change with time, and the com-

Cf .A"

position of the mix is often unknown to the consumer.
Lifestyles and eating habits that have nutritional impli-
cations are also changing.

Specific problems (opportunities) for scientific and
technological contributions include:

(1) Development of improved data on food compo-
sition and improved evaluation methodologies to keep
pace with changes in the food supply;

(2) Development of better knowledge of the factors
that influence the formation of food habits and food pref-
erences, and the means by which these may be modified;

(3) Assessments of the cost effectiveness of various
food and intervention programs, nutrition education, and
regulatory activities concerned with food safety and
quality;

(4) Development of techniques, equipment, and ed-
ucational methods to help consumers in the home or in
institutions select foods that provide a nutritionally ad-
equate diet at reasonable cost;

(5) Research and policy analyses to deal directly with
food-related issues. Such research will require a much
improved food pricy,, expenditure, and consumption
monitoring system. 'This system should provide the base
for conducting polic) studies on the effects of food in-
dustry merchandising practices, food and nutrition in-
formation programs, Ind the changing number and size
of firms on consumer food prices;

(6) Development of a better understanding of the in-
teractions that occur between nutrients in diets, in the
presence of drugs, and related to other environmental
factors that affect nutrient requirements and availability;
and

(7) Development of better methodologies for the de-
termination of nutrient requirements of individuals and
populations, and for the assessment of nutritional status.

The central constraint identified in reports is the lack
of a sufficient cadre of research workers. Prominent con-
straints are the ethical and other limitations on the use
of human subjects in research, severe current methodo-
logical limitations, and fragmentation of research activ-
ities.

CHARACTERIZATION AND EVALUATION OF
FOREST RESOURCES

Most everyone favors multiple use of forest lands. But
which uses and where? Conflicts are growing as more
people demand more goods and services from the na-
tion's limited forest and rangeland base while at the same
time there is an increased environmental awareness on
the part of the public.

First, we need to know how much we have and what
the demand is for each of these resources. We must learn
how much of each product or service the land base can
produce singly and in combination and at what cost.
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Finally, we must be able to answer the question, "What
are the physical, social, and economic results of each of
the various land use strategies?" Such questions are ad-
dressed by the characterization and evaluation of forest
resources.

Multi-Resource Inventory and Appraisal

Land managers need information on which to base
decisions regarding alternative land use. To provide this
information, certain kinds of data are needed.

Presently, we know how to design inventory programs
to answer some of the questions concerning potential for
timber production and, to a certain degree, range and
wildlife habitat. But the need is growing for information
on all resources embodied in the forest or range ecosys-
tems. There is need to improve techniques for measuring
the relevant elements of forest and rangeland resources
and services and to develop more efficient methods for
assessing and integrating future demands for renewable
natural resources and services.

Multiple-Use Potential and Evaluation

How to choose among alternative land use possibili-
ties and how to best allocate management funds are in-
creasingly difficult problems for managers. Under cer-
tain conditions, joint production of goods and services
from the same land is compatible, while in other situa-
tions use for one purpose entirely eliminates other uses
or severely constrains them. The problem is further
complicated because various interest groups value these
outputs differently. Furthermore, shifts occur in value
perceptions and priorities over time.

Research itself cannot resolve land use issues. It can,
however, provide the factual basis and techniques for
evaluating the consequences of choices between com-
plementary and competing use values. Generally, eco-
nomic and political considerations will have to be taken
into account. So, research can and should improve meth-
ods for evaluating the socioeconomic benefits and costs
of alternative land use and develop more efficient land
use planning systems for forests and associated range-
lands.

PROVIDING ADEQUATE SUPPLIES OF WOOD

The need for forest products will double by the year
2000, and timber management research musi provide
ways to boost timber production to satisfy this need.
Concurrently, new and increased demands are being
made on forest resources from an expanding human pop-
ulation enjoying greater amounts of leisure time.

Timber management research, therefore, must not
only provide new knowledge about the culture, breed-
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ing, and economics of growing trees. It must achieve its
goals in harmony with other forest values.

Future requirements for timber-based materials can be
met in part through better use of our wood resources. It
is now physically possible to increase per-acre harvest
of wood fiber as much as 50 to 100 percent in many
areas by removing defective logs, tops, and branches.
Similarly, it is possible to increase substantially the
yields of materials from logs and to improve greatly the
efficiency of wood product use in buildings and manu-
factured goods. But research is needed to make these
possibilities economically feasible.

Biology, Culture, and Management of Forests and
Timber-Related Crops

To provide the information needed to meet the de-
mands for additional forest products, we project that tim-
ber culture and management research must assess the
capabilities of the forest to produce and sustain timber
growth. This means intensive treatmentsmechanical
site preparation, fertilization, thinning, and whole-tree
utilization. It means treatment of hardwoods and soft-
woodspure stands and stands of mixed speciesfor
both even-aged and uneven-aged forests.

At the same time, the quality of the forest environment
needs to be preserved and enhanced. The problem is
complicated by increasing concern over energy supplies.
There is need to develop techniques of intensive culture
to maximize production of wood fiber on selected sites
while enhancing environmental quality and using a min-
imum of fossil fuels, find better ways to convert unpro-
ductive land to forests, and produce growth, yield, and
related forest stand parameter models for commercially
important species.

Genetics and Breeding of Forest Trees

Genetic gain has the potential of shaping the timber
resource to help meet multiple demands of the public.
Significant gains have been made, even though much is
not known about genetic mechanisms. The results have
encouraged the establishment of 13,000 acres of seed
orchards for the production of superior seed. On other
fronts, development of disease- and insect-resistant stock
shows promise.

However, the underlying obstacle to greater progress
is time. We must develop advanced techniques to reduce
the time period required to test seed and produce im-
proved seed and seedlings.

Economics of Timber Production

While -considerable research has been done in pure,
even-aged stands on some of the major forest types, we
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know little about the economics of timber production
under mixed stand conditions and in uneven-aged stands.
Nor can we identify changes in forest stand values over
varied rotation lengths, over a range of site conditions,
in conversion of sites from one species to another, and
in response to various cultural treatments. In short, we
need to improve our capability to determine the costs
and benefits resulting from alternative timber manage-
ment practices and determine the effects of public poli-
cies on the production of timber from public and private
lands.

Harvesting and Forest Engineering Systems

Lack of appropriate harvesting equipment and systems
limits wood production in many areas. Past research has
increased our capability to determine operating costs,
choose among alternative systems or equipment, and
determine the effects of timber harvesting on other forest
values. Expanded research is needed to determine what
equipment is needed to harvest trees under difficult slope
and soil conditions, find the most economical machines
and systems for harvesting small trees, determine how
to minimize the impact of harvesting and transporting
wood on other forest uses, and develop more efficient
harvesting operations.

Properties, Processing, and Protection of Wood

One way to help meet timber demands is to put the
available wood supply to better use. Research has al-
ready paid dividendsfor example, some woodpulp
now is made from defective logs and formerly unused
species. But this is just a start. Expanded research is
needed to find economical ways to use low-quality trees
and residues, extend the resource base and conserve en-
ergy by improving processing efficiency, devise more
effective and efficient methods for end-use application
of wood, improve wood protection techniques, and de-
velop more effective and economical methods of using
wood as a source of energy and chemicals.

Economics and Marketing of Wood Products

New developments in forest product utilization, from
haryesting to final product uses, have little chance of
practical application unless they are more profitable than
existing techniques and are acceptable to potential users.

One example of improved technology is whole-tree
utilization, which increases the usable harvest of wood
from a given area and reduces the problem of logging
residues. Another example is improved structural appli-
cations of lumber. Homebuilders are unlikely to use new
wood-saving designs unless these designs provide con-

sumer satisfaction at competitive prices. Clearly, there
is a need to produce more information on the economics
of forest products utilization techniques; provide more
accurate marketing information to meet the needs of tim-
ber owners, wood processors, and product distributors;
and increase our capability to evaluate trends in forest
products consumption and trade.

FOREST PROTECTION

Insects, diseases, and wildfires kill an estimated 2.4
billion cubic feet of timber annuallyan amount equal
to one-fifth of the annual harvest. insects and diseases
cause approximately the same amount of annual growth
loss. In addition, the three factors together impair es-
thetic values, recreational opportunities, watersheds, and
wildlife habitat. In rural and urban areas, insect and dis-
ease damage can significantly reduce real estate values.

Forest protection research is focused on minimizing
these losses. Increasingly, research is concentrating on
preventive measures as well as control methods.

Control of Insects Affecting Forests

We have a good understanding of the biology and
habits of various bark beetles and some of the major
defoliators, such as the Douglas-fir tussock moth, the
spruce budworm, and the gypsy moth. Cone and seed
insects, tip and shoot moths, hardwood borers, and in-
sects of young stands have received less attention. Ad-
ditional research is needed in a number of areasfor
example, use of behavioral chemicals as attractants or
repellants, biological control agents, pest-host relation-
ships that determine population trends, and the influence
of various silvicultural practices. We also need more
information on insect-disease relationshipsnamely, in-
sects as disease vectors, or one agent predisposing the
host to attack by the other.

Control of Diseases, Parasites, and Nematodes
Affecting Forests

We know that stre .ses from soil compaction, moisture
deficiency, air pollution, improper site selection, and
mechanical wounding increase a tree's susceptibility to
disease. Tiee vigor clearly is a vital factor in disease
resistance. For this reason, it is important that we
strengthen basic research to maximize the growth and
maintenance of healthy trees; improve our capability to
detect incipient diseases; identify those diseases regis-
tering the greatest biological, social, and economic im-
pacts on forest values; and develop more integrated pest
management programs.



Prevention and Control of Forest and Range Fires

Mathematical models have been developed for pre-
dicting spread rates and intensities of fires burning in
simple, single-strata fuels. These models provide the
basis for the National Fire Danger Rating System, and
for selecting suppression strategies. But, they are of lim-
ited use for predicting the spread of fire in multi-strata
fuels. To accomplish that, we need to devise models that
will evaluate the amount and late of heat released for
crowning and spotting fires, and fires burning in com-
plex, multi-strata fuels; develop methods of inventorying
live and dead wildland fuels to determine chemical and
physical properties of plants and plant litter; and increase
our understanding of prescribed fire effects on the total
spectrum of physical, biological, economic, and social
resources.

PROVIDING ADEQUATE SUPPLIES OF HIGH
QUALITY WATER, PROTECTING THE SOIL
RESOURCE, AND ALLEVIATING POLLUTION

Forests and rangelands are the source of two-thirds of
the nation's high quality water. These watersheds also
produce timber, forage for domestic livestock, habitat
and food for wildlife, and recreation opportunities for
people. All these uses influence water quality and yields;
soil properties; site productivity for timber, forage, and
wildlife; air quality; and quality of the land for recrea-
tion. Because these influences promise to become
greater as the intensity of forest management increases,
research is needed to develop ways to minimize their
impact on air, soil, and water quality.

Watershed Protection and Management

Increasingly, we will have to rely on intensive man-
agement of the more highly productive forests and range-
lands for the bulk of the nation's timber and forage sup-
plies. This will involve the maintenance of range
vegetative types, complete utilization of fiber on short
rotations, fertilization, and a host of other practices.

Research on the effects of intensive management on
watersheds will help determine the short- and long-term
effects of intensive management on water quality and on
the yield from different kinds of forests and associated
rangelands.

Soil, Plant, Water, and Nutrient Relationships

Soil and its nutrient qualities, plants, and- water are
interrelated in complex ways. These interrelationships
determine the productivity of forest and associated
rangelands for timber, forage, wildlife, and recreation.
They also influence the quality, quantity, and timing of
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water yield and greatly influence the severity of site dis-
turbance and pollution resulting from management prac-
tices. These general concepts are understood, but if we
knew the specific interrelationships for different regions
of the country, it would help answer management ques-
tions posed in other research areas. For example, we
could determine specific fertilizer and pesticide prescrip-
tions for forests and rangelands, and the ability of soil
systems to produce continuous fiber or forage harvests.

Alleviation of Soil, Water, and Air Pollution

Many possibilities lie ahead for using forests and as-
sociated rangelands to reduce environmental pollution.
For example, forests and rangelands can become an in-
tegral part of waste treatment systems through controlled
absorption and neutralization of municipal and industrial
wastes. The need is to find out how to use municipal
and industrial wastes on forests and range! ands while
protecting soil and water quality and human health, and
to develop ways to alleviate the impacts of past and
present mining practices on forests and associated range-
lands and restore these areas to productivity.

IMPROVING RANGE AND HABITAT
CONDITIONS FOR DOMESTIC LIVESTOCK,
WILDLIFE, AND FISH

Integrated management of forest rangelands is needed
for enhancing the range production of beef, lamb, and
wool, in addition to furnishing forage and browse for
wildlife and providing water, recreation, open space,
and natural beauty.

Forests and their waters are an important habitat for
many kinds of wildlife and fish. They must be managed
to benefit both game and nongame species, with partic-
ular attention to endangered species. While past research
has developed guidelines for tailoring forest and range
management practices to the needs of certain wildlife
and fish, especially game species, the need now is to
develop information that is more widely applicable to
nongame species and a greater variety of habitats.

Management of Range Resources

Increasing public pressures require multiple-use man-
agement of forest rangelands for watershed, recreation,
and wildlife habitat, as well as for domestic livestock.

Earlier research developed information on vegetation
responses to livestock grazing and range improvement
practices. Research has also provided rehabilitation tech-
niques using mechanical. fire, and chemical control of
vegetation. But little is known about the effects Of these
practices upon the mix of domestic and wild species that
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an area might accommodate. To substantially increase
the use and value of forest range, we need to increase
our capability to integrate various forest range manage-
ment techniques to enhance a variety of resource uses,
while minimizing adverse environmental effects.

Wildlife and Fish Habitat

There is a need to know more about the life histories
and behavior of fish and wild animals. We need to iden-
tify and quantify habitat requirements for a wide range
of fish and wildlife species, predict the impacts of var-
ious land uses on fish and wildlife habitats, and develop
ways to improve forest and range habitats for a wide
variety of fish and wildlife species.

ENHANCEMENT OF FOREST RECREATION AND
ENVIRONMENTAL VALUES

Trees and forests provide a variety of amenity or non-
commodity values that are steadily assuming greater sig-
nificance to Americans. The goal of forest recreation
and environmental values research is to enhance these
values and widen their availability.

Outdoor Recreation

Land managers need to compare the worth of provid-
ing recreation opportunities to that of producing wood,
wildlife, and water. It is much easier to value timber and
forage than recreation, wildlife, and quality water, but
our ability to evaluate recreation benefits is needed to
identify tradeoffs with other forest and range output
ternatives. To aid in making resource allocation deci-
sions,, research could produce methods to quantify social
and economic benefits from recreation on forests and
rangelands, investigate the factors that determine trends
in demand for various kinds of forest-based recreation
activities, and determine factors underlying wilderness
attractiveness and wilderness concepts.

Rural and Urban Environmental Enhancement

Whether found in urban or rural settings, forests can
modify and enhance the immediate living environment.
Research has provided some useful guidelines for im-
provement of rural and urban wildlife and for selection
of appropriate trees to improve thermal comfort, reduce
noise, and enhance landscape values.

It is evident that forest resources can do much more
to enhance rural and urban living than has been the case
to date. To expand the environmental enhancement of
forestry, research could devise methods to breed, select,
establish, maintain, and protect forest vegetation for var-

ious urban uses and produce guidelines for establishing
and protecting shelterbelts to meet the needs of changing
agricultural and environmental conditions.

RURAL AND COMMUNITY DEVELOPMENT

Development of rural areas is affected by numerous
social, economic, and institutional factors. Much of the
research on rural development has been partial and
"micro" in nature. More effort is needed to develop
comprehensive models that systematically relate devel-
opment and economic variables as a basis for analyzing,
projecting, and forecasting development of rural areas.
Specific research areas include demographic trends,
manpower programs for rural labor, indicators of rural
well-being, revenue sources for local governments, ad-
equacy of community services (such as water, sewerage,
health, education, housing, energy, credit, and trans-
portation), and the impact of Federal programs and pol-
icies on rural growth.

IMPACTS OF THE ADOPTION OF NEW
AGRICULTURAL TECHNOLOGIES

The very essence of mission-supported research and
technological development in agriculture is to achieve
new and improved technologies. Yet the adoption of new
technology is seldom neutral. Almost invariably, there
are differential social and economic effects on individ-,
uals and firms, and on economic and social groups.

There are opportunities for economists and social sci-
entists to join forces with scientists of other disciplines
to evaluate the differential impacts of new technologies
before they are adopted, or when new technologies are
projected but not yet available for adoption. While there
is generally a strong belief in this country that there are
net social gains from technological advance, there is a
real need to be able to anticipate the distributional im-
pacts of each major new technology under consideration.

In addition to learning about the distributional effects
of new technology among users, more research is needed
for developing anticipations of the side, indirect, and
delayed impacts of new technology, some of which may
be adverse, and some beneficial. It is common knowl-
edge that past agricultural technologies have had adverse
effects on the environment and employment of rural la-
bor but beneficial effects on food prices and national
economic growth. But that is a hindsight view of the
impacts of technology. What is needed is foresight about
the impacts of technology before completion of devel-
opment, where feasible, to minimize any prospective
adverse impacts.

32



Department of Commerce

Programs in science and technology at the Department
of Commerce are aimed at advancing the economic
health and well-being of the nation. The Department's
science and technology efforts foster U.S. industrial de-
velopment and economic growth through the conduct of
basic research, the advancement of the scientific and
technological infrastructure of the United States, and the
enhancement of the process of technological innovation
in U.S. industry.

Technological innovation has a positive influence
upon economic growth, productivity, employment, and
the balance of trade. Advancement of the technological
capability of U.S. industry is essential to produce the
goods and services requisite to preserving and improving
the quality of life of the nation. The role of the science
and technology programs of the Department of Com-
merce is to assist in the realization of these social goals
through the advancement of the technology of produc-
tion. Its specific concern is for promoting the efficient
production of goods and services, for improving the
competitiveness of U.S. industry in domestic and foreign
markets, and for enhancing the ability of industry to
meet other social goals. The Department as a whole
touches upon all aspects of the industrial innovation pro-
cessfrom the exploration of fundamental ideas, through
the provision of direct support, to the diffusion of tech-
nological innovations in the marketplace.

The first item in our Five-Year Outlook report, enti-
tled "Domestic Policy Review on Industrial Innova-
tion," concerns the general problem of the nation's re-
duced level of innovation. The Department's approach
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to the problem reflects its view of science and technol-
ogy as an instrument to develop and promote economic
growth and industry. Other items in the report focus on
specific national problems which may be resolved
through our science and technology programs.

DOMESTIC POLICY REVIEW ON INDUSTRIAL
INNOVATION

President Carter's concern for the status of industrial
innovation in the United States resulted in a major do-
mestic policy review that gave the issue of industrial
innovation the highest level of po;i.;:, attention by the
executive branch. The domestic policy review resulted,
during 1979, in a report to the President, setting forth
recommendations for Federal action for enhancing the
status of industrial innovation in the United States. In
recognition of the concern of the Department of Com-
merce for science and technology as a means for ad-
vancing industrial technology, the Secretary of Com-
merce, Juanita M. Kreps, was designated chairperson of
this wide-ranging interdepartmental study.

Industrial innovation is a process. It proceeds from an
idea, through research, development, and demonstration
phases, to the commercialization and diffusion of a new
product or process through the market. Research, de-
velopment, and demonstration are integral parts of the
process insofar as they lead to the commercial utility of
a process, a product change, or an invention. However,
research, development, and demonstration make no eco-
nomic contribution to industry unless at least some part
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of the knowledge generated is successfully commercial-
ized; that is, unless the results are either integrated into
the, production process or manifested in the form of a
new or improved product or service.

This review of industrial innovation was based upon
a recognition that actions of the Federal Government can
have, and have had, significant impact upon most firms'
abilities and decisions to innovate. Through careful, sys-
tematic consideration and precise formulation of specific
policies and programs, the Federal Government can in-
fluence the future rate and direction of industrial inno-
vation in a way that will provide positive benefits to the
economy and to society.

As a result of the review, the President is considering
programs in the major areas of procurement, direct Fed-
eral support of research and development, environment,
health and safety regulations, regulation of industry
structure and competitiveness, economic and trade pol-
icy, patents and information.

Need for Government/ Industry Program of
Cooperation to Advance Basic Industrial Technology

The need for programs within which government and
industry can work collaboratively to solve national eco-
nomic and social problems by advancing basic industrial
'technology is recognized by a body of public opinion
(indicated by, for instance, a 1978 Harris poll) noting
the importance of technological innovations to our so-
ciety; a body of academic thought noting the need for
public action to complement private investments in re-
search and development; a recognition by government
of opportunities to stimulate technologies which cross-
cut the operations of many firms rather than those typ-
ically pursued by industry which offer firm-specific, pro-
prietary advantages; a body of industrial thought noting
the importance of strengthening the system for innova-
tion in the United States; and an awareness by industry
and government of the challenges raised by the massive
investments of other nations in new technologies.

One means of meeting this need would be through the
cooperative development of generic technology. The
goal of such a cooperative technology program would
be to stimulate the environment for private development
of technologies critical to the vitality of the American
economy. Specifically, the progran ould be designed
to spur the production and accumulation of scientific and
technical knowledge essential for industrial investment
in the commercial development of critical technologies.

A one-year study of the cooperative technology pro-
gram received the approval of the President and Con-
gress. The Office of Management and Budget recom-
mended that five steps be undertaken in assessing the
desirability and feasibility of a cooperative program and
subsequently, if appropriate, in developing a program

plan. These steps were study of precedent programs;
assessment of the need and value of the program; design
of a program structure; solicitation of public comment
on the proposed program through seminars, hearings,
etc.; and refinement of proposed program design and
selection of target industries.

ENERGY

Alternative Energy Sources

Dwindling of oil and gas reserves requires the study
of alternative energy sources and increased utilization of
existing resources. The Department of Commerce cur-
rently is involved in programs to apply science and tech-
nology to the development of such possible alternative
energy sources as the sun, the oceans, and geothermal
reserves.

Transportation of Fuels

Oil, gas, coal, and other minerals exist in large quan-
tities in the U.S. arctic, especially Alaska, and a:so in
offshore areas north of Alaska; yet their availability and
their economic usefulness are inhibited by lack of ade-
quate transportation. Dependence on pipeline links in-
creases costs, inhibits movement of products other than
liquid petroleum or derivatives, decreases system flexi-
bility (as new sources are located), and requires com-
pletion of an entire system before any product can be
moved.

Shipping systems capable of moving cargoes directly
from ice-bound ports can alleviate these problems. The
Department of Commerce could develop a joint industry
program to develop the technology for constructing arc-
tic ships that can travel either through heavy ice or under
it and will carry oil, gas, and bulk materials.

Atlantic Coast Refineries

A need for additional petroleum refining and storage
capacity exists on the U.S. Atlantic coast, but fear of
possible spills from VLCC (very large cargo carrier) op-
eration and unloading, and further degradation of air
quality from expansion of local refining capacity, thwarts
our ability to import and refine crude oil in that area.
The exclusion of U.S. east coast oil port development
has resulted largely from the periodic recurrence of col-

, groundings, fires, and explosions attributed to
human error, as well as technological limitations dictated
by the priorities placed on short-term economies in the
selection of design criteria and equipment.



The feasibility of overcoming these limitations should
be investigated by designing a new generation of tankers
and terminals as fully integrated systems devoted exclu-
sively to the goals of safety, dependability, and produc-
tivity. The initial high cost will be offset by the long-
term economics of placing a major, deep-water east
coast terminal off-shore but close to the center of de-
mand.

MATERIAL SHORTAGES

Serious difficulties and disruptions will arise in future
years in the supply of materials for the U.S. economy.
Among the factors contributing to the shortages are in-
creasing depletion of high-grade ores, rising dependence
on imports susceptible to political disturbances, and the
high cost of process energy and of petroleum-based feed-
stocks. To alleviate these restrictions, scientific and
technological solutions should be pursued along the fol-
lowing routes:

Use of Substitute Metals

Replacements for scarce metals used for alloying
should be sought by systematically investigating phase
diagrams and properties of multicomponent alloys.

Use of Composite Materials

Composite materials (heterogeneous structures con-
sisting of a support matrix strengthened by reinforcing
fibers) show higher strength, lighter weight, and greater
durabili'y than conventional materials and can, there-
fore, s;r,tificantly contribute to materials and energy
savings. Increased industrial utilization is inhibited by
lack of confidence and high cost. Failure modes and the
effect of manufacturing processes, environment, and op-
erational parameters on failures need to he explored.
This requires a detailed understanding of the properties
and structure of the matrix, the reinforcing fibers, and
the matrix-fiber interface. Effective and reliable test and
inspection methods must be developed.

Reducing Materials Losses

Significant materials savings can be effected by re-
ducing the losses of $70 billion/year in the United States
caused by corrosion, fracture, and wear. Existing tech-
nology for testing, controlling, and reducing risks and
costs associated with deterioration and failure must be
transferred to the appropriate user. The fundamental
physical and chemical mechanisms that affect the dura-
bility of various classes of materials must be studied,
and predictive theories for materials performances must
be established.
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Waste Recovery

Large quantities of potential resources are discarded
as waste: 20 percent of tin and aluminum requirements,
10 percent of ferrous metals requirements, and enough
organic materials to supply 2 percent of current energy
needs. A market for these materials can be established
by developing specifications for the composition and
properties of waste materials, by establishing the essen-
tial equivalence of recovered materials to virgin mate-
rials, and by developing or improving resource and en-
ergy recovery processes. .

CLIMATE

Alleviating climate conditions that may adversely af-
fect economic development is a major issue.

Susceptibility of Industry and Society to Climate
Fluctuations

Seasonal and interannual climate fluctuations ad-

versely affect food production, water resources availa-
Mity, land use, energy supplies, and other factors that
*.-e vital to national security and human welfare. Re-
peatedly in the past decade there have been examples of
climate-caused social and economic tragedies. The De-
partment of Commerce is employing many new and ex-
isting scientific and technological capabilities to alleviate
adverse effects of climate conditions. Programs are un-
derway to r.-,sess the effect of climate on our industrial
and social activities, to improve our understanding of
climate processes, to improve methods for climate fore-
casts, to improve dissemination of climatological data,
and to improve international cooperation in climate re-
search. Specific program areas involved are:

(1) Identifying potential increases in atmospheric
carbon dioxide which may cause global warming leading
to severe regional or national climate changes;

(2) Increasing efforts to formulate the link between
physical fluctuations of the oceans and gross changes in
continental weather on the one hand and fisheries re-
sources on the other;

(3) Identifying climate-sensitive components of the
Gross National Product and the Consumer Price Index,
and closely examining those cases where the economists
have attributed significant changes to the weather;

(4) Evaluating the potential effects of climate fluc-
tuations on national and global grain supplies;

(5) Collecting data on the effects of weather and
climate on an individual's physical and psychological
well-being;

(6) Investigating the impact of the overall solar-ter-
restrial environment on societal systems;

(7) Investigating the influence of climate on design
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criteria for residential housing so as to minimize fossil
fuel consumption;

(8) Developing expertise and measurement stand-
ards to measure the influence of anthropogenic activities
on the environment;

(9) Improving, refining, and expanding the fore-
casting techniques used to predict storm surges in coastal
waters contiguous to the United States;

(10) Improving our understanding of the mechanisms
that generate catastrophic natural events such as tsu-
namis, high winds, and wind-driven flooding in coastal
locations from severe storms; improving our ability to
predict such events; applying engineering and design
technology to increase the resistance of coastal structures
to such events; and improving early warning systems of
such disasters;

(11) Developing a prototype operation in the high-
risk Appalachian region to test and evaluate techniques
for improving regional Federal/state/local flash-flood
warning services;

(12) Using new technology in the Agricultural Weather
Service program to increase accuracy and reliability of
weather forecasts, thus assisting Federal decisionmakers
in the management of domestic renewable resources;

(13) Developing the Next Generation Weather Radar
(NEXRAD) system to increase accuracy of weather fore-
casting;

(14) Increasing the potential for weather modification
as a means to augment water resources and mitigate nat-
ural disasters and weather hazards; and

(15) Utilizing new instrumentation and technology to
measure crustal motion with high accuracy and over long
distances to identify movements of the ocean floor as a
means of insuring the safe and efficient development of
ocean resources.

MARINE TECHNOLOGY

Especially during the 1970s, there has been a growing
national commitment to the exploration, utilization, and
management of the oceans and their resources. National
programs in ocean energy, marine minerals, fisheries,
climate and weather, pollution control, and environmen-
tal monitoring, assessment, and stewardship have in-
creased tremendously. As these activities continue to in-
crease', the need for effective development orsupporting
marine technology becomes more urgent. There are ex-
plicit Federal roles in this ocean technology develop-
ment.

An ocean engineering organization could be estab-
lished and fostered within the Federal Government to
support and coordinate the long-range engineering re-
search and development required by the U.S. Govern-
ment's current and future marine activities; to collect,

generalize, and disseminate ocean ineering data and
information; to avoid unintentional duplication of engi-
neering development in Federal programs; and to pro-
vide a forum and focus to coordinate, as appropriate, the
research, the long-range engineering development, and
the immediate short-range engineering development in
the Federal, state, and private sectors.

The Department of Commerce, through its National
Sea Grant Program, is sponsoring research in the follow-
ing ocean technology areas:

(I) Reducing the recurring economic loss due to cor-
rosion of materials in the marine environment by in-
creasing our understanding of the mechanism of corro-
sion and related phenomena;

(2) Studying the process by which biological fouling
is initiated upon material surfaces exposed to natural sea
water;

(3) Increasing our understanding of marine sediment
transport in nearshore water; and

(4) Increasing our understanding of the circulation
on, and exchange across, continental shelves.

OCEAN POLLUTION

The increasing use of the ocean for resource devel-
opment as well as for waste disposal has produced mul-
tiple use conflicts that pose a serious threat to the health
of the oceans. There is a lack of knowledge about the
effects, fates, and, transformation products of the new
varieties and increasing quantities of chemicals being
introduced into the marine environment. The uncertainty
about acceptable levels of pollutant exposures results in
very large economic costs for control and regulation.

The Department of Commerce has three programs in
this area. They are concerned with expanding our knowl-
edge about the capacity of the ocean to assimilate 4,aste.
materials so we can make informed decisions on what
types and what levels of waste may be safely disposed
of in the ocean, research on oil spill concentration and
trajectory prediction, and monitoring and research re-
lated to ocean dumping.

SEAFOOD PRODUCTION

U.S. food processors have been unable to produce a
wide variety of seafood products and market them do-
mestically and abroad. Even though a major share of the
world's fisheries are in U.S. waters, much of the harvest
is processed abroad because the U.S. fishing industry
cannot efficiently catch and process it. The problem can
be alleviated by gaining a thorough chemical and phys-
ical understanding of products suitable for large foreign
markets and determining ways of producing and pre-
serving them.
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In the United States most of our traditional fishery
resources are already being harvested at or near maxi-
mum sustainable yield levels. The demand for traditional
seafoods in the United States will become critical within
the next decade, resulting in shortages and increased
prices for many products.

Production of fish through aquaculture is one means
of supplementing traditional stocks. The development of
new technologies in closed system recycling of water
will eliminate many of the land and water use problems
that have inhibited aquaculture development in the
United States. Utilization of thermal eftluent from power
plants and other sources will enhance the efficiency of
production of aquaculture installations. New advances
in applying the science of genetics similar to those made
in agriculture will efficiently provide a healthful and nu-
tritious product.

IDENTIFICATION OF MARINE PATHOGENS

There is a lack of a rapid, efficient, and specific
method for assaying the potential of marine waters and
marine animals to communicate disease to humans. We
currently deny ourselves the use of fishery resources
from large areas based upon infrequent determination of
fecal coliform counts. There is an assay method avail-
able, but it is time-consuming and does not really indi-
cate the presence or absence of viable human pathogens.
Utilization of science and technology could develop
rapid, accurate techniques for determining the presence
of human pathogens in the marine environment and lead
to better decisions on the use or nonuse of marine areas
for sport and commercial fishing and recreation.

AUTOMATED MANUFACTURING

The annual rate of growth of industrial productivity
in the United States (2.7%) seriously lags behind that of
highly developed economies such as those in Germany
(5.7%) and Japan (9.7%). The low rate of productivity
growth has contributed to the nation's balance of pay-
ment problems and to the inflation rate. A major oppor-
tunity for improving the rate is through widespread use
of automation in manufacturing.

Barriers to the use of automation on a larger scale
include the difficulty of obtaining capital, resistance by
unionized labor, and technological problems. Among the
latter is a lack of adequate on-line, precise, and rapid
measurement techniques. Improvements in measurement
methods utilizing multiple sensors coupled with sophis-
ticated computer process-control techniques would im-
prove automation capability, remove technological bar-
riers, and enhance economic benefits.

4
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REDUCING FIRE LOSSES

Fires in the United States cause approximately $3.4
billion in property loss, 7,500 deaths, and 200,000 in-
juries annually. Of equal concern are the indirect losses
due to fire. These include the cost of local fire protec-
tion, the construction cost of building in fire safety, and
the product-safety engineering costs that industry re-
covers from the marketplace.

The physical and chemical dynamics of fire need to
be determined so that new or improved technology can
be used to reduce fire losses. The optimum way to apply
this technology, once it is developed, is through stand-
ards, codes, and regulations.

BROAD BAND COMMUNICATIONS TO THE
HOME

Today roughly 95 out of 100 American households
have telephone service and 97 out of 100 have television
sets. However, the technological methods of delivery of
the electronic signalsnamely, twisted pairs of copper
wires, over-the-air broadcast, and coaxial cablelimit
the information-carrying speed of the telephone and the
number of television channels offered. Demand for a
wider choice of communications operations may arise in
the next five years as information access takes on greater
importance in national life. The technology of optical
fiber transmission may be able to supply such commu-
nication capacity, or bandwidth, at a reasonable cost per
channel.

IDENTIFICATION OF TOXIC SUBSTANCES

About 65,000 chemical substances are presently used
in U.S. industry. Synthetic organic chemical production
amounted to 165 billion pounds in 1976. Many of these
materials are toxic or cancer causing. The ubiquitous
presence of a variety of toxic or cancer-causing sub-
stances in the environment. asbestos fibers in air or hal-
ogenated organic compounds in drinking waterposes
a grave risk for the health,and safety of the population.
A mechanism is needed to assess the potential hazard of
these chemicals and to control their risks where appro-
priate.

Chemical risk assessment requires extensive physical,
chemical, and biological data for each substance pro-'
duced, and such data must be supplied to gain approval
for the production of the estimated 1,000 new chemicals
developed every year and for the continuation of the
production of currently used substances. This burdens
industry, particularly small innovative companies, with
$300 million annually to test new materials and $2 bil-
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lion to test existing chemicals. Rational decisionmaking
and economic efficiency of abatement methods require
that the available data and analytical methods be accu-
rate.

Measurement quality assurance can be carried out ef-
ficiently through the use of Standard Reference Data
(SRD) and Standard Reference Materials (SRM) pro-
vided through the Department's National Bureau of
Standards. Investigation of pathways of migration, dis-
tribution, and transformation of chemicals in the envi-
ronment can form the basis of evaluation techniques for
environmental persistence and fate modeling. The de-
velopment of valid, predictive models for classes of sub-
stances could help substantially to reduce the total num-
ber of measurements required. Development of data base
management techniques will ensure the availability of
existing information to industry.

RADIATION HAZARDS

The recent explosive growth in the sources of electro-
magnetic radiation, such as 30 million citizen's band
radios, 40,000 miles of extra-high-voltage transmission
lines, and widespread use of microwave ovens and mi-
crowave communication links, to name only a few, have
led to concern about the potential health hazards from
nonionizing radiation. In addition, the pervasive use of
electronic controls in transportation, consumer products,
industrial machinery, and products affecting health and
safety (such as heart pacemakers) has led to the prolif-
eration of devices subject to electromagnetic interfer-
ences (EMI).

The first step in alleviating hazards from nonionizing
radiation is to identify, access, and quantify the hazards.
Research results to date have identified thermal effects
associated with heating of biological tissue by incident
radiation of sufficient intensity. Research results have
also identified effects in the absence of appreciative ther-
mal heating, but neither the mechanisms nor the human
health hazard of these effects have been ascertained.
Thus additional biological research is needed to provide
understanding of the mechanisms of interaction in the
absence of dominant thermal effects. Lacking theoretical
knowledge, empirical animal studies of long-term, low-
level exposure are needed to answer pressing public
questions as to the existence of cumulative exposure haz-
ards. Epidemiological studies of selected exposed human
populations will establish whether nonionizing radiation
above a particular level is a probable cause of morbidity
or mortality. After such research provides a more defin-
itive assessment of hazard as a function of conditions of
exposure, safeguards of an engineering and regulatory
nature can be adopted that balance risk and cost far more
satisfactorily than our present limited knowledge allows.

Rapid growth in applications of ionizing radiation,
coupled with an increasing awareness of hazards asso-
ciated with naturally occurring radiation, has resulted in
a growing number of actions designed to protect the
public from hazards of ionizing radiation. These actions
are principally of two types: research into the biological
effects of radiation and pathways by which it reaches
humans, and development and promulgation of regula-
tions by appropriate governmental agencies.

The number of regulations relevant to protection from
ionizing radiation has grown at a rapid rate, and their
economic impactl is significant. It is important that de-
terminations of compliance with these regulations be
based on accurate, reliable measurements and data. Eq-
uitable and effective enforcement of existing regulations
requires measurements that are accurate, reliable, and
inexpensive. The various regulatory agencies must be on
a common basis to avoid conflict and confusion. Those
being regulated must also be on this same basis to avoid
conflict with the regulations. Thus, the need is for a
common basis of reference and ready access to it. Al-
though the development of measurement dissemination
and quality assurance mechanisms should be empha-
sized, concurrent research efforts aimed at improved
standards and measurement science are required.

SCARCITY IN RADIO SPECTRUM

Rapid increases in domestic and global demand for
telephone, broadcasting, mobile radio, and navigational
services are causing increasing congestion and scarcity
in the radio spectrum.

Engineering methods of spectrum management allow
us to limit the interference with communications that
accompanies congestion. Computerized data bases of
equipment characteristics and radio transmission models
provide the means for achieving electromagnetic com-
patibility of the operating frequency and locale of sys-
tems. Refinement of these data bases wilt allow the
closer packing of systems in congested spectral regions.

Applied research on how to utilize little-used spectral
regions, such as the millimeter wave or infrared regions,
will make opportunities for additional communications
systems available for use. However, constraints on re-
lieving spectrum scarcity are set by the physical char-
acteristics of wave transmission in different frequency
regions. Therefore, the potential for additional spectrum
usage is limited.

COMMUNICATIONS IN RURAL COMMUNITIES

Rural communities in the United States in many cases
do not enjoy the same extent and variety of telephone,
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television, and other telecommunications services as ur-
ban communities.

Several availahie technologies can make a contribu-
tion to the resolution of this problem. Television trans-
late s, low-power and low-range television stations, mo-
bil radiotelephone systems, cable television, regional
videotape banks, snr " satellite earth stations with mod-
est up-link capacity, and direct broadcast satellites may
all be employed in suitable combinations to upgrade the
rural communications system.

The results would create opportunities for rural pop-
ulations to increase the speed and quality of health care,
share in educational instruction the equal of an in the
country, receive continually updated information that
would assist agricultural operation, and enjoy cultural
and entertainment programs on a par with those of urban
areas.
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ELECTRONIC TRANSMISSION OF SOME OF THE
MAIL

The electronic communications industry estimates that
electronic collection, transmission, and delivery of many
types of information that previously were carried by the
U.S. mails are technically feasible and could be imple-
mented on a large geographic scale in the near future.
Types of information amenable to electronic transmis-
sion are computer-originated notices and bills, machine-
readable data, typescript, and facsimiles of graphic or
handwritten materials.

A system of electronic mail can be designed and con-
structed using currently known technologies and infra-
structures such as satellites, data communications, and
microprocessors. The system could probably be made
economically viable and integrated with the mails and
the telephone system.
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Department of Defense
Defense Advanced Research Projects Agency

The Defense Advanced Research Projects Agency
(DARPA) operates as a corporate research and advanced
development center for the Department of Defense
(DOD). Its prime objective is to select and develop rev-
olutionary technologies designed to ensure maximum
national defense capability. DARPA manages long-
range, high-payoff technologies which do not dl within
the programs of the individual services. All research is
conducted at industrial, academic, or other government
laboratories.

DARPA's future priorities will be focused on material
sciences emphasizing electronic and electro-optical ma-
terials and techniques for sharply reducing the cost of
structural components, and on information-processing
techniques, with emphasis on those applicable to the
problems of command, control, and communications
technology.

Current and emerging problems, and opportunities for
and constraints on the use of new and existing scientific
technologic' zapabilities, are described in the following
sections.

CURRENT AND EMERGING PROBLEMS OF
NATIONAL SIGNIFICANCE

Land Combat

The problem of imbalance in the quantity of opposing
forces is becoming exacerbated as enemy forces improve

and modernize, introduce sophisticated weapons into
their inventories, and erode the U.S. technological lead
in critical cl,,fense capabilities. Of particular importance
are the advances in tank kill mechanisms, which create
an urgent need to improve the protective quality of U.S.
armor.

Antisubmarine Warfare

An urgent need exists to improve our means of de-
tecting and localizing diesel submarines operating on
battery power and nuclear submarines at extended
ranges. In addition, an accurate assessment of the vul-
nerability of our submarine forces to detectors and their
localization by advanced surveillance systems is also of
critical importance.

Aircraft Affordability

The United States must develop highly sophisticated
airframes, avionics, and weapon systems of equal or
superior performance as a counter to the quantity and
quality of threat aircraft. Skyrocketing costs in manu-
facturing place a high demand on new technology for
achieving advanced performance at less than or, at a
minimum, equal to, the cost of today's aircraft.

Survivability of Space Assets

The value of space assets is continuing to increase but
will be limited by the ability of these assets to survive
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threat environments. New scientific and technical ap-
proaches, such as hardening, distributed multiple nodes,
and active defense, ar needed to achieve the required
degree of survivability.

Space Defense

There are technologies on the horizon that could make
possible space-related uses of high energy lasers and
particle beam weapons. Such weapon systems in the
hands of an enemy could threaten' our vital satellite net-
work and strategic deterrence by almost instantaneous,
long-range target kill and extremely rapid refire capa-
bilities.

Space Surveillance

Costs and survivability considerations are placing ac-
celerating emphasis on distributed space-based infrared
and radar sensors to provide an all-weather capability
for early warning and assessment of intercontinental and
submarine launched ballistic missile attacks, air vehicle
detection, and theater ocean and space surveillance. To
be credible, such surveillance systems must have the
required sensitivity, target discrimination capability,
geographical coverage, and survivability. These capa-
bilities require new scientific and technical concepts for
infrared and radar sensing, lightweight large optics and
supporting structurec, and on-board, high-throughput
signal processing.

Nuclear Test Verification

Agreements that restrict nuclear testing pose difficult
verification problems, and ongoing negotiations for a
comprehensive ban on nuclear testing pose additional
and even more difficult problems. Over the course' of
time, these problems could prove to be influences tend-
ing to undermine the stability of the agreements. Ad-
vances toward solution of many of the verification prob-
lems require both broadening the base of fundamental
scientific knowledge and the development of highly so-
phisticated remote monitoring methods. International
political trends that reduce U.S. access to friendly for-
eign bases aggravate existing difficulties in monitoring
remote areas of the globe.

National Decisionmaking

Important decisionmaking variables, such as mose
connected with cognitive processing, problem structur-
ing, and stress, are becoming ever more relevant to ef-
fective national decisionmaking. When groups must pro-
duce sound defense decisions in time-constrained,
information-poor situations, the problems are exponen-
tial.

Crisis Management

Given the predominant position that the United States
occupies in the global arena and the corollary depth of
its global participation, the United States will continue
to be confronted with important intranational (for ex-
ample, Iran) and international (Middle East) events and
conditions which will have enormous implications for
our national interests. No longer do our indications and
warnings (I&W) systems serve us well in all possible
situations. Indeed, since 1950, we have only forecasted
54 percent of all the inter- and intro- national crises that
occurred. We can no longer rely on single-track, military
indicator systems or purely intuitive methods. We are
also only partially prepared for he demands that the
management of a terrorist incident may pose. Beyond
terrorism, other forms of unconventional warfare, in-
cluding economic warfare, international perception man-
agement warfare, deception, advanced propaganda,
chemical and biological warfare, and genetic engineer-
ing, will require more sophisticated indicator and warn-
ing systems and a better fundamental understanding of
how economic, political, and military variables interact
to "drive" international affairs.

Training

Today, weapon systems are under development that
simply cannot be operated or maintained by the "aver-
age" operator without prohibitively expensive training
and retraining. The situation in this area is critical. Given
the projections regarding the quality of recruits in the
1980s, the situationwithout remedial actionmay
worsen.

Command and Control

Military commanders are encountering increasing so-
phistication in the commoci "machinery" they are re-
quired to use in managing their resources. Problems in
the human factors Associated with data base manage-
ment, information display, and cognitive processing in
cooperation with computers are growing at alarming
rates. More attention must be given not only to the hu-
man -u;er dimension in the design of information pro-
cessing systems, but also to operational methods re-
quired to effectively process the information brought to
"users" in even faster, more reliable, and secure ways.
Unless these needs are filled, valuable computer and
information resources devoted to command, control,
communications, and intelligence operations will be
wasted.

Energy-Fuel Substitutes

Diminishing supplies of petroleum, together with the
increasing cos'c rf petroleum-based fuels, have resulted
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in conservation programs and planned storage of stra-
tegic reserves that could contribute to national survival
during conflict situations. In the event that an enemy
should stop the flow of petroleum for an extended pe-
riod, alternative means are required to supplement ex-
isting supplies.

Failure Prediction

The availability of weapon systems certainly varies.
Therefore, we are not obtaining all of the military ca-
pability achievable if all our systems were failure- and
maintenance-free. Clearly, if we could predict the failure
of systems and extend system lifetimes by corrective
measures, we should be able to increase the availability
of weapon systems and achieve a significantly enhanced
military capability.

Materials Conservation and Substitution

The supply of critical defense materials can be jeop-
ardized by future political and economic sanctions or
direct military action. New materials science and tech-
nology are required to extend the useful lifetimes of
components containing critical materials, reduce waste
in manufacturing, provide substitutes through innovative
dcbign and processing technologies, and find improved
technitiies for recycle, rejuvenation, and rework.

OPPORTUNITIES FOR THE USE OF NEW AND
EXISTING SCIENTIFIC AND TECHNOLOGICAL
CAPABILITIES

Land Combat

The continuing quest to achieve greater mobility, fire-
power, and survivability in land combat systems at de-
creasing defense costs poses difficult challenges to the
scientific community. Advances in the understanding of
the hydrodynamic behavior of complex armor systems
and the development of new combinations of materials
with increased ballistic efficiency are uncovering new
concepts in improved armor protection. The realization
of improved armor protection will significantly degrade
the effectiveness of antitank weapons and will lead to
the development of lighter weight, air-transportable,
more highly mobile and agile combat vehicles. These
opportunities will be achieved not just by the synthesis
of new materials but by the development of improved
performance models and design concepts that will direct
the optimal use of materials in greater combination and
specificity.
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Recent advances in radar technologies, data process-
ing, dispersed sensors, wide-area munitions, and preci-
sion guided missiles are permitting the development of
integrated, near real time target acquisition and strike
systems that can operate long range against multiple tar-
gets moving against a broad front. These capabilities are
increasing the potential of friendly forces to overcome
a quantitative superiority in an enemy's land combat
forces by effectively striking and weakening the exploi-
tation or second-echelon forces at long range, before
they can have a major influence on the outcome of the
battle.

Air Vehicles and Weapons

Significant new capabilities in air warfare and missile
systems are emerging with the investigation of revolu-
tionary new aircraft concepts, the application of infrared
space surveillance technology to tactical missions, and
the development of missiles with multimode sensor sys-
tems.

X-wing and forward swept wing aircraft concepts of-
fer new opportunities in improved performance and sig-
nificant reductions in cost and weight over convention-
ally designed aircraft. The X-wing aircraft offers the
potential for combining, in one flight vehicle, the ad-
vantages of the efficient vertical take-off and landing
performance of the helicopter with the high subsonic
speed capabilities possessed by fixed wing aircraft. This
capability is accomplished by a unique circulation con-
trol blowing over the edges of the rotor blades to furnish
lift and control for all modes of flight. The forward
swept wing configuration offers significant aerodynamic
improvements over conventio-uai aircraft. The advent of
practical composite materials and structures is the key
to overcoming aeroelastic instability in the X-wing rotor
blade and to achieving suitably stiff, light-weight wing
structures that will sustain divergence loads in the for-
ward swept wing. The development of very high specific
stiffness, high specific strength aluminum alloys by both
rapid solidification powder technology and advanced
casting techniques is offering major weight savings and
performance improvements for advanced tactical air-
craft.

Successes in fabricating high-density monolithic focal
plane arrays for storing infrared images offer the possi-
bility of fire-and-forget seekers which are low in cost
and permit central impact of ground targets immersed in
high clutter. The same basic technology permits the de-
velopment of very high performance target acquisition
devices for potential use with forward looking infrared
imagers.

Advances in multimode seeker technology will in-
crease the operational modes of advanced missiles in
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searching for and locking on targets and in reducing the
circular error probability of surgical strikes. However,
bandpass requirements for dual-mode seekers; minimum
distortion of the transmitted signals, minimum self-emis-
sion in the bandpass of interest for infrared domes, and
minimum intrinsic scattering at high temperatures pose
stringent optical requirements. Furthermore, material re-
moval due to erosion, ablation, and evaporation at high-
mach velocities is generally not tolerable in the case of
optical windows and infrared domes and must be limited
to small amounts in the case of radomes. Multicompo-
nent and multiphase ceramics offer some degree of free-
dom for extending the transmittance spectra to longer
wavelengths and for increasing fracture toughness, ero-
sion resistance, and thermal shock capacity through mi-
crostructural control.

Advanced sensors and digital signal processing tech-
nologies have potential for providing extremely accurate
terminal guidance for second generation cruise missiles.
If combined with techniques for providing increased
penetrability, range, and payload, the increased accuracy
could effectively respond to possible future upgrading
of opposition defenses.

Power Systems

Projected improvements in the specific thrust, specific
power density, and specific fuel consumption of ad-
vanced reciprocating and rotary engines require higher
compression ratios, higher combustion and hmitine inlet
temperatures, higher speeds, and more efficient internal
energy conservation and transfer. Radical improvements
in the cycle pressure ratio and turbine inlet temperature
for gas turbine engines will dramatically reduce the air-
flow requirement and specific fuel consumption for the
same power output and will provide additional freedom
in designing efficient turbofan engines for specific mil-
itary systems. It is now conceivablelo project a dramatic
upswing in the historical trends in these parameters
through the emergence of metal-matrix and ceramic-ma-
trix composites, structural silicon ceramics, improved
oxidation- and hot-corrosion-resistant coatings and rap-
idly solidified powder technology. The full development
of these advanced materials will permit dramatic im-
provements in hot-section reliability at current turbine
inlet temperatures, extension of turbine inlet tempera-
tures to 2800°F (1538°C) and above, and a reduced de-
)endence on cobalt and other strategic elements.

Fuel conservation and the ability to employ multiple
'uels in military systems is also a critical scientific ob-
ective for the future. Technologies being pursued for
tdvanced cruise missile engines will directly benefit the
general aviation industry by providing a high-bypass,
ow specific fuel consumption turbofan engine in the
300- to 1000-pound thrust class. This new engine would

offer a reduction in specific fuel consumption over the
existing small turbofan engines., Further improvements
in fuel conservation and management will result from
the development of fuels with higher gravimetric and
volumetric BTU contents, substitute aviation fuels in the
event of extended periods of petroleum crises, advanced
fuel misting concepts, and improved combustion mod-
elling and analysis.

Dramatic increases in inlet temperature and speed for
high-performance gas turbine engines will require major
advances in bearing materials and design. The per-
fonnance and lifetime of current high-load, high-speed
bearings are limited by wear and fatigue life, thermal
breakdown limits of liquid organic lubricants, the effi-
ciency of heat removal, and various failure modes for
the bearing race, retainers, and separators. Bearing re-
liability will become a more stringent safeguard require-
ment for high-performance aircraft engines and high
power density machinery as speeds increase, since a
bearing failure can result in catastrophic failure of the
engine and surrounding support structures.

Potential technology advances in bearings include the
development of improved bearing materials, improved
surface processes for wear and corrosion control, and
the development of solid lubricants either as the principal
or as a backup mode of lubrication. Solid lubricants
would overcome many of the inherent chemical limita-
tions of liquid lubricants at high temperatures, under
oxidative environments, and over long dormancy times.
They can also eliminate weight and' volume penalties
imposed by liquid lubricant circulation and heat removal
systems and reservoirs.

Advances in superconducting and acyclic, segmented-
magnet, homopolar (SEGMAG) electric propulsion con-
cepts offer significant reductions in weight and volume
(by factors of 4 to 10) over conventional electric drives.
The current collection system dominates the geometry
and size of new electrical machine concepts having the
greatest potential value to the Department of Defense.
It is now possible to project the attainment of 3 mega
amperes per square meter (Ma/m2) current collection ca-
pacity for monolithic, metal-graphite composite brushes
and 7 to 10 Ma/m2 for multi-element brushes within the
next five years.

The successful development of high current density,
current collection systems for SEGMAG and supercon-
ducting electric machines will make possible several
technical revolutions in m!:Itary systems. Tank and ve-
hicle electrical transm.ssions with peak power ratings
double those of present levels for hydromechanical sys-
tems will be developed. The use of distributed electrical
drive motors on tanks will not only increase survivability
and maneuverability, but will also facilitate the devel-
opment of novel, articulated tank concepts. Electromag-
netic launchers for aircraft, drones, and cruise missiles
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will lead to more advanced ordnance launchers (such as
hypervelocity rail guns) which will be quiet, efficient,
and have greatly reduced infrared signatures. Pulse
power sources and high energy storage machines for
laser and-particle beam weapon systems and inertially
confined fusion power generation will be investigated.

Antisubmarine Warfare

To aid in countering submarine and submarine sur-
veillance threats, technological advances in acoustic ar-
rays, processors, and multisensor correlation to increase
possible acoustic detection ranges are essential. Of po-
tentially great value against the current threat, but also
essential to countering a significantly quieter threat, are
emerging concepts that are not dependent upon the ra-
diated noise characteristics of the submarine for detec-
tion. These include improved active sonar processors,
significantly increased source level and Inwer frequency
projectors, nonacoustic detection methods, and precise
location techniques.

As the technology of reducing sound levels of the
submarine advances, the requirements for more sensitive
acoustic sensors for towed arrays, bottom-mounted sonar
ranging arrays, and sonobuoys will likewise increase.
The new materials developments, namely, optical sen-
sors and biphasic composite materials, offer the potential
of order-of-magnitude improvements in acoustic re-
sponse and greatly extended depths of application. The
optical sensor is composed entirely of optical fiber and
senses variations in pressure associated with the acoustic
field through stress-field changes in the refractive index
of the glass. Biphasic, composite materials employ the
tailored connectivity of two individual phases to achieve
an optimal series of parallel coupling of sensor property
coefficients in order to greatly extend the performance
figure of merit beyond that possible in a single-phase
material. Such an appr)ach in seeking the best combi-
nation of materials and ways to process them is greatly
extending the performance horizons for piezoelectric,
pyroelectric, and magnetoelectric materials. Rap.dly ad-
vancing developments in strong, ultra-low-loss ()pleat
fiber-guides along with advanced sensor materials and
devices offer revolutionary advances in towed sonar ar-
rays.

Space Systems

Advanced space defense and surveillance systems
have a number of challenging requirements for which
new technologies will be required. Among the systems
that are projected for operational status over the next 25
years are: high-energy, highly efficient infrared-chemi-
cal and visible-eximer lasers to include precise pointing
systems and large adaptive-optic beam expanders; large,
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space-based, infrared, staring surveillance systems to in-
clude large adaptive-optic reflectors, high-density focal-
plane infrared detector arrays, and on-board data pro-
cessing systems with mas: 've (10'4 bits) storage and sub-
nanosecond data processing capabilities; and large par-
abolic and phased-array radar antenna systems for high
altitude, radiometric, strategic target surveillance. Most
of the spacecraft required for these applications must be
highly tailored to unique structural and system logic con-
cepts, and the customization must be reflected in the
earliest stages of design.

Large-scale, deployable, and erectable space struc-
tures will require highly innovative structural design and
materials engineering concepts to satisfy an increasing,
complex mix of requirements for maximum rigidity .A(1
minimum weight; control of structural, thermal, and en-
vironmental loads; high survivability (against nuclear,
laser, and particle beam threats); elimination of creep
and relaxation during storage; and ease of space erection,
joining, and proof testing. Optimal structural design con-
cepts for zero gravity are likely to be dramatically dif-
ferent from those employed on earth, and new methods
for employing stored energy and memory materials (re-
versibly transformable) will be sought to ease the space
erection burden.

Among the emerging materials technologies, metal
matrix composites have a number of desirable charac-
teristics for space structure applications. Some promis-
ing next-generation materials for postulated environ-
ments for large space optics are carbon-graphite,
magnesium-graphite, and glass-matrix composites, pri-
marily because of their potential for achieving high stiff-
ness and for compensating or nulling interphase thermal
expansivities to near zero over a significant temperature
range. In essence, the engineering of these complex
materials for large space optics is an attempt to substitute
adaptive feedback materials design on the ground for
adaptive feedback control of the final mirror in space.
Recent advances in nonlinear optics will also simplify
the space optics function through wave-front reconstruc-
tion techniques.

Passive space surveillance systems are beirg devel-
oped to exploit charged-couple device (CCD) technology
in.the form of many densely packed chips arranged over
an integrated focal plane to detect a wide range of mil-
itary targets. Such systems will ultimately have suffi-
ciently sophisticated sensors and filters to discriminate
background clutter from the energy radiated from the
earth, its atmosphere, and stars. They will also integrate
many signal processing and detection functions on the
same chip to facilitate the use of on-board computers to
achieve clutter suppression in real time. This same basic
technology has the potential of employment with ad-
vanced seekers to develop a new generation of tactical
forward-looking infrared imagery which will scan and
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discriminate high-value ground targets immersed in
Background clutter.

Some of the critical obstacles to be overcome in re-
alizing high-density focal plane arrays pertain to the
growth of device processing technologies for the infrared
detector materials. Both extrinsic and intrinsic com-
pound semiconductor monolithic and hybrid arrays are
undergoing extensive research to determine their ulti-
mate limits of performance. Intrinsic detectors, such as
mercury cadmium telltaide, offer several advantages
over easily adjustable cutoff wavelength and, most im-
portantly, an operating temperature in degrees Kelvin
two-to-three times that of ar: extrinsic silicon detector of
comparable spectral response. Hence, the cooling bur-
den for a surveillance spacecraft would be substantially
lower for an intrinsic detector focal plane array. In ad-
dition to advanced infrared detector array technology,
advances are also required in spectral filters for target
discrimination.

For applications requiring lasers in space, visible la-
sers offer significant advantages because of optical sys-
tem design penalties imposed by longer wavelengths.
However, technical problems in developing a high-
power, ultraviolet-visible, noble gas, eximer laser sys-
tem include the development of mirrors and windows
for control of the laser beam. The laser pulses are so
intense that antireflection and reflection-enhancement
coatings are frequently blown off with a single laser
pulse. If they are not, the components may optically
distort and defocus the laser beam during the one mi-
crosecond duration of the laser pulse.

Although performance goals for diffraction-limited
optics represent significant state-of-the-art advancements
in laser materials technology, window and mirror sub-
strates can be commercially obtained with near theoret-
ical limits in absorption and with low-scatter surface fin-
ishes. However, coating technology has not progressed
to the same degree. Typical coating absorbance is sev-
eral orders of magnitude greater than corresponding bulk
values due to anomalous absorption attributable to hy-
drogen. The degradation of these coatings in space ra-
diation environments may impose special protection re-
quirements.

High energy laser technology also offers the promise
of propelling small bulk payloads into the earth's orbit.
Technical and economic feasibility questions need to be
answered through an appropriate scientific research and
development program to determine if advantages exist
compared to conventional approaches.

Nuclear Test Verification

The U.S. ability to verify nuclear testing limitations
will be enhanced by advances in basic knowledge of
seismic source mechanisms, both for explosions and for

earthquakes; geophysical characteristics of the earth that
affect seismic propagation, especially structural and ab-
sorptive features that induce distortions in seismic sig-
nals; complex interactions between explosions and the
geophysical environment that produce potential observ-
ables (e.g., electromagnetic pulse, density changes at
the earth's surface); and new sensing principle's or dif-
ferences in characteristics of signal and noise that can
be exploited for increasing detestability. Advances in
sensors for measuring direct emanations from nuclear
explosions in space and for detecting direct or indirect
effects of explosions (acoustic, seismic) from systems
operating in international waters or space will also im-
prove U.S. verification capabilities, as will advances in
analytical and data processing methods.

Communications

Communications is one area in which it is easy to see
how to exploit the rapid decrease in the cost, size, and
power requirements of digital logic. There are a variety
of ways to trade computing for communications band-
width. Examples are bandwidth compression, error de-
tection and correction, multiplexing, dynamic schedul-
ing of channel capacity, and dynamic routing to balance
the load on available circuits.

Packet communications technology provides a basic
model for systems that are extremely flexible and that
maximally exploit these tradeoffs in data communica-
tion. The value of the packet communications concept
has been proven in a variety of fixed land line networks,
in a mobile radio environment, and in the Atlantic packet
satellite experiment. The feasibility of sending speech
over a packet network has been demonstrated at rates as
low as 2.4kb/s using linear predictive coding techniques.
As a result of these successful demonstrations, industry
is placing high priority on the development of all digital
communications systems that support multimedia trans-
mission of intermixed speech, data, and pictorial im-
agery. The proposed systems are all variants on the basic
packet communications concept formulated by DARPA
and its contractors in the mid-sixties, L d first demon-
strated in a substantial way in the ARPANET in the early
seventies.

The transition to all digital communication will greatly
simplify the problem of providing secure communica-
tions for U.S. forces scattered all over the globe. Data
cncryption systems operate in the digital domain, so se-
cure voice systems must currently convert the speech
from analog to digital, encrypt it, and then convert it
back to analog for transmission. With an all digital trans-
mission system, the encrypted speech can be sent di-
rectly at substantially lower cost.

DARPA is participating in the development of the
technology for end-to-end encryption of information on
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, packet networks, including the capability to distribute
encryption keys over the network. While the intended
use is for computer-to-computer data communications,
the extension of this capability to voice and images will
probably be underway by 1985.

There will be a large number of packet communication
networks in place in 1985, with a variety of uses and
transmission characteristics. Technology is being devel-
oped for interconnecting these networks to achieve a
high level of fault tolerance and survivability. Gateways
and internetwork software protocols have already been
demonstrated that allow communication among radio,
satellite, and land wire networks. The advanced net-
working technology under development will provide
smart gateways and adaptive routing algorithms which
ensure that the highest priority traffic gets through if any
path exists through a combination of land, air, and space
circuits. This ability to dynamically reallocate commu-
nications capacity in a crisis and guarantee the ability of
the National Command Authorities to communicate will
be an important element of strategic deterrence and will
have a major impact on all future military operations.

Signal Processing

Our ability to pack information on semiconductor sub-
strates increases by a factor of 2 in each dimension every
two to three years. That means, for example, that the
capacity of memory chips is likely to increase by more
than an order of magnitude, from the current 16,000 bits
per chip to 256,000 bits per chip by 1985. Similar in-
creases in the density of processing logic can be ex-
pected. New design technology will be needed to make
effective use of that much logic on a single chip. Ad-
vancement in the processing of silicon and compound
semiconductors is greatly facilitating the development of
solid state power supplies and the development of very
large scale integrated circuits for high throughput signal
processing missions. The development of laser-switched
electronic devices will greatly facilitate millimeter and
submillimeter radar applications in space and will bring
about a high level of sophistication in the integration of
optical and electronic device technologies.

A number of new materials processing technologies
are emerging which will bring about dramatic new ca-
pabilities in fabricating submicron-scale micro-circuits
and in achieving more sophisticated two-dimensional
and possibly three-dimensional circuit architectures.
Among these are the following: (1) the deposition of
semiconductor and insulator films on semi-insulating
substrates; (2) direct circuit writing with directed ion
beams of the required dopant species; (3) the use of
focused beam processing to lay down semiconducting
films, induce epitaxial regrowth, provide electronic ac-
tivation, and anneal implantation damage at low sub-
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strate temperatures; and (4) the development of high-
speed, high-registration techniques for multiple-beam
lithography at several tenths of a micrometer level of
resolution. The feasibility of fabricating hybrid chips
containing both silicon and compound semiconductor
circuits should be demonstrated within the next five
years. The rapidly growing complexity of large-scale
integrated circuits during this time period will require
improved computer models for device design and fab-
rication process definition and control. Such models are
now being introduced into practical application and are
being actively improved.

Military Uses of Computers

The rapid decrease in the size, weight, energy con-
sumption, and cost of computer processing power, in
combination with the availability of economical and sur-
vivable packet communications techniques, will lead to
a dramatic increase in the use of computers for national
defense. Information processing costs are falling toward
key cost thresholds below which the uses and manage-
ment of computers will change drastically.

One threshold is the cost of storing paper files and
microfilm. Currently, storage on computer processable
media is relatively expensive. For example, it would
probably cost between $100 and $1,000 to keep a typical
book on-line for a yea,... The same book could be stored
on an existing archival storage device for between $1
and $10. Optical disc technology currently under de-
velopment shows promise of permitting that same book
to be stored in computer processable form for a few
pennies per year. Furthermore, optical disc technology
is being developed for the home market, so it will not
be necessary to have a large facility to exploit this tech-
nology. Optical disc readers should be available for a
few hundred dollars, and once they are widely available,
it will make economic sense to store all information in
computer processable form.

A second major threshold will be crossed when a
$25,000 computer can run programs written for large
mainframe machines. Once microprocessors can support
mainframe data management and networking capabili-
ties, there will be a massive shift toward distributed pro-
cessing. The importance of being able to run the same
software on a personal computer and on a large and
much faster mainframe computer cannot be overesti-
mated.

The last threshold is the point at which control logic
for a physical process can be implemented more cheaply
with a microprocessor than with special purpose analog
or digital circuits. This threshold has already been
crossed for many applications, including temperatures
controllers for buildings, missile guidance systems,
avionics control systems, and automobile fuel injection
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systems. Once the threshold is crossed, advances in
computer technology are often Used to increase per-
formance rather than to reduce cost. Since microproces-
sors will be available in 1985 which can execute artificial
intelligence algorithms for image processing, signal clas-
sification, and speech understanding, we can anticipate
widespread use of heuristic algorithms which control
devices and physical processes in much the same way
that a person would.

Training and Expert Systems

The impact of having all information in computer pro-
cessable form will be revolutionary because computers
can take an active role in helping people to use infor-
mation effectively. One result will be to make possible
computer-based instruction systems capable of holding
complicated conversations comparable to a Socratic dia-
logue about a subject. Computer-aided instruction sys-
tems developed to date have for the most part been sim-
plistic and of use only in special situations. The major
cause of these limitations has been a lack of adequate
storage and processing power. A few successful artificial
intelligence systems, however, provide a window into
the future. The DENDRAL system for physical chem-
istry, MYCIN for infectious disease diagnosis, and MA-
CYMA for calculus and other types of symbolic math-
ematics all demonstrate the ability to answer questions
the same way an expert in the field would answer them.
By -1985, there will be several instructional systems of
this type in daily use, and numerous efforts will be un-
derway to expand the range of topics covered and the
depth of understanding possessed by the systems.

Other opportunities in the advanced training area in-
clude the capitalization on videodisc technology coupled
with the establishment of a geographically dispersed in-
structional system. This will eliminate the need for sol-
dier students to travel to the "school house" and enable
us to bring the school house to the students. This de-
velopment, feasible by 1985, coupled with the auto-
mated authoring and instructional materials systems will
enable us to reduce training costs dramatically. Beyond
this are opportunities in multimedia training technology
which represent high-payoff initiatives in an already crit-
ical area.

Expert systems to help people perforM specific tasks
are much like instructional systems. In fact, the three
systems listed above to show the feasibility of a Socratic
teaching system were actually developed to be expert
assistants rather than teachers. DOD has an enormous
need for such computer tools to maintain its complex
weapon systems in a hostile environment, and in the face
of rapid pem:inel turnover. By 1985, DOD should have
developed and demonstrated a knowledge representation
scheme for aircraft maintenance data that a contractor
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can provide at reasonable cost and that is suitable for
driving a training system for aircraft mechanics, provid-
ing a diagnostic aid for special problems, and printing
any hard copy maintenance documentation required.
Once this knowledge representation technology is dem-
onstrated, it should be rapidly applied to a variety of
other systems during the latter half of the decade.

The major problem caused by improved computer and
communications systems will be the increased tendency
toward centralization of all decisionmaking authority.
There is little doubt that organizational policies and de-
cisions can be strictly enforced and rapidly implemented
using a highly integrated decision support system built
on the information processing and computer communi-
cations capabilities we expect to have in 1985.

Cybernetics

Advanced decision technology in its broadest sense
requires a number of technology options including the
development of user-oriented computer-based problem
structuring aids, options/actions prompters, and the large
empirical data bases that should drive such aids. New
insights in this field should come from exploring more
fully the cognitive processes that determine individual
and group decisionmaking behavior via content analyses
of written and spoken communications, voice stress
analyses, and other psychophysiological techniques. Op-
portunities exist in the biocybernetics area as well as in
the area of artificial intelligence. On a more basic level,
emphasis is needed first on understanding neural pro-
cesses and then on modeling them for explanatory and
predictive purposes. Progress can be expected in mod-
eling decisionmaking expertise and correlating the ef-
fects of stress on cognitive decisionmaking performance.

Within the next five to seven years, progress should
be made in calculating the probabilities of intra- and
international crises based upon the development of com-
puter-based indicator and warning systems and "intel-
ligent" multitrack quantitative indicator systems con-
sisting of economic, political, and military indicators.
Manual processing of the data necessary to drive these
systems will also give way in three to five years to self-
generating data systems, capable of, in effect, feeding
themselves. When we couple this capability with knowl-
edge-based algorithmic capabilities, we will have gen-
erated an intelligent indicator and warning system ca-
pable of generating alert lists, country/situation profiles,
and information with a minimum of manual input.

New technologies and opportunities in man-computer
interaction include the development of spatial data base
management systems, which will enable users to store,
retrieve, and process information spatially and without
keyboards; speech input and output systems; graphic in-
put and output; and personalized user-computer inter-
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action and modeling. Efforts will focus on developing
commander-orientsd information management systems
which should be available by 1985. Opportunities in ap-
plied robotics (of all natures) and the biocybernetic op-
eration of command and control information manage-
ment systems also exist.

Lower Defense Costs

New emerging technologies will lower the cost of na-
tional defense over the next five years. New theories of
wear, methods for detecting and analyzing the nature
and source of wear particles, and surface treatments
(such as surface alloying, plasma deposition, and ion
implantation) for resisting wear are being developed.
The formation of amorphous layers and highly homog-
enized, polycrystalline layers on surfaces by rapid so-
lidification with lasers and electron beams is imparting
greatly improved corrosion and oxidation resistance in
structural alloys. New nondestructive techniques are
being brought into practical application for providing
quantitative flaw signature data which, when coupled
with fracture mechanics, yield a rational basis for mak-
ing accept/reject decisions and also provide an analytical
means for predicting the remaining life in a component.
The application of advanced sensors, microprocessors,
and adaptive feedback to such manufacturing operations
as machining, casting, and welding will provide a higher
degree of self-optimization, increased product quality
and uniformity, and improved overall productivity.

CONSTRAINTS IN THE USE OF NEW AND
EXISTING SCIENTIFIC AND TECHNOLOGICAL
CAPABILITIES

Nuclear Verification Methods

The primary constraint on verification methods for
agreements limiting nuclear testing is that the methods
must be as nonintrusive as possible and, generally speak-
ing, must be effective at ranges of hundreds to thousands
of kilometers (tens to hundreds of thousands of kilo-
meters in space).

Information Processing

There are six major constraints on the rapid exploi-
tation of information processing technology:

(I) There is a shortage of highly trained computer
scientists, especially scientists with experience in arti-
ficial intelligence;
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(2) The ability of people and organizations to adapt
to change is questionable;

(3) The cost to implement software grows exponen-
tially for very large systems; whether the logic is loaded
onto a single chip or a large mainframe is irrelevant
all that matters is the number and complexity of decision
elements;

(4) The dependability of existing computer systems
does not justify our reliance on them; the technology for
designing error resistant software that can recognize and
compensate for hardware failures is primitive at best;

(5) Proven and widely accepted communications in-
terface standards are needed to realize the potential ben-
efits of interconnecting packet communications net-
works; and

(6) Communications bandwidth is becoming a scarce
resource; existing frequency allocations make relatively
poor utilization of available communications capacity,
and new policies and allocations are needed to facilitate
the rapid introduction of packet communication tech-
nology.

Cybernetics

There is a prevailing lack of appreciation and under-
standing of the impact that nonphysical science ap-
proaches can have on defense problems. It is still the
practice to overlook human factors and the problems that
can arise from operational complexity when allocating
funding for new weapon systems. Training research and
development receive far less than one percent of the
overall training budget. There is a shortage of interdis-
ciplinarians seeking to seize upon the opportunities in-
herent in the field of cybernetics.

Lower Defense Costs

National emphasis on new scientific and technical
concepts to simplify design, increase productivity in
manufacturing, and extend the life of high-cost hardware
is inadequate to overcome escalating defense costs.
There is insufficient "eliteness" attached to these fields
by top universities and government funding agencies to
attract top investigators and students. Public policies do
not yet provide adequate incentives to assure the con-
servation of critical materials, and procurement practices
seldom specify warranties based on total life-cycle costs
to reduce operating, maintenance, and component re-
placement costs. Holistic approaches are needed to more
effectively exploit advances in materials processing, cy-
bernetics, nondestructive evaluation, fracture mechan-
ics, corrosion and wear control, and computer-aided de-
sign, process control, and manufacturing.
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Department of Defense
Department of the Air Force

The science and technology program of the Air Force
provides the foundation for technological superiority of
military weapon systems and capabilities vis-a-vis our
potential adversaries and, thereby, is a major factor in
the maintenance of our national security. The Air Force
technology base program is the source (1) of ideas and
innovation that lead to new and advanced weapon sys-
tems, (2) of improvement in existing systems, and (3)
for the demonstration of equipment and subsystems for
integration into coherent systems.

In satisfying those three major objectives, the Air
Force conducts basic research, and exploratory and ad-
vanced development in seven major defense-related
technologies: propulsion and power, materials, aero-
space vehicles, weaponry, electronics, geophysics (en-
vironment), and life sciences. The Air Force uses its in-
house laboratories, the industrial R&D organizations,
and the academic community to accomplish these objec-
tives. Each plays an important and unique role. The Air
Force labs provide essential coupling between partici-
pants and maintain a spectrum of technological skills
essential to the coupling process. Industry contributes
additional innovation and production know-how. Uni-
versities provide the primary source of knowledge for
long-term scientific and technological advances.

Making sure that the Air Force has the right technol-
ogy at the right time is a continuous, complex process
involving inputs and reviews from many organizational
levels of the Air Force, the sister services, the Depart-

ment of Defense (DOD), other Federal agencies, the
private sector, and Congress. Therefore, a great deal of
emphasis is placed on research and technology planning
by the Air Force and DOD.

The quantitative and qualitative gains of the military
capability of the Soviet Union in the last 15 years, rel-
ative to ours, make it imperative that Air Force science
and technology investments lead, to the development of
superior military equipment and systems. In addition,
the growing rate, breadth and complexity of technology,
coupled with the spiraling cost of force modernization
and the declining real dollar budget, place even greater
pressure on top-level Air Force managers to make intel-
ligent planning and programming decisions. To better
accomplish this task, the Air Force Systen, /Command
is developing a major planning initiative called Project
Vanguard. Vanguard is intended to provide an integrated
planning continuum across the entire spectrum of Air
Force research and development activities.

A brief overview of the near- and far-term science and
technology outlook for the Air Force is given in the
following text.

NEAR-TERM RESEARCH THRUSTS

The Air Force basic research program covers a broad
range of scientific disciplines. Some significant projects
are listed below.
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Charged Particle Beams

Current research is concerned with obtaining a basic
understanding of the mechanisms of production and
propagation of intense charged particle beams. (Particle,
as used here, means electron, proton, and neutral hy-
drogen atom.) Expected payoffs include high-intensity
laboratory radiation sources to simulate nuclear weapon
effects, directed energy weapons, and high-power elec-
tromagnetic energy sources.

Long-Life Rechargeable Battery System

The present research is a high-risk and high-potential
payoff program which, if successful, will yield a long-
life, low-cost, secondary (rechargeable) battery for ap-
plications such as aircraft and satellite station use.

New Mathematical Techniques Related to Logistics
Problems

This research is investigating reliability and maintain-
ability statistics of systems under actual operating en-
vironments, repairable systems, and degradable systems.
The potential payoff is in the improved efficiency of Air
Force operations and maintenance.

Microwave 1 ube Science for High-Power Applications

In a combined effort, the Air Force, Stanford Uni-
versity, and the tube manufacturing industry will provide
(through a graduate program begun at Stanford in 1977)
new ideas and research for microwave tube technology.
Microwave tube scientists are a welcome by-product of,
this program. The Air Force still needs microwave tubes
and scientists because solid state devices cannot generate
the power.levels needed in high-power applications such
as radars, communication devices, and electronic coun-
termeasures.

Nondestructive Evaluation (NDE)

Investigation of NDE methods includes research on
advanced ultrasonic techniques for flaw detection and
for studying intrinsic material properties such as state of
stress. Potential payoffs include improved structural in-
tegrity and reduced maintenance costs.

Joining Science

This program is concerned with investigating 'adhe-
sively bonded material systems with a view to improving
the mechanical properties, and hence the service life, of
components and subsystems.

Damage and Failure Process in Composites

Causes of failure in structural composites, including
environmental effects on composite fracture, are being
investigated. Potential payoffs include predictable be-
havior and reduced maintenance and repair costs.

Gravity Models

This research will involve analyzing satellite altimetry
data to derive new knowledge of shape and gravity fields
over open ocean areas. This will lead to improved grav-
ity models needed for increased missile accuracy.

Size, Shape, and Distribution of Cloud Particulates

Ice crystals, droplets, and snowflakes in clouds are
being measured and analyzed. This information is nec-
essary for the design of optical systems and for under-
standing how cloud species erode missile parts. A po-
tential payoff will be in the improved design of missile
nose cones.

Spacecraft Charging

This research is concerned with obtaining a funda-
mental understanding of the electrical environment in
which spacecraft operate and the interaction of the en-
vironment with the spacecraft. This interaction can, for
example, activate circuits, burn out components, and
lead to loss of communication. Research on spacecraft
charging could pay off in improved reliability of space
systems.

Toxicological Hazards

The main thrust in this area is to find early indicators
of the toxic effects of materials of interest to the Air
Force such as the hydrogen chloride gas that is released
when the Titan HI missile is launched, and the hydrazine
that is used in the F-16 emergency power unit. Mecha-
nisms of toxic actions and biochemical measures to
counter them need to be studied. This research will lead
to the development of reliable standards for toxic ma-
terials, including permissible tolerance limits.

NEAR-TERM TECHNOLOGY THRUSTS

Brief synopses of the major near-term technology/
thrusts in each of the seven defense-related technologf
areas are provided in the following text.

PROPULSION AND POWER

Included in this major technology area are air breath-
ing propulsion for aircraft and missiles, rocket propul-
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sion for spacecraft, air launched and ballistic missiles,
aerospace power, aircraft fuels, missile propellants, tur-
bine engine lubricants, and aircraft fire protection.

Turbine Engines

The turbine engine development work sponsored un-
der this program provides the world's best turbine engine
technology for U.S. military aircraft. By coordinating
with the Army and Navy research and exploratory de-
velopment programs, the best component technologies
are united in jointly funded technology demonstrators
which become the preprototypes for future engineering
development programs. The emphasis over the last sev-
eral years has been performance. While we are main-
taining a strong performance program, existing contracts
and new starts are being tailored to stress durability.

Spacecraft Power

In spacecraft power, great strides are being made in
developing lighter, more efficient, and more cost-effec-
tive batteries and solar cells. Aircraft auxiliary power
unit volumetric power densities are now capable of pro-
viding fighter aircraft self-sufficiency during ground op-
erations with the eventual goal of in-flight, all altitude
capabilities.

Rocket Propulsion

The rocket propulsion effort for air launched missiles
is directed toward reducing production and life-cycle
costs and providing significant improvements in per-
formance in range and maneuverability.

Ballistic Missiles

Space launch vehicle payload capability will be in-
creased up to 20 percent through the incorporation of
ballistic motor technologies into satellite propulsion sys-
tems. The ballistic missile propulsion effort is devoted
to demonstrating technology to improve performance,
reduce engineering development risk, and reduce .the
life-cycle cost of future ballistic missiles.

Fuels

The Air Force is starting to spend significant sums of
money in studying the changing character of the petro-
leum-based aviation fuels and the emerging synthetic
feed stocks such as shale oil, tar sands, and coal. The
billions of dollars in existing Air Force turbine engine
inventory demand that the Air Force maintain its position
as a knowledgeable consumer by strict yet cost-effective
control of fuel specifications.
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MATERIALS

Materials technology provides the foundation for ad-
vances in performance, reliability, and durability of Air
Force weapon systems. Acquisition and ownership costs
are also strongly influenced by materials parameters.
, Exploratory development resources for materials re-
mained approximately even with inflation from fiscal
year 1978 to fiscal year 1979,4nd 3 percent real growth
is proposed from fiscal year 1979 to fiscal year 1980.
These resources support efforts directed toward advances
in new, more durable materials for aircraft structural
applications; new elastomeric materials for seals, seal-
ants, and lower cost-of-processing resins for composites;
more durable high-temperature materials for long-life
gas turbine engine components; erosion resistant thermal
protection materials for re-entry vehicles and rocket noz-
zles; materials for missile radomes; (and detectors for
surveillance satellites. This materials \te'Chnology con-
tributes to new Air Force capabilities, and can also be
integrated into existing systems through incorporation
into maintenance and repair activities. Materials tech-
nology addresses current Air Force problems in areas
such as corrosion control, nondestructive inspection, and
failure analysis.

Advanced technology demonstration resources, which
combine both materials and structures technology, have
been reduced substantially over the fiscal years 1977-
1980 due to overall funding constraints in this budget
category. Demonstration programs have been main-
tained for missile and space applications of composites,
laser-hardened materials for satellites, and low-cost ti-
tanium fabrication for airframe structure. Effort has been
reduced on application of advanced composites and
laser-hardened materials for aircraft, arid work will not
be continued on improved windshield materials/designs.
Demonstration of these and many other promising ex-
ploratory developments as options for future systems
will therefore be indefinitely delayed. The new materials
thrust in the area of metal matrix composites will see
moderate funding in fiscal year 1980, with significantly
increased activity planned for fiscal year 1981.

FLIGHT VEHICLES

The major objective of this technical area is to provide
the flight vehicle technology required for the design and
development of future aerospace systems and for im-
provement of current systems. It encompasses the tech-
nologies of structures and dynamics, vehicle equipment,
flight control, and aeromechanics.

Current emphasis includes programs on airframe de-
signs using advanced structural materials and concepts,
design criteria for hardening aircraft against ballistic
combat threats and atmospheric electrical hazards, and
improvement in the quality and serviceability of aircraft
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landing gear, brakes, and tires to reduce logistical and
maintenance costs. Work will also be done on efficient
cryogenic cooling for aeronautic and space applications,
innovative flight-control concepts, simplified cockpit
and displays for better man-machine interface, validation
of new aircraft and missile configurations by wind tunnel
tests, evaluation of emerging technologies to determine
their impact on system effectiveness versus development
and operating costs, and expanding the capability of
ground test facilities to minimize costly flight testing of
aircraft and missiles.

Major considerations in all flight vehicle technology
efforts are improvement in performance, reliability, and
survivability; reduction in life-cycle costs of weapon sys-
tems; and energy conversion.

WEAPONRY

Included in the weaponry area are conventional mu-
nitions and new, advanced weapon concepts such as la-
sers and particle beams.

Conventional Munitions

The conventional munitions program will continue to
emphasize anti-armor efforts such as self-forging frag-
ment projected shape charges, and millimeter wave
(MMW) and infrared target signature and background
clutter measurements. It will also generate methodology
and vulnerability models for evaluating current and con-
ceptual weapons. In addition, technologies that support
development of a future short range, air-to-air missile to
be used when the tactical situation warrants replacement
of the AIM-9 missile will be continued.

Lasers

The Air Force high-energy laser program will con-
tinue to examine the feasibility of developing laser
weapon systems that are capable of effectively engaging
and destroying selected targets. During fiscal year 1979,
the Airborne Laser Laboratory will enter into a series of
technology demonstrations to investigate not only the
integration and operation of high-energy laser compo-
nents in a dynamic airborne environment, but also the
propagation of laser light from an airborne vehicle to an
airborne tit get. Emphasis will be on new laser devices,
beam contr )1, and pointing and tracking technologies.

Nonconventional Weapons

Included under advanced weapon concepts are both
nuclear and nonconventional weapon technology. The
joint Department of Energy/U.S. Air Force nuclear
weapon phase studies are to improve the state of the art

and ensure military effectiveness of Air Force nuclear
weapons. Advanced nonconventional weapon studies are
conducted to identify new and emerging technologies,
such as particle beam technology, to determine if they
have potential for development as weapon systems.

ELECTRONICS

For the past twenty years, electronics has been the
most rapidly changing sector of technology. This rapidly
evolving field has become a force multiplier since it
enables the Air Force to do much more with one aircrew
and aircraft than could be done with several aircraft in
the past. Advances in electronic components and tech-
niques should provide even greater capabilities at an af-
fordable cost in the future. Advances in command, con-
trol, and communications will result in all-digital systems
which emphasize survivability and interoperability with
the other armed services and NATO.

Computer Technology

In computer technology, software costs are being lim-
ited by standardizing the use of only two controlled com-
puter languages. A tri-service program is underway to
take the next step forward in high-speed integrated cir-
cuit technology. This program will give us circuit speed
and circuit complexity, will produce circuits qualified in
terms of reliability, radiation hardness, and temperature
range, and should keep us ahead of our adversaries in
computational power and signal processing capabilities.
Major efforts in electronic warfare (EW) technology
should provide the capability to negate, disrupt, delay,
and deceive threat radar communication and electro-op-
tical systems while at the same time developing EW-
resistant equipment to allow us to operate in an EW
environment.

ENVIRONMENT/GEOPHYSICS

The need to locate satellites accurately, communicate
reliably, and pick up targets at greater ranges makes it
necessary for us to better understand the environment.
In many cases the environmental effects on surveillance,
communication, and detection systems are limiting fac-
tors in system performance. It is, therefore, necessary
to know more about the environment to assist system
designers and operational decisionmakers. There is also
a need to develop technology for environmental quality
and alternate energy sources to comply with Federal,
state, and local environmental standards and regulations.

SCATHA and OPAQUE

A Spacecraft Charging at High Altitude (SCATHA)
satellite was launched to measure the spacecraft charging
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environment at geosynchronous altitude. Intensive stud-
ies of solar activity as the solar maximum approaches
are being conducted to develop solar activity prediction
techniques for use in support of communication systems.
The Optical Atmospheric Quantities in Europe
(OPAQUE) measurement program, which documents
the atmospheric transmission and scattering properties
in Europe, will be completed. Stratospheric environ-
mental impact assessment models will be enlarged to
include aci.:itional pollution reactions and used to assess
the impact of planned Air Force conversion to JP-8 fuel.
Refuse Derived Fuel (RDF) and oil cofiring feasibility
studies will be initiated.

During fiscal year 1980, the reduction and analysis of
the SCATHA and OPAQUE data will continue, as will
the solar activity studies. The RDF and oil confiring
studies will be completed.

PEOPLE

The all-volunteer environment has placed new chal-
lenges before the Air Force. Procurement of quality per-
sonnel is the cornerstone. These personnel must be prop-
erly trained and utilized. A highly productive force that
meets the demands for maintaining our sophisticated
weapon systems and the personnel, manpower, and lo-
gistics systems that both strengthen and support our day-
to-day operation are a must.

Job Placement and Training

By the end of fiscal year 1979, improvements in the
effort to match recruits to jobs are expected. Better
measures of aptitude and attitude are the key. Efforts are
underway to expand our knowledge of the use and design
of computer-based instruction systems. Plans call for the
improvement and evaluation of methods to app), people-
related data very early in the design of weapon systems
and to determine their effect on operational and support
costs.

In fiscal year 1980, data should be avrdlable to support
the use and design of simulators for electronic-related
maintenance training. Model development is underway
to simulate response characteristics of the personnel sys-
tem a; it responds to policy changes in a dynamic en-
vironnent. Continued emphasis on the development of
flight training methods and media specifically directed
at transition and continuation flying is planned.

Similar people-related research and development will
continue into fiscal year 1981. The technology spin-off
to the user is dynamic. The users include all major Com-
mands, the Air Staff, and separate operating agencies.

Biomedical and Health Programs

The Air,Force people program also includes extremely
important technology efforts on health-related subjects
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through its biomedical programs. The biomedical mis-
sion is to erhance man's capabilities to function safely
and effectively as an integral part of Air Force systems
and operations. One area of emphasis for fiscal year
1980 will be the chronic effects of low-level radio fre-
quency radiation, with research designed to answer ques-
tions concerning both public and occupational exposure
from Air Force radars. The relative biologic conse-
quences of pulsed versus continuous wave radiation will
also be studied.

Another area of emphasis is predictive toxicology,
which must be developed to enable reasonable risk ver-
sus benefit tradeoffs in employing new chemicals on a
large scale. The methodologies under development are
pertinent to occupational and public health and safety
standards and developing environmentally safe limits for
other forms of life.

The Health Evaluation and Risk Tabulation (HEART)
program is designed to develop and demonstrate an in-
tegrated biomedical system to identify and reduce the
risk of preventable cardiovascular disease in Air Force
personnel. With the $1.9 million requested for fiscal
year 1980, the program will complete the development
of an operations research model that will allow cost ver-
sus benefit analyses of risk intervention at varying levels
of risk probability. Plans for iscal year 1981 include the
evaluation of prototype systems.

LONG-TERM TECHNOLOGY ISSUES

The increasing concern over the diminishing U.S.
technological advantage is reflected by the number of
long-range studies conducted by the Air Force in the last
three years. All of the studies have attempted to identify
specific areas of science and technology that have the
potential to significantly affect the way the Air Force

.accomplishes its mission.
The projection of these important technology-driven

trends can aid Air Force strategists in answering critical
R&D related issues. Some of the penetrating ones are:

(1) What percentage of the Air Force budget should
be assigned to R&D versus operations and support?

(2) What is the appropriate tradeoff between quality
and quantity in future, high-cost systems?

(3) Can we achieve a level of survivability in our
space-based systems commensurate with our increasing
reliance on them?

(4) How should the Air Force allocate its R&D bud-
get among basic versus applied research, offensive ver-
sus defensive systems, tactical versus strategic systems,
and high-risk, high-payoff programs versus low-risk,
medium pay-off programs?

Undoubtedly, certain technologiL., such as the mi-
croelectronics computer technology and sensor devel-
opments will have major impacts on all the Air Force
system capabilities, from improved intelligence, sur-
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veillance, and reconnaissance, to greatly improved
weapon delivery capabilities in both tactical and strategic
systems.

Directed energy beam technology offers a significant
potential for offensiVe and defensive weapons, com-
munications, and target detection capabilities. New ad-
vances in propulsion, power sources, fuels, and mate-
-ials offer exciting possibilities across a spectrum of
systems. The fundamental issue is, "Can we develop

and exploit these technological opportunities in a timely
manner to maintain our deterrence posture? Can our
basic research programs provide new technology break-
throughs to prevent technological surprise and a threat-
ening imbalance in military capabilities in the future'?"

Successful ansvLi s to these questions depend not only
on better, wiser planning and programming decisions by
the Air Force and DOD management, but on the reso-
lution of some larger issues outside the control of DOD.
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U.S. Army science and technology goals in the next
five years have been planned to emphasize the enhance.
ment of national security by improving ground combat
capability. Key problem areas being addressed include
the following: armor development and counterarmor ca-
pability; improvement of command, control, communi-
cations, and intelligence; enhancement of the Army's
ability to conduct combat operations under adverse at-
mospheric and environmental conditions; improvement
of battlefield mobility and firepower; and improvement
of the survivability of the combat force against all
threats. Further, inasmuch as Army resources will be
severely constrained in the next five years, it is imper-
ative that the cost effectiveness of Aimy personnel uti-
lization be optimized by reducing lost time, reducing the
need for retraining, and enhancing the effectiveness of
a soldier's initial training. Scientific and technological
opportunities exist in all of these areas.

ARMOR

In armor development and counterarmor capability,
technological advances are required in new material fab-
rication, analysis of penetration mechanics, and devel-
opment of superior penetrator materials and techniques.

COMMUNICATIONS

The improvement of command, control, communi-
cations, and intelligence is a key multiplier of combat
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force effectiveness. Dramatic technological advances are
necessary to improve the ability to handle and process
increasingly large volumes of data and communications
circuits in the harsh environment of jamming, commu-
nication disruption, and electromagnetic interference.

Very High Speed Integrated (VHS!) Circuits

VHSI circuits may overcome significant shortcomings
in data processing. The VHSI program is a 6-year, tri-
service/industry development program to provide a giant
step forward in integrated circuit performance and pro-
duction capabilities for future military needs. VHSI is
aimed at establishing a new plateau of performance that
will be orders of magnitude above what can be accom-
plished with today's large scale anu 'very large scale
integrated technology. A tenfold reduction in size,
weight, power consumption, and failure rate, with ac-
companying savings in both initial and life-cycle costs
of military computer processing systems, is envisioned.
The requirement is for small subassemblies to provide
IOC times the processing throughput of present inte-
grated circuits to perform an almost unlimited amount
of real-time data processing within small mobile weapon
systems, fire-and-forget missiles, remotely piloted ve-
hicles, and mobile analysis centers. New or improved
chip architecture will be developed to permit chip design
at an affoiciable cost and minimize customization to re-
duce supply and logistic costs. The program will provide
for the commercial availability of submicron lithography
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equipment and an industrial capability for producing
VHSI circuits. The program is aimed at accelerating the
advancement of microcircuit technology by at least five
years to firmly reestablish our national leadership in this
rapidly changing field. It will also assure that the mili-
tary will have the industrial capability and sources for
advanad military trulity devices and subsystems for the
next generation of computers, missiles, radars, and in-
telligence processing centers.

Radio Spectrum Management

Deliberate jamming and frequency spectrum conser-
vation that cause radio interference present us with two
contradictory requirements. Spread spectrum and fre-
quency hopping techniques are applied to overcome in-
terference due to jamming and to discourage intercep-
tion. The present state of the art in these new techniques
lacks an experience backlog regarding electromagnetic
compatibility with other systems. The already crowded
FM spectrum dictates that we develop new capabilities
to optimize spectrum usage and efficiency.

Low-Cost Optical Fibers

Low-cost fiber optic communications will undoubt-
edly replace much of the present wire and cable systems.
National security interests require consideration of sur-
vivability; optical fiber purification techniques will over-
come the vulnerabilities of communication systems to
nuclear radiation.

Management Information Systems

Modern organizations, including the Army, are ex-
tremely large and complex structures that severely tax
traditional concepts of management and leadership and
strain organizational cohesion. The concurrent infor-
mation explosion and increasing speed of information
transfer add to this strain. The use of a multidisciplinary
approach to integrate management information systems
and information processing concepts, combining with
organization effectiveness concepts, cognitive theory,
and concepts of artificial intelligence, will improve com-
munication and control in large, complex organizational
structures.

COMBAT UNDER ADVERSE ATMOSPHERIC
AND ENVIRONMENTAL CONDITIONS

To enhance the Army's ability to ..onduct combat op-
erations under adverse atmospheric and environmental
conditions, significant scientific and technological ad-
vances must be made. Current knowledge of the char-

acteristics and behavior of microscale atmospheric con-
ditions is inadequate to empirically determine the
propagation of electro-optical energy for military sys-
tems.

One of the most promising opportunities for operating
successfully in an obscured environment lies in exploit-
ing the general portion of the electromagnetic spectrum
lying between 100 and 1000 GHz near-millimeter-wave
(NMMW) technology. Tnis portion of the spectrum has
general characteristics of the very-far-infrared optical
waves and also of the extremely high-frequency micro-
waves. It penetrates obscurants reasonably well and of-
fers acceptable resolution. The technology base is very
tenuous; a major effort is required to develop sources
and detectors, and to provide knowledge of propagation
characteristics.

BATTLEFIELD MOBILITY AND FIREPOWER

Battlefield mobility and improved firepower also re-
quire technological advances. We need significant im-
provements in energy-efficient means for mobility. The
economic and national security implications of the pe-
troleum shortage require near-term mitigation. Gasohol
fuel and engine technology, methane fuel and small en-
gine technology, and development of alternative meth-
ane sources, particularly by means of low-risk technol-
ogies, are easily transferable to all sectors of the
economy. Expedited development of engine technolo-
gies that are workable alternatives to internal combustion
is an urgent requirement.

Improvements must be made in the use of new ma-
terials that are lightweight and provide cost-effective al-
ternatives to critical metals. The delivery of firepower
requires cost-effective solutions to problems of wear and
erosion of gun tubes as well as the development of ef-
fective propellants and explosives with low vulnerabil-
ity.

Rechargeable Batteries

High density rechargeable batteries having good cycle
life need to be developed to replace the heavier nickel-
cadmium and lead-acid batteries presently u'ed in Army
aircraft and ground combat vehicles respei dvely. The
weight of present batteries is excessive, and they take
up valuable space that could be used to increase combat
operational capabilit es. In aircraft, the nickel-zinc re-
chargeable battery vill be capable of providing the
equivalent capacity 'ith one-half the size and weight of
a nickel-cadmium or lead-acid battery and will provide
for cranking and em!.rgency power operation down to
minus 40°C. In ground combat vehicles, the reduced size
and weight will alleviao overcrowding and provide for



longer silent watch operation. With a renewed, sustained
effort in cell design and the testing of cells containing
the improved components and battery controls, it should
be possible to develop an inexpensive nickel-zinc power
source with a useful life of 800-1000 cycles, an energy
density of 40 watt-hours/pound, and a cost of six cents
per watt-hour in kilowatt-hour package designs.

Comhat Simulation Models

The U.S. Army has been using "engagement simu-
lation" as a way of measuring and maintaining increases
in combat readiness of small combat units. When incor-
porated within performance-oriented unit training models,
realistic engagement simulation exercises of increasing
tactical complexity possess a unique capacity to promote
learning. Such learning facilitation is particularly suc-
cessful with use of the "After Action Review" in which
soldiers themselves describe how they were able to en-
gage an enemy soldier, destroy a target, or how they
were "killed" themselves. They thus reinforce and ex-
tend what they learned during the engagement.

This development and its subsequent extension should
be viewed against a background of what used to be the
case. Historically, in Army tactical training exercises in
the field, the units met "aggressors" in a manner that
almost totally lacked tactical realism. As a result, com-
bat arms units could obtain effective training in only a
limited number of tactical techniques; they gained little
if any proficiency in making adaptive decisions neces-
sary in the face of an active opposing force. Tactical
training and evaluation were particularly hampered by
the lack of a realistic credible method fcr simulating
battlefield casualties. The development of low-cost tech-
niques for the simulation of weapon effects (casualties)
and weapon signatures provided the breakthrough nec-
essary to simulate the battlefield in a credible fashion.
Casualty assessment techniques were developed for the
range of tactical weapons available to infantry and armor
units; these techniques include simulation of the effects
of the M-16 rifle in the hands of the infantryman as well
as the effects of tank armament, anti-tank weapons, and
indirect fire. The Army has found that when engagement
simulation techniques are used in training small combat
arms units, extremely effective and motivating tactical
training can be achieved to a degree not previously re-
alized. The learning of individual and group tactical
skills is enhanced, and troop motivation and interest in-
creases significantly. Moreover, the method is useful for
diagnosing training needs and evaluating training, doc-
trine, weapons, and total combat readiness.

The Army also sees the use of videodisc, holographic,
and microprocessor technology to provide display and
control of simulated "real world" spatial environmet,:s
(such as battlefield views and land navigation experience
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for inaccessible areas) as a further enhancement of en-
gagement simulation techniques. Applications of en-
gagement simulation to urban warfare and to nonmilitary
areas, including law enforcement training and possibly
sports training, are seen as possible.

HEALTH AND SURVIVAL OF THE COMBAT
FORCE

Research applicable to dealing with military disease
hazards is currently undergoing a series of dramatic ad-
vances in a trend likely to continue throughout the fore-
seeable future.

Disease Control

Progress in immunobiology is spectacular and is open-
ing new avenues for rapidly identifying microorganisms,
understanding disease mechanisms, and developing pre-
ventive measures. Over the next five years, concentrated
efforts will be directed toward developing new concepts
for immune enhancers and the potential for in vitro syn-
thesis of immune globulins. The ability to propagate
microorganisms and tissue culture cells in large quan-
tities continues to improve rapidly as do the basic tech-
niques for isolating, purifying, and characterizing com-
ponents of organisms and their toxic products. Utilizing
the new technology of molecular biology, trends indicate
the potential for synthesis of artificial gene products
which may he used to develop vaccines, or the use of
surrogate compounds which mimic the structure of mi-
crobial antigens.

Genetic manipulations of organisms and their plas-
mids and nucleic acids through reassortment or recom-
binant techniques are opening exciting new fields of
knowledge. At the same time, these new took introduce
a potential threat from genetically restructured organisms
with de novo changes in their virulence, toxigenic ca-
pacity, antibiotic resistance, and range of host infectiv-
ity. The recent appearance of infectious diseases such as
swine influenza, Legionnaires' disease, and Ehola fever
suggests that additional, previously unrecognized dis-
eases may emerge during the next several years.

Long-recognized diseas,.: threats may reemerge in
areas of the world that experience a breakdown of public
health practices. To counter these threats, emphasis will
continue to he placed on the development of more ef-
fective vaccines and drugs. Methods such as liposome
delivery systems will be utilized for safe and efficient
distribution of drugs to appropriate target cells. A wide
variety of adjuvants will be evaluated for their ability to
accelerate the immune response and intensify the effi-
cacy of vaccines and toxoids.

The resurgence of vector-borne diseases currently oh-
served in many developing countries is being attributed
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to the growing resistance of many disease vectors (es-
pecially mosquitoes) to available pesticides. This resis-
tance coupled with economic and environmental consid-
erations, dictates the need for directed research over the
next five years to evaluate and develop integrated meth-
ods of control for target pests, emphasizing nonchemical
measures.

Biological Research

Ongoing and anticipated technological advances in
microbiology increase the level of threat from aggressor
nations that might elect to engage in offensive biological
warfare. To defend against this possibility, we must con-
tinue to maintain a broad and ever-advancing technolog-
ical base. Military medical research should continue to
emphasize the development and production of safe and
effective immunizing agents against a growing list of
organisms, including those with extreme virulence.
Other research efforts will attempt to minimize the threat
by improving prophylactic and therapeutic methods mid
by accelerating diagnostic capabilities. Emphasis in the
next five years will include applications of research tech-
nology for use in the field. All efforts in military disease
hazards technology will continue to be coordinated with
the work of other military services, Federal agencies,
and international organizations.

Emergency Care

Combat casualty care research is currently directed
toward the development of a comprehensive field med-
ical system. Capabilities for far-forward resuscitation
and rapid return to duty are emphasized. In addition, the
medical system must be capable of operating in envi-
ronments containing chemical and nuclear hazards. This
research addresses two problems of national significance
which are dependent upon scientific and technological
solutions: clinical management of shock and trauma pa-
tients utilizing minimal resources, and adequate protec-
tion in nonconventional environments. Specific studies
will utilize recent findings in immunology to determine
the contributions to sepsis of altered immune response.
Blood research based on recent accomplishments will be
multifaceted. Having completed purification of stroma-
free hemoglobin, a potential blood substitute, research-
ers will emphasize improvement of oxygen offloading
in tissues and prolongation of intravascular half-life. The
shelf life of banked blood has been improved by modi-
fying the storage medium; follow-on studies are ex-
pected to further increase useful shelf life. Efforts will
also be directed toward cryopreservation of platelets for
immeaiate field use. Isolated perfused organ models will
be used to evaluate resuscitative fluids.

A major new trend in shock and trauma research will
be defining wounding mechanisms of improved conven-
tional munitions to include inhalation and blast injury.
Studies to delineate the effects of anesthetic agents on
physiologic sequelae of major trauma will continue. Ad-
vances in knowledge of neurophysiology and neuro-
chemistry are required to fully define the mechanisms
of action of anticholinesterase agents and candidate an
tidotes. Development of appropriate animal models is
required for advancement of electro-anesthesia tech-
niques. Although we are constrained by lack of knowl-
edge of subcellular effects of ionizing radiation, some
progress is expected in the reformulation and develop-
ment of proplylactic drugs to minimize the effects of
such radiation. The effective dose of any new prophy-
lactic or therapeutic drug is expected to be large, re-
sulting in a problem of delivery to minimize harmful
side effects. Liposome drug delivery technology, devel-
oped in a recent parasitic disease research, will be ap-
plied to potentially reduce total body exposure and harm-
ful drug side effects. All combat casualty care research,
especially in shock and trauma, will continue to be con-
ducted in cooperation with civilian organizations.
Worldwide sources will be screened for information po-
tentially applicable to U.S. requirements.

Health Hazard Prevention

Research in systems health hazard prevention is driven
by actual and contemplated future battlefield require-
ments. As a result of technological advances, increasing
complexity of weapon systems, and development of new
tactics, doctrine, and training requirements, individual
soldiers and crews are exposed to a variety of potential
hazards that may impair their health, exceed physical or
emotional tolerance limits, or degrade their performance
capability. These new developments have prompted a
dramatic shift in our research efforts so as to identify
and minimize the adverse impacts of weapon systems,
materiel, and training or working environments on health
and performance effectiveness. This emphasis in our re-
search will continue in the foreseeable future and will
expand to meet new medical requirements that stem from
newly discovered health hazards or the need to comply
with Federal, state, or local health regulations.

A prominent thrust in our efforts is directed at devel-
opment of health hazard assessment and prevention tech-
nology for the toxic effects of the "Dirty Battlefield"
and other military environments. Many new military-
unique compounds pose health risks in the processes of
manufacture, storage, transport, handling, field use, and
exposure to combustion products or contaminants. New
weapon systems require complete assessment of the crew
compartment chemical environment. Presently config-
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ured combat vehicle crew compartments and individual
protective clothing ensembles may pose substantial risks
of heat exhaustion and heat stroke to the user. New air
and ground combat vehicles require assessment of the
medical and performance effects of vibration, noise, and
impact. Low-frequency noise has recently been associ-
ated with high-frequency hearing loss. Pulmonary, au-
ditory, and other effects of blast overpressure require
further study. Chronic low-level laser exposure has been
associated with irreversible vision impairment. Further
assessment of laser hazards and development of protec-
tive devices are urgently required if low-level laser emit-
ters are to be employed in training. An assessment of
high-powered microwave sources to which personnel are
exposed during training and field operations is also re-
quired. Recent medical concerns have focused on the
genetic, cancer-producing, and ocular effects of micro-
waves.

Current manpower shortages and future battlefield
conditions will place the soldier under more stress than
ever before. Measures to decrease stress, prevent psy-
chiatric casualties, and enhance performance in the face
of lifethreatening circumstances and extended per-
formance requirements need to be developed. The im-
pact of other factors potentially affecting our readiness
posture must continually be assessed. These include the
adverse effect of drug and alcohol abuse on readiness
and the high first-term enlistment attrition rate. Increas-
ingly heavy physical demands on fitness have high-
lighted the need to establish medically based realistic
physical fitness standards and physical training programs
to maintain combat readiness.

Military Dentistry

Environmental and toxicological factors associated
with the practice of military dentistry are a problem of
national significance and need to be studied thoroughly.
The high incidence of maxillofacial injury in high-inten-
sity combat, oral diseases with their trend of increasing
treatment costs, and the shortage of adequately trained
combat troop replacements and professional personnel
early in war dictate research targeted toward time/treat-
ment/cost goals to return troops to duty rapidly through
improved professional care and disease treatment. Em-
phasis in the next five years will be placed on utilization
of biodegradable and biocompatible materials in combat
avulsive wounds, the continuation of CO2 laser studies
in maxillofacial wound treatment, and studies to deter-
mine tissue damage caused by various-sized missiles of
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different velocities and diverse wound pathways. Elec-
trical analgesia techniques will be evaluated for effec-
tiveness, rapidity, and simplicity. Salivary test methods
for chemical agent detection during combat will be re-
fined.

FIRE- AND FLAME-RESISTANT FABRICS

The combustion of organic polymeric materials pre-
sents serious fire, smoke, and toxic vapor hazards. The
growing use of these materials in all segments of society,
as well as in the military forces, results in a heightened
concern for the safety of human life and property. As
people live in more congested conditions, the possibility
for fire catastrophies is compounded. The losses in the
United States annually due to fires are in the billions of
dollars. We cannot count on the emergence of any new
industry-produced, inherently flame-resistant fibers. Re-
liance on conventional polymers rendered fire-resistant
by the use of additives or by chemical modification of
the polymers themselves must be continued. Research
needs to be done to better understand the dynamics of
fire, smoke, and toxic vapor production. We also need
to improve fire pit testing and to develop laboratory
methods that replicate fire situations. Specifically, the
technology is available to pursue vigorously the use of
the phenomenon of intumescence in textiles. Intumes-
cence is the use of specific chemicals to induce the foam-
char decomposition that has been demonstrated to sig-
nificantly protect the fabric-supporting matrix. More
complex, but technologically feasible, is the incorpora-
tion of hollow fiber technology and intumescence. In
this case, the intumescent chemicals would be incorpo-
rated within the fiber, providing flame protection in a
fire situation but not affecting the comfort properties of
the fabric as do today's flame-resistant textile additives.

STRUCTURES

Several recent catastrophic failures of dams have em-
phasized the urgent need for precise techniques for mon-
itoring structural movements or deformations of dams
and other large structures. The need for monitoring tens
of thousands of publicly and privately owned dams
throughout the United States, many where sizable pop-
ulations live in the downstream flood plain, poses prob-
lems of national significance. Required is the cost-ef-
fective development of continuous monitoring techniques
and equipment with sufficient precision and reliability.
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Development and maintenance of naval power to pre-
serve national security constitutes the paramount mission
of the U.S. Department of the Navy research program.
Management of this research program is based on intro-
ducing innovations in science and technology into Navy
practice and equipment. This policy is implemented by
participation in scientific forums and by funding of basic
research in areas that are applicable to naval operations.
Navy's research managers are also alert to the nonmili-
tary implications of emerging technologies and scientific
advances. Thus, Navy research in genetic engineering
to develop cells that produce food and energy has sig-
nificant implications for the civilian economy.

Topics highlighting the Navy's science and technol-
ogy objectives are described as they affect both the Navy
and the nation. These deal with materials and structures,
information and computers, military science, health, the
environment and environmental protection, and man-
power. For each topic, a brief discussion of problems,
opportunities, and constraints is presented.

MATERIALS AND STRUCTURES

Deterioration of Materials

In many sectors of the economy, corrosion presents
a significant economic burden. It is a particularly severe

problem for the Navy and commercial interests existing
in a salt water environment. It has been estimated that
corrosion costs to the U.S. economy were around $70
billion in 1975, and costs to the Navy that year were
estimated at $624 million. There is a subtle but important
degree of dependence on scarce materials from foreign
sources for some of the current techniques and methods
that deal with corrosion. There is also a close interre-
lation with wear, which limits the life and the energy
efficiency of machinery. Avoidable costs can be reduced
by increasing the awareness of designers and builders to
corrosion problems and known possible solutions, edu-
cating users about corrosion generally, and improving
accuracy of specifications on systems and components.
Currently unavoidable costs can be reduced through ex-
panded and coordinated research and development on
corrosion fundamentals, specifically on new materials
and the effects of hostile environments. Surface modi-
fication through ion implantation appears to be a prom-
ising technique for reducing both corrosion and wear.

Failure of Structures

The dynamics of the failure of structures, especially
ships, subjected to forces that vary in strength, direction,
and frequency, are not clearly understood. The process
of gradual degradation has received little attention. In
the presence of storm or battle damage, there is little
understanding of why one structure is merely degraded
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while another fails catastrophically. Although work has
been done to model the sensitivity of a water-borne plat-
form (ship) to damage from various causes, the instance
of gradual degradation of capabilities has,_ heretofore,
been treated as a boundary condition in such models.
There is a need for research and analysis that will permit
models to be upgraded to include or to predict the in-
cidence and course of gradual degradation in perform-
ance. Of particular interest to the Navy is the ability to
predict the effect of multiple, simultaneous, or sequen-
tial casualties on platform and system performance.

INFORMATION AND COMPUTERS

Information in Decisionmaking

The human ability to accept, assimilate, and act upon
large quantities of information in anything approaching
real time is severely limited. When the information
comes from a number of diverse sources (sensors), is
based upon different physical principles (radar, sonar,
intercept, visual), is received in various forms (sight,
sound, data readout) with varying accuracies, and may
be transmitted simultaneously, the magnitude of the
problem increases dramatically. Research is required to
extend the work already accomplished in logic analysis.
Work is required in all aspects of "artificial intelli-
gence" or, as it might be termed, computer-aided de-
cisionmaking. There is a need to apply advances in this
field to the complex problems of situation assessment
and decisionmalcing. There are many situations in which
the Navy could benefit from being able to assess large
quantities of multiformatted information so as to be able
to react appropriately and in real time. There continues
to be a need for more and better algorithmsthose ca-
pable of assisting in the real time analysis of uncorrelated
data. At present, there are too few people trained in the
area of logic, and the number of people knowledgeable
in both human logic and mathematics is very small. The
psychological acceptance of machine-aided decision rec-
ommendations must be addressed.

Computers

The continued blurring of boundaries between hard-
ware, firmware, and software provides both new prob-
lems and new opportunities. Studies are needed to op-
timize the roles and interactions of components. In
addition, consideration should be given to developing
self-correcting hardware and software. Other areas of
research include parallel processing and fault-tolerant
technology.

MILITARY SCIENCE

Detection Equipment

Action against targets beyond the range of visual de-
tection and identification of the targets has grown to be
a significant problem which limits platform offensive
capability. There are weapons whose useful ranges are,
in fact, greater than can be utilized due to our inability
to "see" and identify discrete targets. The problem is
even more acute in detecting submarines, because of the
volume and nature of the medium to be searched. So-
lutions will come from two principal directions; namely,
evolution in existing technology and revolutionary prog-
ress in wholly new technologies currently at the frontiers
of research and science. While considerable effort is ex-
pended in developing better radar, infrared systems, and
the like, much more attention might be devoted to the
investigation of basic phenomena affecting detection.
The fact that we are able to characterize planetary bodies
down to their atmospheric composition and atomic struc-
ture from enormous distances certainly provides some
measure of confidence that adversary ships and aircraft
might be similarly characterized with great precision.
Developments in devices which use intense microwave
energy in the gigawatt region or intense relativistic
atomic particles might be brought to bear on the prob-
lem. The payoff is immense but so are the risks. Prin-
cipal constraints are the translation of the problem to the
basic science community and the rapid translation, com-
munication, and exploitation of knowledge so that iican
be properly applied.

Fast Turn-on, High-Power Devices

Fast turn-on, high-power devices could lead to a new
concept in emitter control-capable systems. Gigabit logic
and compact nonvolatile fast memories with large bit
capabilities will meet the needs of future systems. A
major advantage of gigabit logic and fast memories in
electromagnetic support measure (ESM) equipment is
the prospect of digitizing at the receiver front end. Areas
for research include optical upconverters, solid state
physics, superconductivity applications, and energy con-
version/high-power microwave devices. Priorities need
to be established in long-term, high-payoff research.

Passive Ranging

It is highly desirable to be able to obtain the range of
threat emitters by passive means. The techniques devel-
oped to date are inaccurate or not useful. Opportunities
for research exist in bistatic radar and methods/materials/
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concepts to achieve the requirements of spatial, spectral
responses in the full spectrum of radio frequency, in-
frared, and electro-optics. Very few new workable ideas
have yet been developed in this area.

Coding

There is a lack of basic knowledge of frequency and
phase codes suitable for sophisticated waveforms. The
designer has available empirical knowledge of accept-
able waveforms, but a unified understanding of this sub-
ject does not exist. An investigation of the needs im-
posed by countermeasure environments and of problems
due to electromagnetic interference and spectral occu-
pancy is warranted. The shortage of both money and
people with knowledge of the problem is a major con-
straint.

HEALTH

Malaria

Because of the propensity of the causative parasites
to develop resistance to chemoprophylactic and chemo-
therapeutic drugs, malaria continues to pose a serious
threat to activities in semitropical and tropical regions
of the world. An opportunity to deal with this problem
to the benefit of our own interest, as well as those of the
many underdeveloped countries in the affected regions,
appears to be offered by the demonstration that immu-
nization with the sporozite stage of the parasite affords
partial to complete protection against infection. This,
together with the development of techniques to cultivate
the parasite in vitro, makes an effective malaria vaccine
a potential reality in the next decade.

Effect of Electromagnetic Environment on Humans

The research opportunity here is a broad-based pro-
gram to define the effects of the electromagnetic envi-
ronment on health.

Genetic Engineering

Genetic engineering offers both a problem and an op-
portunity. On one hand, a problem is posed by the po-
tential ability, through DNA recombinations, plasmid
transfer, and other forms of genetic engineering, to cre-
ate, artificially, a wide variety of pathogens including
potential adversary development of biological warfare
agents. On the other hand, we also have the opportunity
to counter not only these threats to health but many oth-
ers through the development of methods to mass produce

't
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broad-spectrum, antiviral, and antibacterial substances
4 (such as interferon), vaccines, and inert avirulent organ-

isms with the proper antigenic structure and other sur-
vival properties to make mass immunization by the aero-
genic route feasible. DNA or genetic engineering
technology offers opportunities to improve waste dis-
posal and pollution (air and water) control techniques,
and there is a potential to develop improv..d single cells
for the production of food and energy. DNA also offers
promise in tissue culture technologythe development
of organs for transplants achieved by regulating growth
and eliminating histo-incompatibility. Limitations on
DNA recombinant research may result from stringent
guidelines imposed on this type of research.

Diseases With Long Latent Periods

The fact that exposure to certain chemical toxicants
and physical agents at low levels may result in debili-
tating disease or death decades later has been recog-
nized. This has resulted in a moral and legal requirement
to assess the etiological role of a wide variety of poten-
tially hazardous substances and energy forms encoun-
tered in naval and industrial environments. Of particular
concern are the potential adverse effects of radiation em-
anating from equipment and systems, atmospheric con-
taminants, and chemicals, paints, and insulating mate-
rials widely used in shipyards and other industries. Basic
research, including retrospective and long-term prospec-
tive epidemiological studies, offers the opportunity to
quantify the health risk associated with such agents. A
constraint on this approach, as well as on many other
necessarily long-term studies, is the emphasis on the 5-
to 10-year time frame for producing definitive results.

Oxygen Deprivation

A lack of oxygen to a part of the body, as in the case
of wounds or injuries, or to the body as a whole, as in
the case of exposure to an oxygen-poor climate, has
harmful effects that are often irreparable. In recent years,
the naturally occurring prostaglandin B1 has been shown
to restore oxidative phosphorylation to aged mitochon-
dria. This prostaglandin derivative, designated PGB, has
the potential to act as a prophylaxis against the adverse
effects of hypoxia; as such it warrants investigation. To
date, it has not been defined chemically or isolated, and
none of its pharmacological properties has been ade-
quately assessed.

Motion Sickness

There is a lack of basic information from which to
establish criteria for the ride characteristics to apply to
the design of advanced, high-performance ships and
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craft. Low-frequency motion is commonly responsible
for the decrement in human performance associated with
sea or motion sickness; however, inability to perform
has also been demonstrated when humans are exposed
to high-frequency motion. The need exists for basic and
applied research into the subject of human limitations in
and adaptation to motion; of greatest interest is motion
in the frequency range of 0.07 to 80 Hz.

Ir.-act Acceleration

impact acceleration is a major cause of injury in both
military and civilian communities. The data available on
human dynamic response to acceleration and impact are
sparse. Although there are many models that attempt to
predict human biodynamic response to accelerated force
fields, none has been, or can be, validated. A means of
evaluating and testing engineering designs is greatly
needed. To date, only the dynamic response of the hu-
man head and neck to impact acc...leration has been stud-
ied. The whole area of techniques to employ human test
subjects in dynamic response situations and to transfer
the resulting data to models in sufficient quantity that
the models can be validated is one that urgently needs
investigation. The limitations imposed by using human
test subjects demand a well-planned methodical pro-
gram.

Constraints

A general constraint to the pace of progress in health-
related studies is caused by increasing nationwide con-
cern over the protection of human subjects utilized in
medical research. This has resulted in the establishment
of more stringent review procedures than any previously
utilized. As a result, some categories of direct experi-
mentation may be precluded. It is important that suitable
alternatives to human test subjects be developed for ex-
perimental evaluations. Although animals still offer
many possibilities, improved techniques for extrapolat-
ing results derived from animal experiments to the hu-
man must be found. It should also be noted that there
is a similar growth in public concern over the use of
animals in biomedical research; this is a pcintial con-
straint that may adversely affect the pace of progress in
health-related research.

ENVIRONMENT AND ENVIRONMENTAL
PROTECTION

Monitoring Ocean and Arctic Environments

Information about the oceans and arctic areas, their
dynamics and their interaction with and impact upon the

atmosphere, is needed in real time for input to predic-
tions of climate and weather, optimum ship routing, ef-
ficient and effective fisheries planning and management,
and effective search and rescue operations. Research on
the proper scale is very expensive, requiring multiagency
and multinational commitments over extended periods
of time. A sustained effort is required to determine the
time-space scales, and the types of measurement, and
for concomitant instrument development. An opportu-
nity is offered through the application of satellite sen-
sors, employed in combination with "ground truth"
measurements and large computer modeling. A coordi-
nated national research and development program to de-
termine the economic and productive balance of these
techniques will be required. Constraints will occur due
to the need to solicit international cooperation and es-
tablish priorities in support of such programs.

Propagation

There is a need to have an improved fundamental un-
derstanding of the ionosphere (including those condi-
tions that give rise to multipath propagation), a better
understanding of worldwide meteorological conditions
as they affect ducting, further knowledge of propagation
in turbulent media and in nonlinear and ionized media,
and improved knowledge of the sea surface for sea clut-
ter modeling. Studies of microwave propagation, solar
radiations in near space, plasma radiation, remote sens-
ing radar, magnetospheric substorms, and radio wave
propagation through turbulent ionized media are rec-
ommended. The lacks of money and of people with an
understanding of the problems are limiting factors.

Preservation of Wood Pilings

The Environmental Protection Agency (EPA) may
soon ban the use of creosote for preserving wood pilings.
Creosote is the most effective and most widely used
preservative in the world. If the EPA bans its use, the
U.S. Navy (and many others) would be faced with a
costly problem of replacing pilings. The ban could affect
railroad ties and telephone poles as well as marine pil-
ings. Two opportunities are suggested: develop a suita-
ble preservative for pilings that will not harm the envi-
ronment, or develop a suitable material to replace wood
pilings entirely.

MANPOWER

Improving Work Force Effectiveness

The assessment of individuals for selection, classifi-
cation, training, and advancement is a problem common
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to industry, educators, government, and military serv-
ices. The business of testing people is economically
significant and has, indirectly, considerable social and
cultural impact. Generally, it is important that testing be
efficient, accurate, and bias-free. A significant oppoi-
tunity is offered by improvements in and increased uti-
lization of computerized adaptive testing, based on a
theory of personnel assessment that appears to have both
quantitative and qualitative improvements over older
testing schemes. The application of modern test theory
and adaptive testing techniques can result in tests more
than 50 percent shorter than conventional tests and with
higher levels of measurement precision. Adaptive
achievement tests with half the number of items can have
validities equal to those of conventional tests, and mul-
ticontent achievement tests can also be reduced drasti-
cally in length without decreasing measurement effi-
ciency. The design of the tests, as well as the intervention
of the computer, serves to decrease bias. Obvious con-
straints are the initial cost of implementation and large-
scale test construction for many discipline areas.
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Supply of Manpower

In the next 10 to 20 years, the U.S. Armed Forces
face the problem of an insufficient quantiy of available
young people. Recruitment and retention problems exist,
and the costs associated with a rapid turnover in person-
nel will be high. The problem in the Department of De-
fense is, therefore, how to obtain and retain sufficient
personnel to protect this country effectively. At the same
time, society in general suffers from growing welfare
costs, high youth unemployment, a hard core of un-
skilled labor, a rising rate of functional illiteracy, and
an increase in the incidence of young and female crim-
inals. Thought should be given to looking at the many
facets of the same problem and to seeking a series of
integrated solutions rather than individual and perhaps
conflicting solutions for each of these facets. A coordi-
nated program of basic research into the cause and effect
of human behavior is required. If government is to be
a force in the solution, a single, coordinated plan should
be formulated, with each of several government agencies
and departments prosecuting those parts of the plan
within its area of expertise.
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Department of Energy

In October 1977, the Department of Energy (DOE)
came into existence to deal with the nation's changing
energy circumstances, brought most vividly to our at-
tention by the Arab oil embargo in the fall of 1973. The
Department's tasks are to encourage the increased supply
of energy, to administer regulations required by law, to
encourage the dampening of growth in demand for en-
ergy by means of conservation in the home and increased
productivity in the use of energy resources in industry
and transport, and to accomplish all these tasks with due
consideration for the health and safety of the American
people and environment.

The economic and regulatory functions and the con-
servation and commercialization functions do not for the
most part involve new scientific and technological re-
search. These programs predominantly make use of al-
ready-existing scientific and technological knowledge
and development, and they try to extend the use of this
knowledge andevelopment in the marketplace.

Though the next decade will inevitably see sharp de-
bate about pricing, regulation, and competition among
energy sources, there is now a general consensus that
world petroleum production will peak around the year
2000 or before. The Department's strategy rests upon
the inexorable fact that supplies of abundant, inexpen-
sive petroleum are rapidly running out. An economy and
a society based on the premise of abundant, cheap sup-
plies must inevitably change.

Broadly, the alternatives available for exploitation in-
clude solar energy, nuclear fission, and fusion. Each
poses severe technological and scientific challenges, and

the need to bring these sources to a stage at which their
promise can be assessed, along with the need for effec-
tive development of alternate (if temporary) coal uses
and development of conservation measures, dominates
the DOE outlook. The Department's goals extend be-
yond the time period of normal private investment and
involve the encouragement and development of energy
systems for the twenty-first century.

Unlike the Department of Defense and the National
Aeronautics and Space Administration, DOE will not be
the final user or purchaser of the products of its own
research and development. Success in DOE's research,
development, and demonstration programs requires that
the systems eventually leave DOE's domain to enter and
compete in the market sector.

The seven sections that follow are devoted to solar
energy; geothermal energy; fossil energy; fission energy,
including nuclear waste management; fusion energy; the
environment; and the Basic Energy Sciences, High En-
ergy Physics, and Nuclear Physics programs. The first
five categories include technologies having widely vary-
ing time horizons for expected results. While fossil and
fission systems are working now, continuing research
and development are still needed. Most solar systems
have yet to be made economically viable, and thus need
much technological development. Fusion is approaching
scientific feasibility demonstration. While large funds
are being committed in an attempt to ensure its timely
emergence, its full operational capability may not occur
before the end of the first quarter of the next century.
The sixth category, environment, addresses generic con-
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sequences of all the technologies, while the last encom-
passes the building of an underlying intellectual base for
the technology programs.

SOLAR ENERGY

Solar energy has captured the imagination of the
American people because of a growing base of support
for developing environmentally safe energy sources and
because many recognize the inevitable shortcomings of
relying on depletable resources.

In. May of 1978, the President gave new impetus to
the national effort to develop solar energy by simulta-
neously directing that support for solar research, devel-
opment, and demonstration be increased by $100 million
and initiating a formal governmentwide Domestic Policy
Review (DPR) for solar energy. The DPR concluded
that solar energy does offer numerous important advan-
tages over competing technologies and affirmed other
recent assessments of solar energy by finding that a sig-
nificant potential exists for expanding its use during the
next twenty years. The President's solar message in June
1979 recognized the findings of the DPR and proposed
a number of incentives, such as additional tax credits
and a solar bank, to spur accelerated use of solar tech-
nologies. A goal was also established for the nation to
meet 20 percent of its energy needs from solar and solar-
related energy forms by the year 2000. The future solar
share of national energy use will depend not only on
technological success but on the price of alternatives.

Although some solar technologies (for example, solar
hot water heating where the altemative is using high-
cost electricity) are competitive today, other uses of solar
and renewable energy will require the conception and
development of new methods and processes that have
the potential for dramatic cost reductions relative to their
present-day counterparts.

The problem of cost competitiveness, which is fun-
damental to solar development, presents a wide field of
research opportunities for improving design, fabrication,
and operation of solar systems. Inexpensive and durable
structural materials are needed to reduce the cost of ex-
isting collectors. An especially important requirement is
the development of highly transparent and nondegrading
plastics for protection of collector faces and for encap-
sulating photovoltaic devices. New automated manufac-
turing and processing technologies are also needed to
maximize volume-related cost reductions for solar hard-
ware and materials.

An improved understanding of basic physical and
.chemical phenomena is necessary on many topics, in-
cluding absorbtivity and emissivity characteristics of col-
lector surfaces, solid state processes for increasing pho-
tovoltaic conversion efficiency, photochemical
conversion processes, and biochemistry and genetics rel-
evant to production of energy from biomass.

In addition, there are research opportunities in novel
systems development and design engineering disciplines
for operations in ocean, space, and terrestrial environ-
ments under extreme conditions; in systems operation
and control technology for integration of large numbers
of dispersed devices into iarge power networks or cen-
tralized electric and thermal power facilities; in biochem-
ical and thermochemical conversion processes for bio-
mass development; in improved meterological and
environmental data on solar availability and wind char-
acteristics; and in solar storage, or load leveling equip-
ment.

Much of the research that has been undertaken to sup-
port the development of solar energy is quite recent, and
overall support has accelerated rapidly. For example,
solar R&D in 1974 was $15 million while the level pro-
posed by the President for fiscal year 1980 is over $600
million. This reflects the realization that collecting and
converting energy from the sun will provide mankind
with an ultimate ceiling on the cost of energy resources.
The trick is to accomplish this in a manner that can
substitute for conventional energy forms.

GEOTHERMAL ENERGY

Geothermal energy is the heat in the Earth's crust
which, in some areas, is close enough to the surface to
be tapped as a source of power. In addition to generating
electricity, geothermal energy may be used for industrial
and residential space heating and cooling, industrial pro-
cess heat, and agriculture. Exploitation of this resource
requires research in a number of key areas, including
confirmation of geothermal resources through novel
techniques for locating and delineating reservoirs, their
geologic structure, and their flow patterns; research into
direct heat applicatious for geothermal fluids in indus-
try, agriculture, and space-conditioning; design, opera-
tion, licensing, and maintenance of experimental facili-
ties to produce electric power.and to test systems and
components; development of new drilling technology
and well-stimulation techniques to make geothermal res-
ervoirs more productive; and research in resource explo-
ration, reservoir mechanics, geochemical engineering,
materials science, and energy conversion systems to im-
prove geothermal system performance. There are three
general types of geothermal energy that may prove use-
ful before the year 2000. They are vapor and liquid dom-
inated hydrothermal energy, geopressurized hydrother-
mal energy, and hot dry rock.

Vapor and Liquid Dominated Hydrothermal Energy

Vapor and liquid dominated geothermal energy refers
to hot water and steam that has been produced by contact
with relatively shallow masses of hot rock. The liquid
or vapor is trapped below ground in fractured rock or
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porous sediment. Vapor reservoirs ,re relatively rare,
but Larderello, in !taly, has been operating since 1904,
and the Geysers, in California, has been operating since
1960. Hot water domigated reservoirs are about 20 times
as numerous as tries dominated by steam. Here the liq-
uid is flashed to steam or passed through a heat ex-
changer to vaporize a hydrocarbon fluid that is used to
drive a turbine - generates The spent geothermal fluid is
injected back into the.. ground.

Geopressurized Hydrothermal Energy

Geopressurized hydrothermal resources are hot water
reservoirs containing methane and trapped under high
pressure. They are located mostly along the Gulf Coast
of the United States. This resource offers three types of
energy: thermal, kinetic, and dissolved methane. While
the total resource is h...lieved to be large, the economics
of recovery are unknown.

Hot Dry Rock

Hot dry rock, as the name implies, is rock that has a
high heat content but little or no water; the introduction
of water is required to supply usable power. This re-
source is also estimates :a be very large, but significant
use of it is probably several decades away.

FOSSIL ENERGY

Fossil fuels are now, and will remain, the base of our
energy supply through the end of the century. There is
an overriding need to develop means to improve fossil
fuel extraction and utilization to postpone the time in
which petroleum short4ges severely inhibit national ob-
jectives. With many extraction techniques, one-half of
coal and two-thirds of oi! resources are left ilnderground.
Generation of electricity is less than 40 percent thermally
efficient, and enviroimental control of coal combustion
and oil shale retorting is very costly, partly due to the
lack of the application of sophisticated techniques.

Modem scientific tools are revealing the chemical
structure of fossil fuels and the fundamental mechanisms
involved in their extraction, conversion, and combus-
tion. Instruments not previously available include ..1-
clear magnetic resonance,_fleutron activation, chroma-
tography, microwave, and laser applications, as well as
techniques of isotopic tracers. mathematical modeling,
thermodynamics, and, especially, recent advances in
catalytic chemistry. An impor ant feature of our knowl-
edge is the basis it provides hr innovative ideas for new
or much improved technology hi such areas as those
described below.
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Conversion of Ccal to Can Fuels

Major research needs include innovative process con-
cepts involving advanced catalysts for liquefying and
gasifying coal, advanced synthesis gas conversion, and
upgrading of coal liquids and flash hydropyrolysis; fun-
damental studies to develop new coal chemistry and a
better understanding of coal conversion processes, the
stn. cure of coal, and the role of mineral matter in coal
in i* e conversion process; and essential studies on mech-
anisms, kinetics, and the effects of reaction constituents
on the catalyst as a function of time and temperature.
Such research could lead to the development of combi-
nation catalysts that would enable steam-carbon gasifi-
cation, watt:r-gas shift, and methanation to take place
simultaneously in the same reactor at reduced overall
cost.

Also needed are supporting research and development
activities that provide back-up for advanced liquefaction
processes and improvements in liquefaction technology
in general. In addition, indirect liquefaction techniques
(liquid fuels via syngls from coal) provide an alternate
route for furnishing transportation fuels that can ease the
pinches caused by the depletion of petroleum supplies.

Direct Combustion of Coal

The ultimate goal of the DOE coal strategy is to de-
crease the nation's dependence on imported oil through
a range of cost-effective uses of coal. Close to 90 percent
of the coal consumed in this country is and will continue
to be burned directly, so a primary objective in achieving
the goal is to assure that existing and new facilities burn-
ing coal can do so while reefing applicable environ-
mental standards. Unless new technologies are available
for meeting these standards, many facilities that might
use coal will turn to other fuels. In the long run, other
fuels may simply not be available.

Scientific investiZations to solve these problems in-
clude the elucidation of the chemical reactions control-
ling NO,, and SO,, formation, control of effluents from
combustion of highly aromatic synthetic fuels, chemical
desulfurization of coal, mathematical predictive models
for coal devolatilization, combustion and ash fouling
parameters, stability of coal/oil and water mixtures. and
fluid bed engineering. More basic knowledge of fuel cell
catalysis and high temperature phenomena in magneto-
hydrodynamic:: (MHD) can provide the basis for impor-
tant technical advances.

Enhanced Oil and Gas Recovery

The fundamental relationship between strefutur and
performance of micellar surfactants and the physical
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chemistry of oil displacement must be established. Mea-
surement of the quantitative basis for the induced frac-
ture patterns in tight formations and consequent gas
transport is essential.

Oil Shale

Major tasks include determining the physical chem-
istry of in situ oil shale conversion and providing math-
ematical models for process engineering.

Coal Liquefaction and Gasification

Identifying the basis for catalytic o:alcing of coal
molecules on a molecular mechanism basis will lead to
new ideas for selective conversion under mild condi-
''ons. Engineering and chemical studies will yield dis-
coveries on how to accelerate the steam-carbon reaction
at relatively low temperature, employing base catalysis
and transition metal complexes.

Electricity and Power Generation

Efficient generation of power entails the establishment
of fundamental electron transport phenomena in MHD
and fuel cell systems and the determination of the fun-
damental chemistry of fossil fuel combustion.

FISSION ENERGY

The nuclear fission strategy of DOE is based on three
fundamental objectives: to refine and extend the use of
light water reactors (LWR) as a major source of elec-
tricity by dealing with such problems as siting and nu-
clear waste management; to develop, assess, and analyze
a range of alternate reactor concepts that would be major
contributors to future energy supplies; and to develop
international agreements, assurances, and safeguards so
that a world nuclear power economy will not lead to the
further spread of nuclear weapons. In this perspective
the central question becomes, "How long, and with
what technical improvements ir. fuel cycle aryl r Aerating
efficiency. will available uranium resourcei .41!, reli-
ance on the LWR?" This defines the period which
alternate technologies (such as breeder reactors/ must be
developed in order for nuclear energy to continue to be
a major energy source. Most of the research is carried
out in government and industrial laboratories.

LIGHT WATER REACTORS

Research is directed at developing and demonstrating
technology for increasing the efficiency of uranium uti-
lization in light water reactors operating on the once-

through fuel cycle, and developing methods for reducing
the exposure of nuclear workers to radiation fields. Is-
sup to be addressed include the development of low
enriched uranium oxide fuels capable of burn-up of 45
to 50 thousand megawatt days per tonne, and develop-
ment of chemical cleaning techniques to reduce radiation
fields in the reacto plant.

An alternate meals of continuing with nuclear power
short of a commitment to breeders is the development
of advanced isotope separation technology. This in-
volves two laser methods and a plasma concept. Key
technical issues to be addressed are laser development,
materials development, and an increased understanding
of the basic interactions involved in the various pro-
cesses.

BREEDER REACTOR SYSTEMS

Breede eactor systems offer the prospect of extend-
ing the nation's uranium resources base to a practically
inexhaustible source of energy and providing one of the
major choices for future alternate energy systems. The
breeder programs are liquid metal fast breeder reactors,
water cooled breeders, gas cooled fast breeder reactors,
and fuel cycle research and development. Research is
being directed toward maintaining and improving the
technical bases of the breeder systems while providing
technical support to the nuclear nonproliferation studies.

Liquid Metal Fast Breeder Reactors

This breeder utilizes the excellent heat transfer prop-
erties of sodium which permit operation at high temper-
atures without resorting to high pressure. The program
emphasizes alternative fuels and fuel cycles that might
offer strategic nonproliferation advantages. A strong
base-technology effort stresses the development of en-
gineering information applicable to large plants. Pro-
gram technology objectives are to ensure that future
plants will be safe, reliable, economic, and licensable.
Key technical issues to be addressed include develop-
ment of advanced and alternate fuels, safety testing,
plant design, and scale-up of such major components
and systems as pumps and steam generators.

Water Cooled Breeders

The water cooled breeder program is developing tech-
nology wiiich will significantly increase the amount of
useful energy that can be produced from nuclear fuel
reserves using water cooled reactors. The central effort
is to confirm that breeding can be achieved in existing
and future light water reactors using the thorium/ura-
nium -233 fuel system.
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Gas Cooled Fast Breeder Reactors

The objective of this program is to develop a gas
cooled fast breeder reactor. The key technical issues at
this point are conceptual design and supporting arms of
fuels, physics, thermal hydraulics, and safety.

NUCLEAR WASTE MANAGEMENT

To ensure that the nation nas a nuclear energy option
available, it is particularly important that a sound and
credible means be found for disposing of nuclear wastes.
The DOE program is designed to protect the public
health and safety and the environment from radioactive
materials that result from national defense programs, re-
search and development, and commercial activities. The
need for an adequate nuclear waste disposal program is
the hugest single constraint on the development of nu-
clear power.

During 1978, significant steps were taken toward the
development of a national nuclear waste management
policy that will guide R&D and policy development over
the ;text five years. Under Presidential directive, the
Interagency Review Group on Nuclear Waste Manage-
ment, representing all Federal agencies having respon-
sibilities in nuclear waste management, conducted a
broad-based review of the subject with full participation
of the public and state and local governments. Several
key issues of both a technical and an institutional nature
have been identified; they will require particular atten-
tion and will greatly influence the nuclear waste man-
agement effort in years to come.

A key finding is that a social consensus, supported by
perceptions of scientific evidence, is essential to the es-
tablishment of long-term programs for permanent waste
isolation. Consistent with this view, the interagency
Group has endorsed several measures to enhance the role
of the public, as well as state and local governments, in
reviewing and shaping waste management policy.

Although the Interagency Group stated that it ap-
peared to be possible to isolate radioactive wastes safely
for thousands of years, it acknowledged that it is never-
theless necessary to resolve several specific problems
before proceeding with extensive programs for perma-
nent isolation. The technically conservative approach
that was advocated would involve the carefu. character-
ization of candidate disposal sites and the development
of standards for the establishment of intermediate-scale
and, eventually, full-scale mined repositories. At the
same time, research and development will be intensified
to expand knowledge of the behavior of wastes in em-
placement media and to ascertain that all dominant
sources of risk, or pathways of radioactive wastes to the
human environment, are identified and accommodated.

Research needs include the development of conceptual
designs for the conversion of wastes into possible forms
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suitable for acceptance at a long-term geologic reposi-
tory; evaluation of alternative forms of processed wastes
to study compatibility with emplacement media, leach-
ability, and other properties vital to isolation from the
biosphere; the development of handling, storage, and
monitoring techniques to minimize reliance on long-term
maintenance and surveillance; geotechnical studies of
specific phenomena in, and physical properties of, can-
didate media, including hydrology, thermal effects, ra-
dionuclide migration, and structural characteristics;
transportation R&D; and facility decontamination and
decommissioning.

FUSION ENERGY

Fusion provides a major alternative future source of
energy. Although the technological and economic via-
bility of fusion has not yet been demonstrated, major
engineering experiments in the late 1980s should estab-
lish fusion as an energy source capable of commercial-
ization in the 1990 to 2000 time frame.

Two fundamentally different approaches are being fol-
lowed toward development of fusion" energy: magnetic
confinement and inertial confinement. In magnetic con-
finement, the hot ionized gases (plasmas) that will
undergo fusion reactions are contained in carefully
shaped magnetic fields. Diverse methods of heating are
used to raise the plasma temperature to that required for
substantial fusion reactions. In inertial confinement, the
fuel that will undergo fusion reactions is contained
within a small pellet. A large amount of energy is de-
posited into the pellet by an appropriate device, such as
a laser beam, raising the pellet temperature high enough
to cause the fusion reaction. Within each of these con-
ceptual approaches there are many different schemes for
achieving a controlled thermonuclear reaction.

In the near future, the fusion program will investigate
many different schemes since it would be premature to
narrow the field of options at this time. To complement
the investigations, vigorous research in plasma physics
and fusion technology and engineering it needed.

The near-term objectives of fusion energy research
emphasize the demonstration of scientific feasibility, es-
tablishment of a sound engineering development base,
maintenance and development of a strong scientific and
technological base, encouragement of research in alter-
native concepts and scrutiny of their positions relative
to established major projects, and reduction of large ex-
perimental device costs through international coopera-
tion and cost sharing.

Although at present net energy is not being produced
by fusion, the technical requirements for sustained fu-
sion reactions are that the fusion fuel must be heated and
maintained at a temperature near its ignition point (ap-
proximately 100,000,000 K for the D-T reaction), and
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the plasma must be confined for a time and must have
a density sufficiently high to ensure that the ions are
close enough for reactions to occur. (The density is the
num' .tr of ions per unit volurm of plasma.) To achieve
the requisite plasma parameters, a considerable wealth
of technologies has already been started to support the
scientific studies. For magnetic fusion, these technolo-
gies include high-intensity, large-volume magnets (both
normal and superconducting), high-intensity, high-en-
ergy neutral beam injectors, radio frequency heating sys-
tems, sophisticated laser diagnostics, and data acquisi-
tion systems. Some of these are unique to fusion
development, while others are adaptations of existing
technologies. For inertial fusion, the technologies in-
clude high-power, well-focused particle beams, low-cost
pellets, accurate pellet injection and tracking systems,
short-pulsed power supplies, and advanced pellet diag-
nostics.

TECHNICAL ISSUES THAT NEED INVESTIGATION

Plasma Behavior

The analytic and computational capability to predict
plasma behavior under a wide variety of conditions
needs continuing development. Of special interest to
magnetic fusion are magnetic field changes, long pulses,
impurities, cross-sectional area, and shape. Of interest
to laser fusion are radiation-plasma interaction, pellet
implosion phenomena, and general pellet configuration
effects.

Scaling Laws

The ability to scale up the present generation of ex-
periments to larger experiments and prototype reactors
must continue to be developed and validated.

Prototype Development

The various plasma confinement concepts require
more experimental and theoretical development so that
we can evaluate their feasibility as prototypes upon
which to build a more realistic, commercial-size reactor
design.

Technology Development

Some of the technological obstacles to magnetic fu-
sion include the development and construction of large
and powerful superconducting magnets, the creation and
maintenance of very high vacuums, the heating of fusion
fuel to ignition temperatures, and the refueling of burn-

ing plasmas. Technology requirements for inertial fusion
include development of short-pulsed power supplies,
development of short-pulsed high -power photon and par-
ticle beams, development of beam transpert systems,
and development of pellet manufactu.ing, injection, and
tracking systems.

Engineering Issues

Practical fusion power will require facilities operating
at high reliability and availability. Considerable attention
and ingenuity are necessary to develop designs with suf-
ficient access, maintainability, simplicity, fabricability,
etc., to reach the reliability and availability goals.

Materials Behavior

Structural materials that will have long lifetimes in a
fusion reactor environment of high temperature and large
flux of energetic neutrons must be developed. Some ex-
trapolation can be made from measurements in fission
reactors, but new dedicated testing facilities are re-
quired.

ENVIRONMENTAL ISSUES

Although fusion energy is much more benign than
fission energy, environmental aspects of its development
and commercialization must continue to be examined.

Radioactivity Control

Methods for managing the large inventories of radio-
active tritium required in large experimental devices and
prototype reactors will have to be demonstrated. Low
activation materials capable of functioning in a fusion
reactor environment must be developed. Radioactive
material management and potential accident hazards de-
pend on the degree to which this is achieved. Nonelectric
applications, such as breeding of fissile material, may
present additional problems which will be examined at
an appropriate time.

Safety Analysis and Engineering

Safety analyses of early conceptual fusion reactor de-
signs are being carried 'jut to identify potential hazards
so that appropriately engineered safety features can be
designed. Lithium, which is used to breed tritium fuel,
must be carefully managed because it contains a large
amount of potential energy in liquid metal form.
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Human Health and Ecological Hazards

The occupational health impacts of routine mainte-
nance of fusion reactor facilities must continue to be
investigated. The ecological and human health effects of
some of the possible neutron-activated products of po-
tential reactor materials have not yet received extensive
study. There must also be an assessment of the adequacy
of current health and safety standards for workers as-
sociated with current and planned fusion research and
development.

ENVIRONMENT

Another responsibility of DOE is to assure compliance
with environmental, health, and safety plans, regula-
tions, and procedures. To this end, the Department con-
ducts a comprehensive program of research and devel-
opment on the health, safety, and environmental effects
of energy technologies and programs. Independent re-
views and assessments of DOE-controlled activities are
initiated by DOE to assure that there are no undue risks
to the safety and health of the public and employees,
and that adequate protection is provided to property and
the environment.

Each individual technology program office in DOE is
responsible for the environmental compliance and ac-
ceptability of the technologies it is developing for com-
mercialization. In addition, a central environmental of-
fice conducts research in support of, and in cooperation
with, the technology program offices to determine the
biomedical and ecological effects associated with the
development and use of fossil and nuclear fuels, renew-
able energy resources, and conservation measures.

Source terms under study include trace and heavy
metals, polycyclic aromatic hydrocarbons, particulates,
noxious gases, organic fluids, radionuclides, and com-
plex mixtures associated with fugitive emissions, resid-
uals, byproducts, and products associated with all stages
of the fuel cycle. With a near-term potential for
new fossil energy processes to enter both demonstration
and commercialization phases, expanded new chemical
and biological characterizations, and health and environ-
mental effects, research will be conducted in support of
the following technologies: in situ and surface coal gas-
ification, in situ and surface oil shale retorting, coal liq-
uefaction and enhanced oil recovery, and large-scale de-
ployment of diesel powered light-duty vehicles. Specific
research areas are described below.

Pollution Studies

Studies on the characterization, measurement, and
monitoring of pollutants are designed to

(1) Determine the chemical and physical mechanisms
of pollutant transformation in the atmosphere;
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(2) Investigate the underlying processes that govern
pollutant interaction in biological systems;

(S; Develop empirical models for predicting biologi-
cal effects of energy .related pollutants;

(4) Develop advanced radiation, chemical, and par-
ticulate measurement technology;

(5) Develop improved health protection methodol-
ogy; and

(6) Characterize and quantitatively measure tht4 t-

fluents and emissions from selected technology pro-
cesses.

Environmental Studies

Studies of the environment aim to
(I) Define and quantify the characteristics, transport,

and transformations of energy-related pollutants in the
atmosphere, on land, and in water;

(2) Identify major pathways and rates of transfer of
pollutants through the biotic compartments of the envi-
ronment;

(3) Determine the biological effects of pollutants on
ecosystems and the rates and mechanisms by which pop-
ulations and ecosystems recover or accommodate to such
stresses;

(4) Determine the effects of massive physical disturb-
ances and disruptions on all environmental compart-
ments;

(5) Define and implement management strategies for
land, atmospheric, and water resources that are subject
to impact during energy development;

(6) Develop and evaluate countermeasures to elimi-
nate pollutant pathways to man and to lessen or combat
the impact on the environment; and

(7) Guide fundamental research in the geophysical
media, structure of ecosystems, and responses of biotic
communities to stress, and develop methods for early
detection of changes in environmental systems.

Health Studies

Health studies are oriented to identify and char 7terize
biologically the active forms of hazardous agents that
may present health risks associated with development of
energy technologies by

(1) Coupled chemical-biological identification of po-
tentially toxic, mutagenic, carcinogenic, and teratogenic
agents;

(2) Definition of effective doses of pollutants by mea-
suring exposure, distribution, and fate in the body, and
retention and excretion;

(3) Correlation of the effective pollutant dose with
the magnitude of effect observed in cells, tissues, and
organs of several species 1 animals; and
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(4) Continuing development of experimental ap-
proaches to overcome the obstacles to extrapolation of
estimates obtained in experimental animals to human
risk assessment.

It is important to develop and apply useful and sen-
sitive indicators and short-term screening systems for
detection of biological damage by the

(1) Use of microbial, mammalian, and human cell
culture systems to identify agents that damage the ge-
netic material and lead to mutagenesis and carcinoge-
nesis;

(2) Development of applications of tests for recog-
nition of agents that impair the function of cells, organs,
and physiological systems;

(3) Measurement of potency of carcinogens, muta-
gens, and toxic agents in model biological test systems;

(4) Use of molecular systems to define site and mech-
anism of action of compounds identified as potentially
hazardous; and

(5) Identification of repair mechanisms and correla-
tion of their sensitivity to, and effectiveness for repair
of, damage produced by toxic agents.

Further studies will be deigned to determine the qual-
itative and quantitative effects of pollutants on humans
who have been exposed in the occupational and general
environment. Specifically, the aims are to

(1) Expand epidemiological studies to determine long-
term effects of low-level radiation in individuals exposed
accidentally, occupationally, or as a result of weapon
explosions;

(2) Expand studies on the occupational and other ef-
fects associated with petrochemical refineries, recovery
of oil along the outer continental shelf, and exposure to
chemicals used in enhanced oil and gas recovery oper-
ations; and

(3) Expand health and environmental effects assess-
ment efforts to include oil shale, coal liquefaction, flu-
idized bed combustion, energy storage, fossil fuel com-
bustion, diesel emissions, and geothermal energy.

Carbon Dioxide Studies

Research and assessment studies on carbon dioxide
effects will try to

(1) Predict future atmospheric carbon dioxide con-
centrations;

(2) Predict the climatic effects of increasing the levels
of atmospheric carbon dioxide;

(3) Predict the cascade of environmental effects re-
sulting from climate changes;

(4) Predict social, political, and economic conse-
quences of global environmental change; and

(5) Investigate strategies and technological "fixes"
for reducing the consequences of carbon dioxide im-
pacts.

THE BASIC ENERGY SCIENCES, HIGH ENERGY
PHYSICS, AND NUCLEAR PHYSICS PROGRAMS

Three major basic research outlay programs are ad-
ministered by DOE: Basic Energy Sciences, High En-
ergy Physics, and Nuclear Physics.

Basic Energy Sciences

Basic Energy Sciences (BES) is DOE's principal pro-
gram for sustaining basic research in the disciplines un-
derlying energy supply and conservation. The central
role for the program as a whole is to provide resources
that will sustain and enhance the national energy re-
search and development enterprise. Primary users of the
results from the current research will be the scientists
and engineers working in that enterprise one and two
decades from now, in either federally sponsored efforts
or efforts funded by the private sector. Research under
the BES program is seen as a key part of the Federal
role in assuring that the nation's future energy needs are
met as economically as possible and with minimum ad-
verse environmental impact. The budget reflects the
great importance attached to basic research in energy-
related fields. With the help of scientists from through-
out the country, research opportunities of long-term im-
portance for dealing with the nation's energy problems
are identified. In this way, the sustaining research in the
BES program complements the programs built around
specific energy technologies.

The scope of the BES program is being extended sig-
nificantly in fiscal year 1980. The new division of Bi-
ological Energy Research, for example, will broaden its
coverage as it seeks to advance scientific understanding
in the disciplines underlying solar biomass technologies,
as well as other biological approaches to energy con-
version and conservation. There are similar needs in ap-
plied mathematics and geosciences; the latter is of cm-
cial concern in location of shock-sensitive facilities,
exploitation of geothermal heat and fuel resources, and
the safe immobilization of nuclear wastes. We are un-
dertaking new activities in basic research involving en-
gineering and new exploratory energy concepts. At the
same time, further emphasis is needed, and is planned,
on research in combustion, catalysis, and corrosion of
materials. Research under this program is carried out at
the DOE national laboratories and, increasingly, at uni-
versities throughout the nation.

High Energy and Nuclear Physics

DOE's role in High Energy and Nuclear Physics dif-
fers in a fundamental way from its role in other basic
research efforts. For compelling historical and pragmatic
reasons, DOE serves as the principal executive agent for
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research in these fields. The work can be viewed as
maintaining a special trust since the Department's re-
sponsibilities in these fields stand somewhat apart from
the main body of DOE energy t, oonsibilities. The prin-
cipal mission of these programs is the conduct of basic
research.

Interactions with other DOE programs are important,
but they determine neither the magnitude nor the direc-
tions of the principal efforts in High Energy and Nuclear
Physics. These programs seek deeper understanding of
the ultimate structure of matter and physical events.
High Energy Physics deals with elementary particles
their creation, their transformations, and the forces and
other relationships among them. Nuclear Physics deals
with collections of elementary particles as they appear
in the many different nuclei of atoms.
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The experiments in both of these disciplines are cen-
tered around accelerators. A number of major new ac-
celerator-based facilities are under construction. At the
same time, a review of the national effort in these fields
has led to conclusions consistent with maintaining DOE
support at essentially a constant level of effort over the
next several years. The research is recognized to be of
great national importance. DOE seeks to maintain world
leadership for the United States. Bringing the new fa-
cilities into effective operation within a firmly con-
strained level of effort will present major challenges to
the communities of scientists involved in these efforts.
The prospects remain excellent, however, for a new syn-
thesis of the basic laws of physics which, if history is
a valid guide, may enhance profoundly the ability of
scientists to deal with a wide range of problems and
needs, including those related to energy.



Department of Health, Education, and Welfare
Alcohol, Drug Abuse, and Mental Health
Administration

The Federal efforts to reduce, or eliminate, where pos-
sible, health problems caused to the people of the United
States by the abuse of alcohol and drugs, and to improve
the mental health of the nation, are managed by the
Alcohol, Drug Abuse, and Mental Health Administra-
tion (ADAMHA). Biological, psychological, sociologi-
cal, and epidemiological research is conducted to carry
out this mission. In addition to basic research, ADAMHA
is concerned with the application of principles, methods,
and techniques and the development of personnel for
research, treatment, and prevention in its areas of re-
sponsibility.

ADAMHA's programs are carried out by the National
Institute on Alcohol Abuse and Alcoholism, the National
Institute on Drug Abuse, and the National Institute of
Mental Health. The broad headings in this paper corre-
spond to the three Institutes; within each section, the
current and near-futurc areas of research confronting
each Institute are described.

NATIONAL INSTITUTE ON ALCOHOL ABUSE
AND ALCOHOLISM

The long-range goal of the research program of the
National Institute on Alcohol Abuse and Alcoholism
(NIAAA) is the development of knowledge about the

causes and consequences of harmful alcohol use in order
to reduce the incidence and prevalence of alcohol abuse
and alcoholism and to reduce the morbidity and mortality
associated with these conditions. With this goal in mind,
the research program supports and conducts research in
six major areas: etiology, pathogenesis, early Identifi-
cation, treatment, and prevention of alcohol-related
problems, and the development of basic techniques and
information relevant to these concerns. Within these six
areas, the proposed research programs over the next five
years will include efforts to increase knowledge of the
following:

Medical and Psychosocial Antecedents

Funds in this area will allow for research on such
issues as the genetic bases for alcoholism, the identifi-
cation of physiochemical markers that could be used for
diagnostic and treatment purposes, and the determination
of familial or social (including occupational) factors that
influence the development of alcohol problems. Partic-
ularly useful will be research to determine those factors
that may function as generic causal agents as well as
those that may relate to particular population groups
(e.g., women, youth, minorities, the aged, and specific
occupational groups).
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Mechanisms of Alcohol Effects

Research is needed on such questions as the natural
history of alcoholism, the processes of habit formation,
the development of dependence and tolerance, and the
mechanisms by which alcohol may adversely impact on
metabolism, immunologic responses, endocrine func-
tions, neuropsychiatric processes, and nutrition.

Relation to Major Medical Disorders

Preliminary evidence has indicated a relationship be-
tween alcohol use and both cancer and heart disease,
and thb findings should be refined. We need to inves-
tigate possible mechanisms by which alcohol might
function as a cocarcinogen and as a cofactor in the de-
velopment of heart disorders, as well as the processes
by which alcohol might inhibit or advance radiologic or
pharmacologic treatments for these disorders. Research
is also needed to investigate the relation of alcohol use
to such disorders as the fetal alcohol syndrome (FAS),
cirrhosis, malnutrition, immunologic disorders, depres-
sion, and Wernieke-Korsakoff's syndrome.

Diagnostic Techniques

Objective tests that can be used by clinical personnel
for the early identification and assessment of problems
of alcohol abuse in patients to be developed.
To be maximally useful, these tests should be readily
and inexpensive; available and include functional di-
agnostic criteria as well as clinical laboratory criteria.

Treatment Assessment

In this area we should develop methodologies by
which assessments of new and existing treatment tech-
niques can be made. Research to determine the appro-
priate criteria and techniques by which to define and
study the treatment process, diagnostic classes of pa-
tients, and outcome criteria is a necessary precursor to
a systematic and coordinated collaborative program of
treatment assessment research. Such research must also
focus on the differing needs and problems of diverse
population groups (e.g., workers, women, and youth).

Techniques To Reduce Alcohol-Related Accidents and
Violence

NIAAA will support research on the development of
basic techniques and principles for Jse in prevention pro-
grams. Such research will be especially useful as it re-
lates to particular population groups and to particular
alcohol-related problems (driving accidents, occupa-
tional accidents, and familial violence). Research in this
area will include the development of amethystic (so-

bering) agents that can be used as tools to prevent driving
and other accidents and as a therapeutic technique. Re-
search will focus also on the exploration of economic
and regulatory techniques and incentives (e.g., at the
workplace), as well as familial and peer pressure, as
mechanisms in prevention programs.

Diagnostic Procedures for Fetal Disorders

Procedures to assist in the early identification of fe-
tuses that have been adversely affected by parental al-
cohol use will be developed. Such techniques will aid
in the early treatment of affected neonates, reduce the
number of babies born with FAS, and aid as well in the
detection and treatment of women with alcohol prob-
lems.

Primate Model for Impact on the Fetus

The development of a primate model that will allow
for research on the impact of alcohol on the fetus is
important. For clinical and ethical reasons, such research
cannot be easily conducted in the human. Issues to be
investigated include such concerns as the determination
of a dose-response relationship, pathogenesis of FAS,
and procedures for preventing pathological perinatal out-
comes.

Alcohol Beverage Control (ABC) Laws

Support in this area will allow for research on the
impact of ABC laws and their use as a preventive tech-
niqUe. Research is needed particularly on the relation
betwri, such laws and the incidence and prevalence of
youthful problem drinkers, the relationship to the rate of
alcohol- related driving accidents, and the efficacy of
economic disincentives, media restrictions, and legal age
restrictions in reducing alcohol consumption. Research
is needed to assess differences among states as well as
within states that change their ABC laws.

Identification of High-Risk Drinking Practices

NIAAA will support epidemiologic and other research
on such concerns as the establishment of baseline data
on drinking practices, particularly-of special populations
such as women of childbearing age, working women,
and teenagers; the detenninat..... of socioeconomic and
occupational parameters relevant to alcohol consumption
and alcohol-related disorders; the determination of the
medical consequences of alcohol use and the relation to
other major medical illnesses; and the relationship of
specific fetal defects to specific maternal consumption
patterns.
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Networks for Dissemination of Research Information to
Clinicians

The appropriate and timely dissemination of research
findings to health care practitioners is a particularly im-
portant area. Such information must be in a form that is
useful to clinicians and must be easily accessible to
them. NIAAA will support the development of mecha-
nisms to identify and assess clinically relevant research
findings as well as effective techniques and channels for
transmitting useful and usable information to health care
providers.

NATIONAL INSTITUTE ON DRUG ABUSE

The National Institute on Drug Abuse (NIDA) has
primary Federal responsibility for the initiation, devel-
opment, and execution of a comprehensive research pro-
gram in the field of drug abuse. This program, whfch
consists of basic as well as applied and developmental
research, is concerned with the social, behavioral, and
biomedical aspects of drug abuse, its prevention, and
treatment. The goal of the Institute in supporting re-
search is to develop a substantive data base which will
lead to a better understanding of the dynamics-involved
in drug abuse and its treatment. With this knowledge,
it will become substantially more possible to contain an
control this serious publk health problem.

Over the next five years NIDA anticipates substantial
research efforts in such areas as endogenous substances
and their receptors, development and testing of new
treatment drugs and modalities, and the behavioral cor-
relates and commonalities of substance abuse, including
tobacco use.

A more specific discussion of NIDA's expectations
with regard to research directions follows.

New Drugs in Treatment

During the past few years the most important treat-
ment program has been the development of L-alpha-
acetyl-methadol (LAAM), an alternative to methadone
in the tre. ,ment of heroin addiction. This drug is pres-
ently undergoing its final phases of clinical testing. We
anticipate further clinical testing in 1980 to answer par-
ticular questions raised by the Food and Drug Admin-
istration concerning the planned submission of a New
Drug Application for LAAM. Large-scale clinical test-
ing of LAAM it: women should also begin in 1980. The
final carcinogenicity testing of LAAM will also be con-
cluded in 1980.

There has also been an extensive program for the de-
velopment of naltrexone, a narcotic antagonist in the
treatment of heroin addict:on. In 1980, the large-scale
clinical tests of naltrexone should be continued. Pending

the results of toxicity studies, it is anticipated that the
clinical testing of a long-term depot preparation for nal-
trexone will also be initiated.

NIDA is beginning to develop a new drug that may
have significant potential as a treatment agent. This
drug, buprenorphine, is a partial agonist of the morphine
type with a long duration of action. In practical thera-
peutic terms, these characteristics of buprenorphine in-
dicate that this compound has the potential for producing
a psychic effect that should be acceptable to addicts in
treatment. It will require a dose schedule less frequent
than methadone's and possibly as infrequent as with
LAAM. Buprenorphine appears io be significantly less
toxic than other treatment drugs and may even be non-
toxic.

Further, buprenorphine appears to be capable of
blocking the toxic, euphorogenic, and physical depet0-
ence-producing effects of self - administered heroin or
other narcotics. It will produce cross-tolerance, as meth-
adone does, but will also act as a competitive antagonist
similar to naltrexone.

Finally, buprenorphine appears to produce little if ary
physical dependence, and maintenance therapy could
therefore easily be terminated. In 1980, the results cf
it itial limited scale Phase II clinical testing of bupren-
orphine will be completed and a decision made on
whether to proceed with the continued development of
the drug.

Psychological Aspects of Treatment

NIDA also plans to develop a comprehensive and
practical approach to the treatment of the heroin-de-
pendent person and drug abusers that is based on theo-
retically sound knowledge of the psychiatric state of de-
pendent persons and on the psychodynamics of drug
abuse and psychological dependence. Research has
shown that many addicts suffer from depression and that
treatment with antidepressants is of considerable value
in treating drug addiction in these patients. These studies
will be continued and expanded during the next five
years. NIDA-supported research will seek to assess the
psychiatric status of addicts in arut out of treatment and
will also attempt to assess the impact of various types
of psychotherapies on treatment outcomes.

Treatment Personnel

There is also a need for d study of the context of
treatment and of the characteristics of treaters. Insuffi-
cient research is being performed on types of treaters
and their effects on the treatment process. NIDA plans
to develop a methodology to measure the treatment pro-
cess, clinical milieu, and various characteristics of ther-
apy. This is an area in which cooperation with the al-
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cohol research field would be especially important
because it takes a particular type of dedicated profes-
sional, in both fields, to stay with treatment of what
must seem almost incorrigible diseases. A model for
such a study was done years ago in a study of psychia-
trists in public and private institutions. (The "burnout
syndrome" among treaters should also be explored.)
This kind of program will have to be done on a broad
basis to capture the varieties of existing programs and
their staffs.

Treatment E"atuation

The Treatment Outcome. Prospective Study (TOPS)
has been developed to critically examine client charac-
teristics and performance during pretreatment, entreat-
ment, and posttreatment periods. The study is a large-
scale, long-term (5 to 7 years) effort to better understand
the natural history of clients entering federally funded
drug abuse treatment programs. TOPS provides for tuse-
line demographic and performance measures to be col-
lected at the time of admission to the participating treat-
ment programs. These programs represent the more
common treatment modalities (methadone detoxitca-
don, methadone maintenance, drug-free outpatient, &id
therapeutic communities) in six geographically disparate
cities. The field test (Phase I) is underway in two cities
Chicago and Des Moines.

Pain

NIDA has taken the lead role in sponsoring research
dealing with endogenous mechanisms of pain relief, in-
cluding studies on endorphin and narcotic analgesics
(including heroin).

The knowledge generated from studies on pain control
mechanisms has important implications not only for the
future of pain research, but also for studies on positive
states of well-being. NIDA's effort in pain control pro-
vides a starting point for developing approaches for the
study, in collaboration with NIH, of the quality of affect
and states of well-being. Such studies should have direct
relevance to efforts to improve the quality of life for the
chronically ill, the terminally ill, and the elderly. They
should also help focus research directed toward
maintenance.

Cigarette Smoking

Cigarette smoking is the nation's most widespread,
costly, and dangerous habit. It involves one-third of t'c
national population and leads to 300,000 deaths per ycar.
NIDA has recently initiated a study of cigarette smoking
behavior that will continue to further our understandinZ
of the etiology and basic mechanisms of ni-etin.e le-

pendence and withdrawal and to increase our effective-
ness in the treatment of this public health problem. Re-
search will be conducted to identify biomedical,
psychological, and social factors that may predispose
many, but not all, individuals to become dependent on
cigarettes. The basic physiological and psychological
effects of nicotine dependence and withdrawal will be
studied.

Endogenous Substances and the Addictive Process

The identification in the brain of opiate receptors and
opiate-like polypeptides (endorphins and enkephalins)
has led to suggestions that these receptors may be sites
at which opiate drugs induce analgesia and euphoria,
and that the polypeptides themselves may be transmitters
or modulators in brain systems for the regulation of pain
and pleasure. Investigators are expanding on the original
research hoping to answer some fundamental questions
not only about the mechanisms of tolerance, depend-
ence, and drug abuse but also in the wider context of
mental function. The tremendous amount of research
acti ity that followed the discovery of opioid peptides
has resulted in increased basic knowledge, new concep-
tual advances, and even some practical applications.

Our knowledge base is rapidly expanding as increas-
ingly sophisticated methodologiesradioimmunoassay
(RIA), immunohistochemistry, radioautography. etc.
are being used to study the neural pathways that contain
endogenous opiate-like substances. Additional biochem-
ical and physiological evidence supports the hypothesis
that the enkephalins, and perhaps the endorphins, have
neurotransmitter-like roles in certain pathways in the
brain, and B-endorphins may have a hormonal function
in the pituitary. The physiological actions of opiates
ought, in general, to be explicable ultimately by their
effects on opioid peptide/opiate receptor systems.

The conceptual advances, largely catalyzed by the
discovery of endogenous opiates, have led to some new
ways of looking at the roles of various chemical sub-
stances in the communication processes among neurons.
The endogenous opiates did not fit into the current con-
cept of a chemical neurotransmitter, and it was realized
that a new concept of neuromodulations was needed.
This, in turn, is leading to a new perspective on the
various forms of mental illness and to a greater under-
standing of brain function in general. The next few years
will undoubtedly see continuously improved diagnosis
of mental illness and the development of new, effective
treatments for some mental disorders. Further, it seems
reasonable to postulate that other, nonopiate receptors
will be found and linked with other endogenous sub-
stances, shedding new light on many of the psycholog-
ical processes and behavioral phenomena of daily life.
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behavior. These patterns of habitual behaviors are ex-
traordinarily difficult to eradicate. These types of be-
havior, which may also be referred to as disorders of
self-control, include the use of licit and illicit drugs,
alcohol, and tobacco; general dietary excess; and, pos-
sibly, certain aberrant behaviors such as gambling and
child abuse. Taken together, these behavior patterns can
conservatively be considered as leading contributors to
the nation's overall health problems and constitute the
group that would appear to be the most amenable to
prevention and alleviation through understanding the
mechanisms of self-control. NIDA will pursue this area
of research during the next five years.

Physical Predisposition to Drug Abuse

A body of information is beginning to form which
clearly implicates certain biomedical factors s s predis-
posing individuals to drug and substance abut e. Based
on these findings, some of which are indicat:d below,
NIDA is now able to seriously consider mour ling a ma-
jor extramural research effort concerned .with these phys-
iological factors.

For example, recent studies have indicated that indi-
viduals from normal college student populations who
have low activity levels of an enzyme (monoamine ox-
idase, MAO) that affects brain activity, score high on
personality measures such as the sensation-seeking scale
(SSS). Moreover, high scores on this scale have been
associated with increased use of marihuana, hashish,
amp'mr.tamines, and LSD. Individual preferences for
stimulants or polydrug abuse have also been associated
with high sensation-seeking scales. During the past year,
N1DA researchers have shown that activity levels of
MAO in male marihuana smokers were significantly
lc - 7 than in a comparable group of nonusers and that
the level of current marihuana use was inversely corre-
lated with MAO activity. It would appear that these en-
zyme activity levels may provide a reliable index of an
individual's proclivity to abuse drugs if given access to
the drugs.

Other examples of biomedical factors predictive for
drug abuse include the possible role of low endorphins
depressive states, and psychopathy in the etiology of
narcotic addiction. A number of additional biomedical
factors should be studied for their role in drug abuse,
including increased levels of endogenous antagonists,
which may be the functional equivalent of low endor-
phin, and perinatal exposure to drugs. Once a person is
exposed to or addicted to narcotics, there appears to be
some type of biological memory, and readdiction may
occur with greater ease; in addition, there appear to be
a naturally occurring benzodiazapmelike receptor and
a presumably naturally occurring benzodiazapine-like
chemical. The abuse of or need for tranquilizers may be
caused by a deficiency in this system.

Neuroscientific Basis of Drug Abuse

There is a need for further exprnsion or studies con-
cern;:.d with the basic neural mechanisms underlying
drug at:use. Of particular interest is the neurobiology of
euphoria and dysphoria, of the reinforcing properties of
drugs, and of compulsive and habitual behaviors.

Disorders of Self-Control

A recent emphasis in the research program derives
from awareness that the etiology of much drug abuse
relates to general patterns of excessive and obsessive

Gateway Drug Use

This initiative would seek to identify more fully the
conditions of acquisition of gateway drug use. It would
be primarily focused on individuals immediately at risk
of experimentation with gateway drugs, those 10 to 13
years of age, for it is with this group that we feel prog-
ress can be made in interfering with the variables leading
to drug abuse. The plans include investigating the role
of drug-using and smoking in this age group, and the
impact of parental smoking and drug-taking.

Natural History of Drug Abuse

Another area of renewed interest involves the natural
history of drug abuse. We plan to increase our under-
standing of the various stages of initiation, practice, and
final outcomes of drug abuse. Such information should
prove helpful in evaluating treatment programs and in
developing prevention programs. For example, such re-
search might show that there are periods of increased or
decreased 11-_..e in an addict's career. Knowledge about
the variables preceding the changes in behavior could be
invuable.

Lorigitudinat Studies of Marihuana

There has been increasing concern on theoretical and
clinical grounds that marihuana use may have more se-
rious deleterious effects a an individual when used dur-
ing late childhood and ealy adolescence than it does on
the young adult, who has been the subject of tinost mar-
ihuana research. Such adverse consequences be
the result of a special vulnerability arising from such
factors as endocrinological changes, rapid growth, and
immature ego development which are characteristic of
this age group.

The primary bury..ise of this initiative is to focus on
the possible special hazards of marihuana use for those
from ape 11 to 15 (approximately). Such studies will
conce'rtrate on the biological, social, and behavioral
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consequences of use in this age group. Planned areas of
research involve studies of genetic, endocrinological,
immunological, and developmental effects and studies
of interpersonal relations, school performance, and psy-
chodynamics.

Prediction Studies

Evidence shows that equations can be formulated to
predict which adolescents will or will not get into mod-
erate or heavy drug use. Primary focus has been on elu-
cidating early or antecedent predictive variables. The
next step for prediction studies is to delineate those ele-
ments that predict dysfunctional drug use among persons
already using drugs. A related and significant area for
further inquiry is to establish sets of variables that predict
nonuse of drugs, i.e., those variables that insulate in-
dividuals from the need to engage in drug -using behav-
iors. The latter inquiry is often referred to as a search
to identify "invulnerables" and the variables associated
with their invulnerability.

Family, Socialization, and Group Factors Involved in
Drug Abuse

NIDA will cbntinue to place a certain amount of em-
phasis on adolescents, a group perceived to be particu-
larly at risk for drug experimentation. Future investiga-
tions will include a continued interest in studies of family
factors implicated in the initiation, maintenance, cessa-
tion, and prevention of drug abuse, and the role of peer
groups in these same behaviors. NIDA will seek meth-
odologically strong research investigating the role of nu-
merous family-related variables, in children's future drug
abuse behavior and studies investigating the relationship
between drug abuse and differing family units and sit-
uations. Less traditional and emerging family situations,
e.g., addict mates, families in which the father has been
awarded custody of the children in divorce proceedings,
or families in which both parents are regularly employed
on a full-t. me basis, will be given particular attention.
Epidemiological studies will be initiated to determine
the incidence and prevalence of drug use and those vari-
ables that are common to families involved in drug treat-
ment situations.

Research on Specific Drugs

NIDAealso will support research on certain drugs.
Studies of PCP will seek to identify a blocking agent to
be used to treat overdose victims; improve medical man-
agement of overdose cases and find faster ways to elim-
inate the drug from the body; improve understanding of
the motivations of users in taking a drug so well known
to be dangerous, so that its use can be decreased; and

find improved and more widespread analytical methods
for detection in bodily fluids.

Studies of marihuana will include further exploration
of marihuana (THC) as an antiemetic in cancer chemo-
therapy (in collaboration with the National Cancer in-
stitute); further studies of effects of chronic use (hor-
monal, motivational, pulmonary, carcinogenic);
longitudinal studies, especially in youth; and systematic
comparison of the effects of marihuana and alcohol
(being <lone in collaboration with NIAAA).

Drug Use and Criminality

Further study is necessary to elucidate the connections
among drug use, a criminal lifestyle, and economic fac-
tors. The traditional simplistic explanations have been
shown to be based on erroneous assumptions.

Nutritional Factors in Drug Abuse

It is conceivable that nutritional factors, either in
terms of deficiency or excess, may play a role in influ-
encing "craving," the choice or the timing of drug con-
sumption. We hope to see new initiatives in this area.

Drug Abuse and Reproduction

The NIDA program to study the long-term effects of
drugs (both abuse and treatment compounds) on repro-
duction, genetics, growth, and development will be con-
tinued.

Drug Abuse in the Aged

Older persons may not use street drugs, but their use
of prescription medication, particularly sedatives and
tranquilizers, is significant. The consequences of su 11

use should be studied in the context of aging: effect on
immunologic defenses, development of cancer, enzy-
matic reactions, etc:.

NATIONAL INSTITUTE OF MENTAL HEALTH

The National Insti-ite of Mental Health (NIMH) con-
ducts, as part of its program, a wide-ranging and exten-
sive research program in mental health, from the study
of neurotransmitters on the micro level to the study of
service-delivery systems on the macro level. The follow-
ing highlights the major areas of need arid promise in
mental health research.

Disorders of Childhood and Adolescence

The study of psychopathology in children and adoles-
cents has not kept pace with the more recent advances
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in the field of adult psychopathology nor with the iden-
tified incidence and prevalence of these disorders in the
population. There is a need for research on the devel-
opment of a more coherent diagnostic classification of
emotional disorders in children and adolescents, on ep-
idemiological information, on biobehavioral etiology, on
the effects of various treatment approaches, on the prog-
nosis over time for different groups, and on normal
growth and development.

Disorders of Aging

Not only is there a relative paucity of research on
aging, but the need for research-based information will
increase as the composition of the American population
shifts toward rising percentages of older persons. In the
area of mental illness of the elderly, additional epide-
miologic studies are needed, as well as exploration of
promising leads to the etiology of senile dementia (e.g.,
slow virus, genetic factors, autoimmune response, and
neurotransmitters). Considerable research is needed into
the etiology, clinical course, differential assessment, and
diagnosis of senile dementia and other disorders, notably
depression, in the aged. Basic studies in a wide array of
fields are also needed. While there have been some sig-
nificant developments in treatment research, many ther-
apies have not been systematically assessed for efficacy
with the elderly. However, systematic findings could be
anticipated soon because of the general methodological
advances in treatment research. Research on services for
elderly persons with a variety of mental health and social
difficulties should be emphasized.

Epidemiology and Mental Health Services Research

The need for better data about the extent of mental
disorders, how and where they are treated, and at what
cost, is great. This kind of research is inextricably bound
to research on prevention and on treatment efficacy and
therapeutics. Moreover, it is basic to the resolution of
issues about underserved or inappropriately served per-
sons and population groups known to have special needs,
such as chronic mental patients, children, adolescents,
the aging, women, and racial and ethnic minorities. Ep-
idemiological research should emphasize the definition
and classification of disorders, the incidence and prev-
alence of specific mental disorders in the population at
large and among particular subpopulations, longitudinal
and cross-sectional studies focusing on risk factors as-
sociated with the incidence of specific disorders, and
studies of the natural history of disorders, both treated
and untreated. Health services research should include
studies of health systems, health programming, and
health behavior, as well as clinical research.

Treatment Research

Two main areas warrant attention. The first is the
pressing need to develop an adequate knowledge base
about the efficacy of psychotherapy and psychosocial
treatments for mental health problems. A cumulative
base of research data is needed to address the many
unanswered questions about different types of therapy;
the relative importance of therapist factors such as ex-
perience, training, etc.; and the nature and stability of
changes produced via psychotherapy and other psycho-
social treatments. The second area is drug therapywe
need information about precise dosage levels, their ef-
fects on subpopulations, their adverse side effects, and
how to determine the minimal effective dosage levels
for individual patients. NIMH should also expand efforts
to stimulate research in the broader area of therapeutics:
how drugs are actually used by practicing physicians,
how physicians are trained in the use of psychoactive
substances, how patients comply with drug treatment
regimens, whether patients can recognize potential:), ad-
verse side effects early, and other questions about long-
term maintenance in drug treatment.

Basic Research

NIMH's investment in basic research (about 35 to 40
percent of its research dollar) should be maintained with
the additional funds recommended by the President's
Commission on Mental Health (PCMH). Many research
areas require attention, among them neurotransmitters,
genetics, cognitive and emotional functioning of chil-
dren and the aged, family structure and dynamics, brain
chemistry, personality structure, and socioenvironmental
factors. Coordination of overall program emphasis with
the National Institute of Child Health and Human De-
velopment, the National Institute of Neurological
Communicative Disorders and Stroke, the National In-
stitute on Aging, and other National Institutes of Health
components will continue to be necessary.

Clinical Research and Mental Illness and Behavior
Disorders

Studies of possible causative factorsbiological, psy-
chological, and socioculturalare needed for further
understanding of schizophrenia, depression, the neu-
roses, and behavior disorders. Studies aimed at better
diagnostic proceduresespecially culturally sensitive
diagnostic and assessment instrumentsare of para-
mount importance in many service aNd treatment issues.
Since significantly more women than men are depressed,
further research on the social, psychological, and bio-
logical precursors and concomitant features of depres-
sion among women is warranted. Increased resources for
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studying childhood and adolescent psychopathology are
clearly necessary, for research on the etiology and treat-
ment of childhood and adolescent disorders has been
hampered by a lack of consistent approaches to the de-
scription and diagnosis of the patient population.

Prevention Research

The Research Task Panel of the PCMH noted that
current research on the nrevention of mental disorders
is largely confined to identifying groups at risk and is
ready to move on to the question of determining the
importance of specific risk factors. There are many pos-
sible research approaches to prevention, and the imple-
mentation of a prevention research program will requir°

ti

difficult conceptualization, direction, and management
:empered by a recognition of the limits of research in a
relatively undeveloped and complex area.

Public Attitudes Toward Mental Illness

In is chapter on "Improving Public Understanding,"
the Pa/1H included a recommendation dealing with re-
search ol. public attitudes toward mentally ill people and
toward mt Val health services and facilitic-,. I...ailed for
designing research instruments and methodologies to
measure attitudes and behaviors, for developing public
educational programs based on the research results, and
for ...essing the effectiveness of public education pro-
grams in creating a climate of community acceptance
and support for mentally disabled persons.



Department of Health, Education, and Welfare
Food and Drug Administration

The U.S. Food and Drug Administration (FDA) is
responsible for ensuring the safety and effic,:y of U.S.
foods, drugs, cosmetics, vaccines, medical devices, and
diagnostic and radiation products. The wide variety of
exposures subject to FDA regulation and their direct ef-
fect on the public health make it particularly difficult to
anticipate all scientific problems of national importance
to be encountered by the Agency in the next five years.
Often the time between the first announcement of a po-
tential health problem in the research literature and wide-
spread public demand for prompt, but scientifically re-
sponsible. reg,.!atory action can be measured in weeks.
Despite such difficulties we can already anticipate, on
the basis of experience, several important areas in which
emerging scientific problems and opportuaides are likely-
to affect FDA regulation in the years ahead. This report
briefly describes 26 such problems, divided for conven
ience into seven broad areas: problems and new direc-
tions in bioassay methodology; problems and new direc-
tions in toxicology; safety and efficacy of hew classes
of substances; new demands on analytic chemical meth-
ods; radiation, medical device, and diagnostic products;
risk-benefit and decisionmaking methodology; and ether
problems and opportunities.

Of course, these areas are interrelated rather than ex-
clusive, and they are best regarded as part of a contin-
uum of emerging problems, needs, and opportchtities.
The topics chosen are exemplary, not exhaustive, and
other related examples could be adduced. Many of these

problems are shared by other agencies involved in
screening materials for potential hazards including the
Environmental Protection Agency, Occupational Safety
and Health Administration, and the Consumer Product
Safety Commission. No attempt has been made to or-
ganize this outlook as a fivz -year science plan, since that
is not its purpose..; tl.os, neither the length nor the order
of indi-- irtual intended to indicate their current
or pc'-. .

PROBI.MS AND NEW DIRECTIONS IN
BIOASSAY METHODOLOGY

There are some 3.5 milli:in known chemicals, cf
Altich roughly 25,000 are produced in bulk in the United
States. The rapid expansion of technology, the compe-
tiveness of the marketplace, and the rising expectations
and de:nail& of the public lead to the introduction of
large numbers of new products annually. The protection
of the pu"F from the potential hazards of these sub-
'stances is a major regulatory goal. Since ethical consid-
erations preclude roman experimentation and since hu-
man latency periods can be 20 to 30 years in the case
of cancer, in vivo animal tests are currently the prime
scietific means cf studying, evaluating, and regulating
potenti.P3 toxic exposures. It is becoming increasingly
difficult to test all such products in a timely and ar -ro-
priate matter. Crucial problems exist both in the r:;.anal
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tests themselves and in their replacement or supplemen-
tation with more rapid in vitro assays.

Availability of Model Animals

Because of their similarities to man, primates are often
useddespite their expense and long lifetimesas hu-
man model systems. Their popularity has led to a severe
and increasing shortage; the United States used 34,000
primates in 1977 alone. The natural supply of nearly all
nonhuman primates is rapidly "drying up," either
through actual diminution of populations or by being
declared "endangered species." For example, in 1972
India exported 50,000 rhesus monkeys (all destinations);
in 1974, only 20,000; and since April 1978, has banned
all further shipments of primates. In 1977, India pro-
vided 12,000 of the 14,000 rhesus monkeys used in the
United States. Efforts to expand existing breeding col-
onies and implemet the proposed National Primate Plan
will eventually, but not immediately, help alleviate the
problem; furthermore, breeding colony primates cost
more than twice as much as imported ones captured in
the wild.

The adverse effects on biomedical research are ob-
vious, but there are important regulatory consequences
as well. For example, the FDA currently requires both
the manufacturer and its own Bureau of Biologics to use
60 rhesus monkeys to assay each lot of polio vaccine.
Should current procedures be relaxed to allow joint test-
ing or fewer animals? What would be the consequences
on public health? Althougn the situation is expected to
ease in the early 1980s, the development and valid .tion
of alternative animal tests (at the least in smaller. more
easily bred primates) or in vitro methods is of nigh prior-
ity.

Continuing public objection to t'e laboratory use of
cert?'n other animals, such as dogs and cats, will provide
a steadyif less acutestimulus for their replacement
as well.

Development of New Animal Models and Extrapolation
t( Man

The need for statistically significant results requires
the use of 20 to 100 animals in each in vivo bioassay
test group at several different dose levels. Sex, species,
and route of administration effects can further increase
the number of animals required. Thus, experimentation
logistics usually limit routine bioassays to rodent (mouse,
rat, hamster, and rabbit) models. The relevance of such
tests to predicting human reactions and the development
of more predictive models are major continuing prob-
lems. Each new adverse effect (endpoint) added to pres-
ent regulatory concerns raises this issue anew. There is
little reason to assume a priori that an animal model for

chemically induced human cancer will be equally rele-
vant for assessing immunotoxicity, neurotoxicity, asbes-
tosis, bioequivalence, and microwave susceptibility. The
Bureau of Drugs, for example, is currently developing
a miniature pig model for pharmacokinetics and hopes
to develop a pygmy goat model for mother/fetus effects.
As the number of recognizable forms of toxicity in-
creases, the problem of developing appropriate models
and extrapolation procedures will become increasingly
acute. Interspecies comparisons (e.g., computerized cor-
relation analysis) for given stimuli and endpoints can
help elucidate both the underlying mechanisms of tox-
icity and the likelihood el their relevance to man. In-
deed, considerably more basic information about human
and animal metabolism, biological cycles, etc., will be
required to identify the optimal models for a given ap-
plication.

Known species variations are sufficient to preclude
diluting positive findings of toxicity in one species (e.g.,
mice) by negative observations in another (rats). How-
ever, genetically characterized strains of the same spe-
cies can differ dramatically in metabolism (HSFFUN ver-
sus HSFS/N mice), spontaneous tumor rates (C3H/HeN
versus C3Hf/HeN mice), etc. Indeed, animals are often
specifically bred for such characteristics. The general
problem of appropriately combining data from different
strains of the same species is a particularly vexing one,
especially since local availability encourages investiga-
tors in different countries to utilize different strains.

Finally, "extrapolation to man" (in the singular) is
somewhat misleading. The heterogeneity of the human
populition to be protected results in certain subpopula-
tions being at higher risk than others. Depending on
circumstances, special animal models for such sub-
populations may be required. Relevant "groups-at-risk"
may depend upon age (e.g., geriatric/pediatric), genetic
(diabetes- or cancer-predisposed), nutritional (vegetar-
ia:., malnourished), experiential (smoking, pregnant),
and ethical (lack of informed consent) factors. In utero
exposures are already widely studied, although the
choice of appropriate doses remains a problem. A de-
mand for Licreased attention to other groups can be an-
ticipated (consider, for example, the increasing number
and self-awareness of the elderly). Research on the bio-
chemical basis for the differences between selected sub-
poplations could also improve the diagnosis and treat-
ment (including more appropriate drug dosages) of such
groups.

In Vitro Testing and Structure-Activity ,edictions

The sheer number of chemicals in the environment
clearly exceeds our ability to effectively test them for
potential adverse effects. There are more than 2,000
cherry's in cigarette smoke alone. Animal tests car,
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easily cost more than three years of effort and several
$100,000 each. Clearly, comparatively rapid and relia-
ble in vitro tests (involving biochemical or microbiolog-
ical events highly correlated with in vivo toxicity) and
theoretical procedures are needed to handle this ever-
increasine burden. At first such procedures would be
used as a prescreen to identify materials particularly de-
serving further in vivo study. Later they could be used
as supporting evidence of hazard, especially in re-
stricted, well-studied areas. Although a long-term pos-
sibility, the validation of such procedures to the point
where they can routinely replace the more costly and
time-consuming animal studies is unlikely to be reached
during the five-year period considered in this report.

Much curmit interest focuses on rapid, in vitro car-
e:Ai:igen screening. There are bacterial mutagenicity tests
(e.g., the."Ames Test" using Salmonella typhimurium),
DNA repair tests (in liver tissue culture), cell transfor-
mation tests (in mammalian tissue culture), etc. The use
of human cell cultures provides direct contact with hu-
man materials (human cell surface receptors and mark-
ers, enzymes, etc.), but lacks many of the comp'ex in-
teractions (metabolic/immune/hormonal) of whole, living
animals. For some materials, such as potentially non-
genotoxic carcinogens (promoters, hormones, metal
ions, asbestos), the development of in vitro tests may be
particularly difficult, if not impossible. The further de-
velopment, validation, and application of such tests will
probably be a top priority for FDA and its sister agencies
over the next several years.

Use of the large amount of toxicological data com-
piled from previous assays and increased knowledge of
some of the physical and chemical factors associated
with toxicity (e.g., the liver activation of some materials
to "classical" electrophilic carcinogens) may allow lim-
ited predictions of toxicity based on structural consid-
erations alone. Computerized structure-activity, pattern
recognition, and correlation methods can help organize
our "experience" and perhaps function as a "positive" -
enriching prescreen during the next five years, although
their full impact on the "bioassay bottleneck" may not
be felt until later (see IT FDA Science Symposium,
Structural Co! -elates of Carcinogenesis and Mutagen-
esis , HEW-FDA-78-1046).

Placebo Effect

The conditions of human exposure to potential toxi-
cants diffef from those found in current animal bioassays
in many ways: the simultaneous exposure to many un-
controlled agents (synergy), the lack of population hom-
ogeneity, chrimic expo ?ure to low doses, and so on. One
of the more mystifying, and at times tragic, is the pla-
cebo effect, i.e., changes in the state of a test subject
due to psychosomatic effects, rather than pharmaceutical
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effects related to treatment. Telling a patient that he is
being treated with a new and powerful drug can itself
affect his progress; a fact well known to both reputable
physicians and quacks. Judgments of the efficacy of
drugs, especially analgesics and psychoactive agents, are
strongly affected by the placebo phenomenon, and in
clinical trials care must be taken that the control (pla-
cebo) and test treatments are as nearly identical as pos-
sible. The investigators themselves must not be told
which is which since subtle differences in investigator
behavior can be subconsciously registered by the patient.
So subtle are the clues involved that even in such double-
blind experiments. a statistically significant number of
subjects may correctly report whether they were using
the drug or placebo.

The placebo effect can be a major public health prob-
lem in the case of diseases, such as cancer, with frequent
spontaneous remission. One need only consider the
tragic controversy surrounding laetrile. Obviously, many
taking this placebo will experience spontaneous remis-
sion and attribute it to the drug. Others, hearing of its
power will feel improved, at least until their developing
cancer and deteriorating condition cannot be denied
and often not even then. Since conventional cancer ther-
apy depends upon early treatment, the results of delay
are unnecessary suffering and mortality. Far more must
be learned about the placebo effect, the subtle sensory
clues involved, the mechanisms of its psychosomatic
action (including 'heir potential legitimate uses), how to
avoid it in clinical experiments, and how to educate the
general public of its dangers. The question of animal
placebo effects (due to the prior associations with spe-
cific colors, odors, procedures, etc.) is largely unex-
plored.

Recently discovered morphine-like enkephalins in the
central nervous system (CNS) could possibly mediate
environmentally induced changes in the perception of
pain. One could monitor the levels of enkephalin-like
substances in human cerebrospinal fluid by using sen-
sitive immunochemical or radioactive binding assays,
although the rapid metabolism of the 'ow molecular
weight (MW) enkephalins is a problem. Preliminary
stydies in Sweden, however, suggest that emotional
states and pain perception may correlate with the pres-
ence of high MW substances (enkephalin precursors?)
that can Jind to morphine-selective receptors. Sensitive
analytical methodology will be needed to study placebo
phenomena on the chemical level.

PROBLEMS AND NEW DIRECTIONS IN
TOXICOLOGY

Recent advances in analytical methodology can reveal
the persistence of potentially hazardous substances in
foods, body fluids, and tissue at ever lower concentra-
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tions, but the toxicological significance of such low-
level exposures (or even the appropriate methods to as-
sess such effects) remains a major problem. Similarly,
as we become capable of detecting increasingly complex

behavioral, immunological) and precise (e.g.,
changes in the natural levels of structures of specific
proteins or hormones) endpoints of biological signifi-
cance, new demands for protecting the public from the
adverse sequelae of such effects concomitantl:, arise. In
vitro and in vivo tests, screening programs, standard
regulations, and monitoring programs must be devised
and evalua'ecl. The amount of basic information required
to gesnract: such protection in a "short" time (i.e., 5 to
10 years from discovery) can be staggering. Another
major problem is the development of new toxicological
testing procedures for new exposures (inhalation, per-
cutaneous absorption) to older materials with known
endpoints. Finally, lack of information on toxicological
mechanisms and pathways severely complicates the
problem of safety assessment. Often one is not even sure
what metabolites or decomposition products to test,
whereas it is clearly unfeasible (especially given the cur-
rent bioassay burden) to test them all.

New Toxicological Endpoint-. Immunotoxicity,
Neurotoxicity, Behavioral Toxicity

Recent reports that a wide variety of drugs, food ad-
ditives, and contaminants may affect the immune system
have led to FDA concern in the rapidly developing field
of immunotoxicity (see IV FDA Science Symposium,
Inadvertent Modification of the Immune Response, in
press). Materials as diverse as gallic acid (a food an-
tioxidant metabolite), carrageenan (a food thickener),
aflatoxin (a food contaminant), SO2, NO2, ozone, lead,
cadmium, and some pesticides are known to affect hu-
moral and/or cellular immune functions in vivo and in
vitro. Several such agents are already under study by the
Bureau of Foods. The next five years should see con-
siderable progress in clarifying the extent and severity
of the problem, in developing appropriate in vivo and
in vitro assay systems, in elucidating the actual health
significance of a given observed test result, and in de-
veloping regulatory programs for such materials if nec-
essary. There is currently considerable dispute in each
of those areas. The FDA National Center for Toxicol-
ogical Research (NCTR) is developing methodology for
assessing hypersensitivity, immunosuppression, tumor
immunity, autoimmunity, and immunocompetence dur-
ing pregnancy and lactation.

Immunotoxicological research is also exrcted to pro-
vide several useful opportunities. First, in some cases,
the immunologically detectable effects are so sensitive
that they precede all other toxicity markers, i.e., they

define the lowest level of biological response. As usual,
the development of such sensitive methods is not without
thorny regulatory implications. Second, immunological
assay methods may result in new diagnostic tests. In
some cases, toxic (or natural, disease-induced) lesions
may expose normally sequestered haptens (e.g., the ap-
pearance of migration inhibiting factor, MIF, after my-
ocardial lesions) which might be useful for post facto
diagnosis, or even in detecting potential problems before
the development of overt clinical symptoms. A battery
of tests for known products of lymphocyte actiN,..:ion is
being carried out in drug-treated ilaboratory animals by
the Bureau of Drugs. At presentcomparatively little is
known about the potential immunotocicity of veterinary
drugs, feed additives, and other expoNres on food-pro-
ducing animals, an area of potentialif unknownfu-
ture problems.

There is also increasing information on chemicals that
can attack the nervous system to adversely affect behav-
ior, development, and neurological function. The com-
plexity and subtlety of such effects demands a multidis-
ciplinary approach including behavioral analysis,
neurophysiology, neuropathology, and neurochemistry
as well as classical toxicological and statistical consid-
erations. One major prc,blem is the development of suf-
ficiently simple and reliable models, perhaps based on
neurochemical or physiological indicators, that can pre-
dict such effects in man and that are suitable for routine
screening.

The FDA and the Environmental Protection Agency
have established a joint program in neurotoxicity that
should make valuable progress in this area during the
next five years. This program will systematically collect
information on such neurotoxicants as heavy metals,
pesticides, nonionizing radiation, and oxidants; deter-
mine the sensitivity and cost effectiveness of existing
test methods; develop new short-term tests based on our
increasing knowledge of neurotoxicant mechanisms and
validate such tests using current neurobiological and
physiological techniques; and compare health effects in
several species (including human epidemiological stud-
ies) to evaluate interspecies extrapolation.

Research in behavioral teratology is also expected to
grow, both because of its own importance and as a po-
tential sensitive indicator of developmental toxicity. La-
tent effects following such exposures in developing
young animals and humans may be more likely than in
achPit exposures. Again, improved methodology is needed
for screening purposes.

New Routes of Exposure: Inhalation ,ind Percutaneous
Absorption

Each route of exposure to a toxicant presents novel
features. Ingested materials may be metabolized in the
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gut, intravenously injected materials reach the blood
stream unaltered, implanted materials may present high
local concentrations and reach otherwise inaccessible tis-
sues, inhaied particulates depend, on their aerodynamic
and mechanical ptTerties to reach their targets, and top-
ical agents depend on their percutaneous absorption.
Only recently has attention focused on the last two
routes, which are comparatively less developed and pre-
sent special intrinsic problems. For example, the accu-
rate determination of dosage is a major problem in as-
saying the toxicity of topically applied products such as
hair-dyes, cosmetics, and ointments. Animal models are
needed to predict the extent and rate of penetration of
the human skin barrier by such agents and their eventual
concentrations in underlying tissues and in the blood.

Assaying the inhalation toxicity of particulate matter
provides another example of dosage problems. Respir-
able asbestos fibers represent a major carcinogenic ex-
posure, which depends critically on fiber length and di-
ameter. However, the dose introduced into a sample
chamber may bear little resemblance to the actual am-
bient material in the chamber, the respired material, the
Tung - retained material, or the material transported to and
lodged in various body tissues in either concentration,
size-distribution, or aspect ratio. Careful monitoring of
these parameters by physical (air sampling followed by
electron-microscopic analysis) and biological (occa-
sional sacrifice, autopsy, and analysis of mineral fibers
lodged in tissues) means is required. There are remark-
ably few good health effects studies using well-charac-
terized samples and dose-exposures. Indeed, the meth-
odology for the collection, preparation, and electron
microscopic analysis of asbestos fibers is in a state of
rapid, but as yet incomplete, development (see I FDA
Science Symposium, Electron Microscopy of Microfi-
bers , HEW-FDA-77-1033). We expect appropriate reg-
ulatory methods to become available within the next five
years and that substantial progress will be made in au-
tomated size, aspect ratio, and chemical (using energy
dispersive x-ray analysis) measurements.

"Realistic" Exposures: Chronic, Low-Dose Toxicity
and Synergy

Appropriate dosing is a major problem in toxicity
bioassays, and a linear dose response is not always en-
countered. Very low doses may not sufficiently activate
certain body defense or clearance mechanisms or meta-
bolic pathways, whereas overly large doses may saturate
them, bringing mechanisms and pathways (with their
associated products) into play that would not be activated
under more "normal" exposures. Thus, one cannot al-
ways assume qualitative equivalence between high and
low dose responses. Cost considerations often focus rou-
tine screening on relatively acute or high-dose studies,
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but the next five years should see increased demand for
more complete chronic, low dose measurements. Since,
to maintain statistical significance, large numbers of an-
imals are needed to detect toxicity al low dose levels,
improved models and statistical procedures are needed
for extrapolation to low dosages.

The recent NCTR experiments on the dose-response
of chronic exposure to 2-acetylaminofluorine (2-AAF),
a potent carcinogen, was an important first step in this
direction. A linear response was found for liver tumors,
but not for bladder tumors, which display an initial dip
in dose-response. The experiment required 26,000 ani-
mals, and its lowest low-dosage group corresponded to
only 1 percent incidence. Even so, the doses used far
exceeded typical human low-dose exposures; a 1 percent
total incidence would correspond to 2 million cancer
fatalities in a total population of 200 million. Since few
manufacturers could mount tests of this size, the problem
of the appropriateness of high dose experiments will re-
main a controversial topic during the next five years.

Methods to identify and evaluate the effects of cocar-
cinogens and promoters are also sorely needed. Many
noncarcinogens, i.e., non-"initiators," can greatly in-
fluence carcinogenicity by acting as "potentiators,"
"activators" and "modifiers." A major Agency prob-
lem will be to more clearly define the relative roles of
such agents in carcinogenesis and their regulatory im-
plications.

Another reality factor is that humans are rarely ex-
posed to a single, pure agent. Our environment contains
thousands of compounds that interact chemically with
each other and can have synergistic effects on biological
processes. In particular, methods to identify and evaluate
the effects of cocarcinogens and promoters arc sorely
needed. Although more rapid, automated in vitro tests
could help, clearly "brute force" methods cannot suc-
ceed. To study the synergistic effects of just 500 agents
would require 124,750 pair-wise tests, 20,708,500 tri-
plet tests, etc. Interactions of interest have to be pre-
dicted beforehand from theoretical considerations and
from new information generated on the behavior of se-
!acted representative classes of materials. The materials
to be considered will also strongly depend on the out-
come of metabolic and fate studies.

Fate Considerations: Metabolism, Transformation, and
Transport

We are becoming increasingly aware that the metab-
olism of chemical agents in the body or in the external
environment (e.g., soil bacteria) and their transport
(e.g., to more sensitive targets) and transformation by
light, oxygen, and other chemicals in the environment
can greatly modify their biological effects. For example,
the procarcinogens vinyl chloride, benzo(a)pyrene,
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benzo(a)anthracene, and aflatoxin B1 apparently must be
converted to active, alkylating epoxide forms (see II
FDA Science Symposium, ibid.). This severely limits
the indiscriminate application of in vitro activity assays,
since until the appropriate activation systems are in-
cluded, only the relatively inactive parent compound will
be tested. Far more needs to be known about the chem-
ical structures and interactions of the animal, plant, and
bacterial metabolites of ingested and inhaled chemicals
and industrial wastes, and about their transformation,
bioaccumulation, and transport in the environment (the
varying kinds of industrial phosphate esters in edible
fish, the binding of amines and halogenated hydrocar-
bons to humic acids in the soil, the bioaccumulation of
heavy metals in shellfish, for example). The need to test
increasing numbers of recognized potentially hazardous
metabolites places impossible burdens on in vivo bioas-
say procedures. In vitro procedures, although more
rapid, require foreknowledge (or fortuitous inclusion) of
the relevant activation mechanisms to be effective. The
collection of more basic knowledge on the metabolism
of compounds of interest is needed to improve screening
procedures, and automation and computerization should
be pursued where possible.

Short-lived metabolites, those produced in small
amounts. (although perhaps, nighly potent and/or concen-
trated locally), those already present in the body (en-
dogenous materials), those highly complex in structure,
and those highly variable in concentration (depending on
precise circumstances), present special problems. New
scientific and regulatory approaches are sorely needed.
Better analytical methods may also be needed, as with
radiopharmaceuticals such as those containing techne-
tium 99, whose chemical transformations are poorly
understood. Similarly, better methods are needed to col-
lect and identify metabolites in blood, saliva, urine, and
other clinical materials.

SAFETY AND EFFICACY OF NEW SUBSTANCES

The FDA is responsible for assessing the safety and
efficacy of new drugs, vaccines, medical devices, and
diagnostic products. Although it is obviously not pos-
sible to predict all of the new products to be encountered
in the next five years, a few typical anticipated examples
are given below. In addition, there are classes of poten-
tial products for which efficacy itself must be beter de
fined. For example, how would one define and test po-
tential geriatric products for retarding aging? P.m can
we objectively evaluate psychoactive agents for efacacy
against psychological disorders such as schizophrenia?
Relevant biological parameters and statistical procedures
must be further developed.

Vaccines

Recent progress in fundamental infectious disease re-
search suggests numerous opportunities for the devel-
opment of new viral and bacterial vaccines and for the
improvement of current ones. Improved test procedures
and animal models are anticipated for Types A, B, Non-
A, and Non-B hepatitis. Improved, inactivated influenza
vaccines (both live and attenuated) and vaccines against
varicella, herpes, and cytomegalovirus are also ex-
pected. Pneumococcus and meningococcus vaccines can
and should be improved and extended to additional
strains. Pzrtussis vaccines can be improved. Particularly
exciting are the potentials for subunit vaccines of ex-
tremely high specificity, purity, and degree of chemical
characterization. (Most current vaccines are created from
complex, partially chisacterized materials.) Carrying
this process farther, or can attempt to develop and char-
acterize synthetic st:bunit vaccines in which only the
precise molecular component(s) responsible for the de-
sired immune effect are present.

Antiviral Materials

There is growing optimism that drugs effective against
a variety of viral diseases will be discovered in the next
five years. Adenosine arabinoside (Am-A, Vidarabine)
has already been approved by the Agency for use against
herpes keratinit:s and encephalitis. Assay methods for
testing and certifying such agents must be developed,
since current in vitro assay methods for antibacterial and
antifungal drugs are not directly applicable to viruses.
The outlook is also good for significant progress in de-
veloping broad-spectrum agents such as interferon and
interferon-inducing substances.

Polypeptides

Many polypeptide hormones (insulin, oxytocin,
ACTH) are already in clinical use, and new biologically
active polypeptides (enkephalins, thymosins) are con-
stantly being developed. Some are small enough to be
synthesized directly. The enkephalins are endogenous
polypeptides in the central nervous system, which can
bind to morphine-receptors (or rather vice versa) and
which affect perception of pain. Considerable progress
is expected in developing similar substances into non-
addictive analygesics.

The thymus gland controls the development and func-
tion of the immune system by secreting polypeptide fac-
tors called thymosins, which help regulate the formation
of and differentiation of subpopulations of T-Iympho-
cytes. Several thymosins have already been sequenced,
and synthetic thymosin-alpha-1 is now undergoing clip



ical trial as an adjunct to cancer chemotherapy. Some
thymosins may induce helper and suppressor T-cell ac-
tivity. T-cell maturation may be accompanied by in-
creases in membrane fluidity which may facilitate anti-
gen or mitogen response. Fluorescence and electron spin
resonance (ESR) techniques are being developed to
study these changes, and the activation of membrane-
bound enzymes is being developed as a rapid indicator
of thymocyte activation by antigens. We anticipate in-
creasing interest in, and development of, thymosins,.thy-
mosin analogs, and other chemicals ra,!-,:ting immune
function.

Molecular Biological Opportunities and Risks

The last decade has seen a revolution in our under-
standing of the molecular basis of genetic control and
our ability to deliberately manipulate such processes and
the genetic materials DNA and RNA themselves. In par-
ticular, recombinant DNA techniques offer the potential
to produce (molecularly "clone") large amounts of hith-
erto scarce genetic and polypeptide materials by insert-
ing appropriate DNA sequences into easily replicated
hosts such as bacteria. Such techniques should greatly
accelerate progress in such areas in immunology, de-
velopmental biology, and cancer research, although
fields as diverse as agriculture (e.g., addition of nitro-
gen-fixation ability to food crops) and drug certification
(e.g., the development of improved mutants for micro-
bial as.ays of antibiotics) may also be affected. Cer-
tainly, the FDA can expect to receive requests to certify
drugs. biologicals, and perhaps foods created using re-
combinant DNA or plasmid-transfer technology. Al-
ready, mammalian insulin, somatostatin, and growth
hormone have been successfully produced using E, coli
bacteria as hosts.

Agency decisions on the safety (for potential hazards,
see 41 FR-27902, 41 FR-38425, 42 FR-49596, 43 FR-
33042) and efficacy (e.g., will human insulin produced
by bacteria have the same effects and side effects as
natural bovine or porcine insulin?) of such products will
require considerably expanded expertise and facilities in
this rapidly developing area. The Agency has already
issued an "Intent to Propose Regulations" (44 FR-
60134, December 22, 1978) that would "require that
any firm seeking approval of a product requiring the use
of recombinant DNA methods in its development or
manufacture demonstrate the firm's compliance with the
requirements of the National Institutes of Health (NIH)
Guidelines" in effect at that time. The NIH Guidelines
would also "be incorporated in good manufacturing
practice (GMP) regulations." We anticipate, however,
that both manufacturer and consumer advocates will
point out significant differences between laboratory and
manufacturing needs and environments.
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NEW DEMANDS ON ANALYTICAL CHEMICAL
METHODS

Some agents (e.g., the dioxins) are known ,o produce
toxic effects even at extremely low exposure levels
parts per billion (ppb) or trillion (ppt). The development
of sufficiently sensitive methods often taxes the state of
the art in chemical analysis. Conversely, in the case of
contaminants impermissible at any detectable level, the
development of new, more sensitive assays raises com-
plex regulatory issues. Some selected examples of these
problems are mentioned below.

Characte izing and Monitoring Contaminants

Rapid, inexpensive, preferably automated, multiple-
residue assays are needed for the determination of vet-
erinary drug residues and their metabolites in food-pro-
'. :oirg animals before the carcass enters the food chain.
MO. information is required on environmental factors,
tissue binding, and health effects. Similar methods are
needed to detect pesticide residues, industrial contami-
nants, mycotoxins, etc., in foods, especially at low lev-
els (e.g., chlorinated dioxins and dibenzofurans in milk
and fish, aflatoxin in grain, paralytic shellfish poison).
In some cases (fish-borne ciguartera poisoning), the ac-
tive toxins have yet to be isolated and structurally iden-
tified. In others (decomposition of fish and shellfish
products), organoleptic methods are still in use, due to
the lack of adequate analytic technology.

Endotoxins are examples of microbial contamination
problems; although sterilization procedures such as heat-
ing and ultraviolet radiation kill bacteria, they do not
remove the dead microbes or associated products. Reg-
ulatory techniques for monitoring viral contamination of
the food supply are virtually nonexistent, while those for
cholera and many other microorganisms are marginal.

Characterization of Regulated Products

The Bureau of Drugs and the Executive Director for
Regional Operations (EDRO) are currently reviewing
and improving current compendia! (USP and National
Formulary) monographs through the application of mod-
ern analytical techniques to determine purity and quality.
The 70 U.S. antibiotic standards are also being subjected
to full physical and chemical characterization, and one
preliminary monograph has already been published (see
"Amphotericin B," in Analytical Profiles of Drug Sub-
stances, Vol. 6, K. Florey, Ed., Academic Press, 1977)
The characterization of the 27 classes of over-the-
counter (OTC) drugs is another goal, although the com-
plexity of their formulations may require chromatogra-
phy, mass spectrometry, computer analysis, and other

378



386 *1 '1E GOVERNMENT VIEW

sophisticated techriques. The development and charac-
terization of standard materials for clinical chemistry are
another recent challenge; our Agency will be cooperating
in this area with the National Committee on Clinical
Laboratory Standards (NCCLS) and other national bod-
ies. We also need to develop analytical methods for cer-
tifiable color additives and their metabolites in foods,
and to prepare (and characterize) such compounds in
sufficiently high purity to serve as standards and refer-
ence compounds.

Applying New Analytic Technologies

Recent advances in analytic technology are being in-
creasingly applied to regulatory problems. Computerized
mass spectrometry (including field desorption), proton
nuclear magnetic resonance (NMR), '3C-NMR, and
Fourier transform infrared spectroscopy (FT-IR) are
available and in increasing demand. Laser Raman spec-
troscopy (LRS), visible (e.g., for food colors) and ul-
traviolet resonant LRS, electron spin resonance (ESR),
and x-ray structural determination facilities are available
elsewhere. Increasingly sensitive thin-layer (TLC), high-
pressure liquid (HPLC), gas (GC), and gas-liquid (GLC)
chromatographic methods for a wide variety of materials
are becoming available. Sensitive immunological meth-
ods, such as radioimmunoassay (RIA), specific antibody
fluorescent tagging, and enzyme-linked immunosorbent
assay (ELISA) techniques, will also be increasingly de-
veloped and utilized for regulatory purposes over the
next five years. The identification of microscopic par-
ticulate contaminants (such as asbestos microfibers) pre-
sents spe.ial challenges that may be met by energy dis-
persive x-ray analysis (EDXA), selected area electron
diffraction (SAED), and/or micro-LRS techniques.

Some recent Agency successes include the structural
determination of the fungal toxins, satratoxins G and H,
and xanthoviridicatin D using 13C-NMR, and aflatoxin
and vitamin analyses using HPLC followed by mass
spectroscopic confirmation of the isolated fractions. Ad-
vanced new instrumentation for specific analyses (e.g.,
a nitrosamine analyzer using GC followed by oxidation
of trapped fractions to light-emitting excited NO 2 gas)
should also become increasingly available. Furthermore,
increased automation, computerization, and advanced
data collection (e.g., optical multichannel analyzers)
should greatly speed current analytic procedures.

Such rapid progress also creates regulatory problems.
Should regulations be changed to keep pace with current
capabilities (should insect fragment standards based on
old image-analysis methods be replaced by newer ones
based on quantitative criteria such as RIA)? If so, how?
What happens when increased sensitivity of methods
suddenly changes the lowest detectable le\ el of a con-
taminant? How can one unambiguously define a "no
detectable residue" level, i.e., "zero"? (The corre-

sponding toxicological question is: how can one unam-
biguously define a "no detectable effect" level?) These
complex issues are already being faced in the case of
potentially carcinogenic residues in the edible products
of food-producing animals (42 FR-10412), and more
such problems can be anticipated.

RADIATION SAFETY

The next five years should bring increased pressure
to reduce unnecessary exposure to clinical x-rays and
other sources Hof ionizing radiation and to better under-
stand and protect the public from the adverse health ef-
fects of nonionizing radiation (e.g., microwaves, ultra-
sound, ultraviolet and visible radiation).

Reducing Unnecessary X-ray Exposure

There are both human and technical factors in unnec-
essary clinical exposure to x-rays. We need to better
understand the factors that cause physicians to order (and
patients to accept) diagnostic x-rays, to perform clinical
tests to validate the efficacy and safety of alternative
patient referral criteria, and to study the effects of cre-
dentialing on radiation tecbaologist performance. We
must further examine the ificacy and cost of various
imaging modalities (conventional x-ray; CAT scanning;
nuclear medicine; positron-, single-photon- and ultra-
sonic-imaging) in diagnosing specific disease states. The
next five yr-ars should also see improvements in the use
of new rare-earth phosphors, better scatter rejection
methods (e.g., replacing grids with scanning devices),
optimally filtered x-ray beams, and improved image pro-
cessing and display. New directions include the devel-
opment of positron imaging and single photon tomo-
graphic procedures, which allow the use of short-lived
isotopes (lower patient dose) and provide quicker re-
sponse time, depth-sensitive imaging, and high resolu-
tion images. The health effects of other clinical proce-
dures, for instance, the biological consequences of the
neutrons produced incidentally by high energy acceler-
ator beams used in radiation therapy, must also be elu-
cidated.

Health Effects of Nonionizing Radiation

Ultrasound imaging has developed from a laboratory
curiosity to a widely accepted diagnostic tool. Pulse-
echo ultrasound techniques are used ;(:) visualize soft tis-
sue structures, such as the human heart or fetus. Doppler
ultrasound equipment is used to detect fetal movement
in utero. Even acousto-optical holography is being de-
veloped for biomedical applications. The rapid growth
is resulting in increased public exposure to ultrasound,
and potential hazardsespecially to fetuses or sensitive
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internal tissuesmust be more thoroughly explored (see
FDA/BRH Workshop, Interaction of Ultrasound and
Biological Tissues, HEW-FDA-73-8008). Many early
studies used intensities too high and endpoints too gross
to be of use in evaluating diagnostic exposures. The
effects of continuous versus pulsed exposures, temporal
peak versus temporal average intensities, and the stage
of the patient's development (e.g., fetal, postpartem)
must be carefully considered. Reduced fetal weight and
delayed neuromuscular development have been observed
in rats and mice in recent experiments. New equipment
and regulatory methods must be designed to monitor
acoustic field patterns and intensity levels from pulsed
ultrasonic sources, and imaging techniques should be
improved to minimize patient exposure.

More information is needed on the health effects of
microwave exposure, including elucidating the under-
lying mechanisms, kinetics, and critical thermal levels
in various tissues (see FDA/BRH Symposium, Biologi-
cal Effects and Measurement of Radiofrequency/Micro-
waves, HEW-FDA-77-8026). Better theoretical models
are needed to predict the internal fields ("dose") in man
from external near-field measurements.

The combination of visble, ultraviolet (UV) or in-
frared (IR) radiation and certain chemical agents can
have synergistic effects in susceptible individuals. Such
effects account fot- both photochemical therapy, (e.g., for
psoriasis) and phototoxicity. We must learn more about
the frequency dependence ("action spectrum") of radia-
tion-induced viral activation, carcinogenesis, retinal ag-
ing, modulation of error-prone repair, etc. (see FDA/
BRH Symposium, Biological Effects and Measurement
of Light Sources, HEW-FDA-77-8002). We also need
to know more about chemical photosensitizers and their
prevalence in the environment. Many conventional light
sources, such as fluorescent lamps, provide chronic,
low-level exposure to ultraviolet radiation which might
adversely affect some photosensitive individuals. The
increasing use of laser products emphasizes the contin-
ued need for their intelligent regulation.

RISK-BENEFIT AND DECISIONMAKING
METHODOLOGY

Making regulatory decisions under conditions of par-
tial information (uncertainty) is a difficult, if necessary,
task. Sophisticated statistical methods and objective sci-
entific procedures are needed to define, analyze, and
solve such problems.

Development of Statistical Definitions and Risk-Benefit
Procedures
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of Safay" can lead to needless confusion and wrangling
on what, in fact, constitutes adequate proof. Such terms
must gradually be redefined in terms of acceptable levels
of certainty (size of the a and p regions for Type I and
Type II errors) and the requisite sensitivity of tests (the
minimal detectable difference for a given a, /3) for a
variety of alternatives to the null hypothesis. The de-
signing of appropriate statistical methods for decreased
latency in the absence of increased incidence (crossing
hazard functions), extrapolation to low "realistic" doses,
interstrain and interspecies comparison, etc., remain im-
portant, controversial problems.

Risk analysis raises a wide variety of technical (e.g.,
accounting for metabolites, synergy), practical (one can-
not test everything, what is "ze- "), and ethical (in-
formed consent is inapplicable to iccharin-consuming
minors) problems. The prospect tha. .:urrftrit regulations
may be expanded to include benefit considerations raises
additional issues (see III FDA Science Symposium, Risk/
Benefit Decisions and the Public Health, in press). Who
should be polled as to the perceived benefits: those at
risk, those who "know," or those who regulate? And
what mathematical techniques are available for express-
ing results not readily reduced to a single metric? Fi-
nally, a retrospective study should be done on the effec-
tiveness of previous risk-benefit analyses. Which kinds
of studies and techniques have been of use? When can
such official-looking studies actually gloss over uncer-
tainties and produce an unwarranted, unrealistic confi-
dence in "scientific" predictions based on inadequate
data?

Baseline, Consumption, and Incidence Surveys

To correctly assess the impact of an agent on public
health, one must know more about its ambient, endog-
enous. and consumption levels; about the baseline inci-
dence of its reported effects in specific subpopulations;
and about predicted changes in such parameters. For
example, nationwide background levels of cadmium in
specific agricultural products, the corresponding levels
for sludge-treated or filled cropland, and the consump-
tion patterns of such products in specific subpopulations
(e.g., infants versus adults) would be useful. The oc-
currence and significance of estrogens in foods (e.g.,
plants) is another example.. The concept of total diet
exposure is becoming increasingly important in devel-
oping new regulations, and total diet studies for pesti-
cides, industrial contaminants, and nutrients can be an-
ticipated.

OTHER PROBLEMS AND OPPORTUNITIES

The regulatory use of malleable phrases like "proof Although this report cannot include all relevant items,
of safety," "proof of lack of safety" and "lack of proof the following additional topics deserve mention.
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Bioavailability and Bioequivalence

Given the increasing emphasis on generic drug sub-
stitution to offset rising health-care costs, the Agency is
faced with assuring that the subst.tutes are equivalent in
their therapeutic potency and phar nacokinetics. Differ-
ences in tablet dissolving rates, venicle effects, isomer
ratios, etc., can affect the time course and levels of dos-
age in target tissues. Improved physical-chemical, phar-
macokinetic, and clinical models, and analytical meth-
ods are needed. Potential causes of such differences
should be elucidated. For example, the vigorous grind-
ing of drug powders can convert them from a crystalline
to an arnori "sous state as measured by powder x-ray dif-
fraction; the effects of such processing-induced changes
on bioequivalence should be further studied.

Nutrition

The relationship of nutrition and nutritional require-
ments to human development and disease must and will
be further elucidated. The positive and negative effects
of such over-the-counter "remedies" as megavitamins,
Nquid protein supplements, and herbal preparations must
be dispassionately examined. Practical indicators of nu-
tritional status, "normal" dietary patterns for specific
subpopulations, the effects of synergy between nutrients,
and interactions between nutrients and environmental
contaminants should be studied. The development of
modern, reliable methodology is a necessity.

Biocompatibility and Nondestructive Evaluation of
Medical Devices

The rapid development and expanded use of such im-
planted medical devices as heart valves, pacemakers,
and artificial knee joints have created the need for ad-
ditional information on the biocompatibility, chronic
toxicity, and carcinogenicity of materials used for im-
plants. More must be learned about the leaching and
local concentration of potentially hazardous substances.
Improved in vivo and in vitro test methods must and will
be developed. Localized stresses and failure modes, and
noninvasive (or at least nondestructive) methods to de-
tect and evaluate potential defects in implanted or ex-
ternal life-supporting systems also require further study.

Diagnostic Pro., acts

The past few years have seen a dramatic rise in so-
phisticated clinical and diagnostic products. Improved
validation methods, surrogate materials (to replace hu-
man specimens), and clinical reference standards require
further development.

Control Technology

Improved field surveidance methods are needed to
detect food decomposition and bacterial, viral, or insect
infestation. For example, current organoleptic evaluation
of fish may be inadequate, since moduli processing
techniques can remove or obscure the usual signs of
spoilage (odor or discoloration). New thermal and irra-
diation sterilization of foods and packaging materials
must be evaluated, and migration of potentially harmful
substances front food packaging explored both theoret-
ically (e.g., diffusion kinetics) and experimentally (ra-
dioactive tracer studies). Improved procedures are needed
for characterizing natural variations in food quality and
nutrition, and for analyzing consumer reactions to la-
beling.

Membranes and Membrane Receptors

The mechanisms of action of many important phar-
maceuticals, toxicants, and immunology products are
poorly understood, although their effects on membrane
fluidity, permeability, and/or surface receptors are be-
lieved to be involved. Fur example, monoclonal anti-
bodies to placental inc'ilin receptors could be used to
purify insulin receptor preparations, w study receptor
internalization (postulated to mediate the growth effects
of insulin), to search for postulated insulin receptors in
the cell nucleus, etc. Insulin may also act directly on ion
transport mechanismsanother hypothesis to be tested.
These studies could lead to improved in vitro methods
for the evaluation of animal insulin, recombinant DNA
produced human insulin, and new insulin analogs.

Science Planning and Emergency Response

The increased complexity of government research
needs, the interrelationships between research tasks, and
the need for. ighly specialized facilities create a pressing
need for more effective planning, cooperation, and co-
ordination within the FDA and between the FDA and
the other regulatory and health research agencies. Fur-
thermore, research directions must be thoroughly coor-
dinated with regulatory needs. Two recent initiatives,
the formation of the Interagency Regulatory Liaison
Group (IRLG) (see 42 FR54856, October 11, 1977) and
the National Toxicology Program (NTP) (HEW Publi-
cation, "N'I'P Establishment Document," November
15,1978). are respectively designed to serve the national
needs for coordinated regulatory actions and cooperative
research efforts for the furtherance of the public h..alth.

The need to coordinate regulatory needs and research
directions is made clear by an example drawn from the
case of asbestos. If an asbestos standard is to be based
on current stateof-the-art detection capabilities ("no



detectable asbestos content"), methods research pro-
gram will be required. If, instead, the standard is to be
based on ambient conditions ("no more than X times
the naturally -,ccurring background"), surveillance
methods and a nationwide incidence research program
are needed. If, in fact, the standard is to be based on
adverse health effectsthe moil- reasonable, but more
difficc:i, approacha research program is needed to ex-
amine the effects of fiber length, diameter, and chemical
composition on health. A simple calculation will dem-
onstrate the sheer impracticality of obtaining a detailed
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map of the response space using in vivo studies alone,
so in vitro correlates of in vivo response must be studied
and developed into validated methods for extrapolating
between in vivo determined points. Better procedures
are also needed to scientifically exploit emergency sit-
uations, such as the polybrominated biphenyl (PBB)
contamination of Michigan. Not only can rapid scientific
response help alleviate the problem, but it can provide
invaluable information in its early stages to improve our
country's ability to minimize the adverse effects on fu-
ture occurrences or of other human exposures.



Department of Health, Education, and Welfare
National Institute of Education

The fundamental goal of the National Institute of Ed-
ucation (ME), derived from its legislative charter, is to
aid through the support of scientific inquiry into the ed-
ucational process, the attainment of equality of oppor-
tunity to receive an education of high quality. In pursuit
of its fundamental goal, ME is concerned with human
intellectual functions and learning and how they vary
among individuals, ways that individuals can be helped
to learn in school and other settings, means of testing
and assessing teaching and learning, effective organi-
zation and institutional practices in education, educa-
tional finance, and the utilization of results of research
and development to improve education.

Recent progress in three areas of science and tech-
nology is making strong contributions to research and
development programs in education and is expected to
have important effects. Cognitive science is providing
new understanding of human intellectual processes,
which allows better design of instruction and testing and
better fitting of them to cultural background. Informa-
tion-handling technology is in a period of revolutionary
increase in capability and lowenng cost, which will
make feasible greatly increased individualization of in-
struction and testing. Organizational science is giving
us new understanding of processes occurring in organi-
zations that will facilitate improvement of schools and
colleges through better flow of useful innovations and
reduction of dysfunctional practices. These three areas
are discussed in detail in the following paragraphs.

COGNITIVE SCIENCE

Cognitive science the science of human mental pro-
cessis a rapidly growing interdisciplinary movement
including psychologists, computer scientists, philoso-
phers, anthropologists, linguists, and educators. It is
characterized by a concern with understanding the mech-
anisms by which human beings carry out complex in-
tellectual activities, including learning, comprehending,
problem-solving, and creation of new ideas, and how
these activities are influenced by the individual's pre-
vious experiences.

Glaser (1978) has pointed out, "At the present time,
modern cognitive psychology is the dominant theoretical
force in psychological science as opposed to the first
half of this century when behavioristic, antimentalistic
stimulus-response theories of learning were in the as-
cendance." He goes on to say that "the internal cog-
nitive world of complex human behavior involved in
thinking, problem-solving, acquiring understanding of
various domains of knowledge, and personal expecta-
tions and self-development . . . which have been only
peripheral aspects of . . . behaviorist psychology, now
are the starting points for cognitive psychologists."
Newell and Simon (1972) describe this change as fol-
lows:

For several decades psychology . . . focused on
learning, lower organisms, and tasks that are simple
from an adult human viewpoint. Within the last
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dozen years a general change in scientific outlook
has occurred. One can date the change roughly from
1956: in psychology, by the appearance of Bruner,
Goodnow, and Austin's A Study of Thinking and
George Miller's "The magical number seven"; in
linguistics, by Noam Chomsky's "Three models of
language"; and in computer science, by our own
paper on the Logic Theory Machine.

This shift in emphasis is very important for education.
In the past, many teachers and persons in the disciplines
concerned with the substance of education were unable
to take Ft.riously behaviorist psychology's seemingly
simplistic view of what is to be learned and how it is to
be learned. The new cognitive psychology accords much
more closely with common views of teaching and learn-
ing, while at the same time providing a scientific basis
for improving our understanding of these processes and
thus for improving education.

The following quotation from Linguistic Communi-
cation (Miller, 1973), a report prepared for the National
Institute of Education, expresses well the ways in which
this improvement can be achieved in reading and math-
ematics education.

There is no intrinsic difficulty (although there
may be many practical and technical problems) in
testing or measuring whether people can compre-
hend oral or written messages. Comprehension is
tested by determining whether people, after receiv-
ing a message, can answer questions about its con-
tents or implications, or can carry out its instruc-
tions. But there is a long leap from measuring
comprehension of a message to discovering the
thought processes a person must go through in order
to achieve that comprehension.

Standard forms of school instruction in reading
and ianguage arts do much to facilitate the growth
of language skills in elementary and secondary
school children as they mature. These instructional
methods are based on a wealth of practical experi-
ence in teaching, but they are probably most effec-
tive in handling average, normal children, because
it is such children to whom most of our experience
relates. Standard instructional programs are cer-
tainly not based on any extensive analysis of the
processes underlying the skills, because such anal-
ysis still remains largely to be carried out.

With a better theoretical grasp of the reading
comprehension process to supplement conventional
wisdom, we could devise more powerful diagnostic
tools to identify with accuracy the weak and strong
points of individual studentsthe processes in
which they are competent, and those in which they
need additional help and training. With better di-
agnosis, our deeper understanding of process can
also lead us to more effective teaching and learning
techniques than those we now possess.
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During the past decade there has been a great
burst of new research activity in psychology and
related disciplines aimed at understanding complex
human thought processes, including processes for
comprehending language and problem-solving pro-
cesses. One reason for this burst of activity, and
the consequent progress that has been made, is the
availability of new tools of researchcameras for
detecting and recording eye movements, and digital
computers, to mention just two examples. These
tools have provided us with new ways to identify
successive steps in human thought processes, and
to formulate models of those processes that will
permit their operations and pathologies to be ex-
plored and tested. Studies of successive foci of at-
tention in reading tasks, using eye-movement cam-
eras and thinking-aloud protocols, should continue
to expand on our knowledge of these processes.

How language conveys information from one
person to another is no longer an unpenetrated mys-
tery. Enough is known about how language carries
meanings to permit us to write programs for com-
puters that accept instructions in natural language,
and other programs that solve the problems posed
by those instructions and carry out the tasks they
set. These programs "understand" language by the
same criteria we use to assess human understand-
ingthey can answer questions on the basis of what
they have read, they can carry out instructions, they
can solve simple problems. Moreover, these pro-
grams are open to analysis, so we can study exactly
what processes enable them to do these things, and
compare their processes with the behavior of hu-
mans to whom the same tasks are presented.

Computer simulation of human cognitive pro-
cesses is one of several promising techniques for
modeling the methods used by people to perform
complex tasks. It is well adapted to diagnosis of
individual differences in performance and to tracing
the differences in process that underlie them. For
example, in learning algebra, problems posed as
storiesso called algebra word problems are a
matter of special difficulty for many students. Use
of a computer program to model the processes of
interpreting such problems, and comparison of the
model with students' behaviors, reveals that there
are (at least) two strikingly different styies for tack-
ling these tasks. One style is based on a literal,
grammatical translation of the problem statement;
the other on conceiving a real-world situation that
corresponds to the problem statement. Most stu-
dents use one or the other of these processes almost
exclusively and appear largely unaware of the one
they don't use. The ablest students, however, tend
to use both processes in reinforcement of each
other. This kind of process model can now be de-
veloped further as a tool to diagnose individual stu-



dents' difficulties with word problems, and as a
framework for developing any additional skills that
students are found to lack.

CENTER FOR THE STUDY OF READING

Applications of cognitive science to education are
being carried out by NIE through its Program on Teach-
ing and Learning and by other agencies. NIE now sup-
ports a Center for the Study of Reading (CSR) created
jointly by the University of Illinois at Urbana and Bolt
Beranek and Newman in Cambridge, Massachusetts.
NIE is also supporting a number of individual cognitive
science research projects in reading and mathematics
learning. In addition, NIE and the National Science
Foundation (NSF) have a joint program supporting proj-
ects in which persons from cognitive psychology collab-
orate with persons from one of the scientific disciplines
in studying learning and teaching of that discipline.

The Center for the Study of Reading is giving major
attention to such areas as the following:

The Role of Background Knowledge in Reading
Comprehension

Comprehension is now seen as a fitting of what is
being read to the content and conceptual structure of the
reader's existing knowledge rather than an isolated as-
similation of new information.

Prior Language Experiences

The Center is attempting to understand cultural dif-
ferences in children's experience with language prior to
the middle grades. Because earlier research on surface
(e.g., phonological) differences has revealed little about
cultural differences in reading comprehension, the Cen-
ter is examining higher level aspects of languagestruc-
tural properties of conversations, conventions of usage,
and expectations about the social interactions that appear
in stories. It seeks to identify specific features of edu-
cationally advantaged homessuch as reading to pre-
school childrenthat may contribute to later success in
reading comprehension.

Reading Strategies and Tactics

Teaching children to monitor their own comprehen-
sion and to take action when they realize they do not
understand, a characteristic of skilled readers, is proving
to be a powerful instructional technique. The Center con-
tinues to identify specific strategies children can use to
aid in directing their attention to the most important con-
tent, recovering from outside events that disrupt their
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concentration, and questioning their own understanding.
This work envisions direct instruction in high level com-
prehension processes and study skills. It is believed that
these advanced skills may be the ones that account for
major cultural differences in student achievement.

EDUCATIONAL TESTING

A 1978 NIE conference on research on testing pointed
out it the essential form and structure of educational
testir.g ilas changed little in over 50 years despite the
markc;1 changes that have occurred in psychological
knowledge and technology in that half century. They
recommended an extensive national research and devel-
opment program designed to increase the appropriate-
ness of testing and its value in the instructional process.
As a first step, NIE has called for research proposals in
several areas described below.

Use of Tests as Teaching Instruments

Attention will be placed on two specific topics: ap-
plication of cognitive models of the knowledge structure
of various subject matters and of :earning and problem-
solving to construction of tests that identify processes
underlying test answers, analyze errors, and provide in-
formation about what students, know and don't know;
and strategies for integrating testing information with
instructional decisions.

Multiple Forms of Assessment

Research will focus on several needs; among them are
procedures for assessing skills as they are displayed in
various performance situations, detailed analyses of spe-
cific skills requirements for school tasks, multiple forms
of testing that capitalize on advances in computer tech-
nology and research on cognitive processes, and tech-
niques for presenting the results of multiple assessments
in meaningful ways.

Cultural and Linguistic Factors in Testing

Many cultural factors that affect test interpretation and
performance will be studied, including the linguistic de-
mands of tests used in education, effects of differing
vocabulary knowledge or knowledge of subject matter,
and different ways in which language knowledge affects
test performance, including culturally specific interpre-
tations of instructions and items.

COMMUNICATION IN THE CLASWOOM

Understanding the social context of cognitionthe
communication systems of classrooms and other learning

5
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environmentsis necessary if new advances in cognitive
science and technology are to be applied to the class-
room. In the past 10 years, a new field of study has
developed, drawing on the perspectives of linguists, an-
thropologists, and sociologists. This area, variously
called sociolinguistics or the ethnography of communi-
cation, has greatly increased our knowledge about the
regularities of human communication in both verbal and
nonverbal modes. Technological advances in audio and
video tape equipment have made possible the develop-
ment of systematic procedpres for identifying recurrent
patterns of communication in particular settings. In their
application to educational research, ethnographic meth-
ods broaden the parameters used to assess the compe-
tence of teachers and students by examining them in a
range of naturalistic activities and cultural contexts. One
of the major recommendations of an NIE Conference on
Studies in Teaching (1975) was for research on teaching
as a linguistic process, which would help children and
teachers understand each other more fully:

The study of linguistic phenomena in school set-
tings should seek to answer educational questions.
We are interested in linguistic forms only insofar
as through them we can gain insight into the social
events of the classroom and thereby into the un-
derstandings which students achieve. Our interest
is in the social contexts of cognition: speech unites
the cognitive and the social. The actual (as opposed
to the intended) curriculum consists in the meanings
enacted or realized by a particular teacher and class.
In order to learn, students must use what they al-
ready know so as to give meaning to what the
teacher presents to them. Speech makes available
to reflection the processes by which they related
new knowledge to old. But this possibility depends
on the social relationships, the communication sys-
tem, which the teacher sets up.

Responding to this recommendation, the ME Program
in Teaching and Learning solicited research on three
questions: What is the nature of communication in the
classroom? How do students acquire the rules of class-
room discourse? What are the effects of inadequate
learning of classroom discourse rules? Awards were
made for a number of investigations into communicative
patterns among teachers and children in culturally di-
verse elementary school classrooms, bilingual programs,
and homes. While these research projects do not deal
with implementation of research findings, they have im-
portant implications for the training of teachers, im-
provement of instruction, assessment of linguistic com-
petence in students who speak little English, and
evaluation of new programs in bilingual and bicultural
education.

ti

The interest in studying teaching and learning in a
more holistic manner and in more naturalistic contexts
is also leading to educational research in out-of-school
as well as classroom settings, in adults as well as in
children.

INFORMATION-HANDLING TECHNOLOGY

THE TECHNOLOGY

We have entered a revolutionary age in the technology
of information-handling. The microelectronic revolu-
tion, extensively documented in the September 1977 is-

sue of Scientific American, is making possible a roughly
tenfold decrease each five years in the cost of the inte-
grated circuits that are at the heart of contemporary dig-
ital computers. We have available for individual use, at
relatively low prices, sophisticated calculators and com-
puters and means of generating images on video tubes.
As supplements to the now universally available TV re-
ceiver, we have video tape recorders and players and
will soon have the even cheaper and, in educationally
important ways, more flexible videodisc player. Follow-
ing are some examples of currently available devices
useful in education.

Computers and Calculators

Handheld calculators providing the four arithmetic
functions plus square root now sell for about $10, and
the cost of calculators providing trigonometic and log-
arithmic functions has declined to the same level. Cal-
culators able to handle 400-step programs are now at the
$100 level. Handheld instructional devices providing
drill and games in arithmetic sell for $15-25 and in spell-
ing, with a simulated human voice, for $65. Personal
computers, which include a TV tube display, keyboard,
processor, a sizable memory, and weigh less than 50
pounds, are now available for $600. These computers
are comparable in capacity to computers costing hundreds
of thousands of dollars a decade ago, and they are only
the first of many that will become available at decreasing
prices or with much greater capability at the same price.
Incorporation of microcomputers into TV sets could
make substantial computer power available in the home
to each child.

Video Storage, Retrieval, and Display Devices

A videodisc system coming onto the market for $700
will provide, in conjunction with a regular TV set,
54,000 separate frames of full-color picture image, or
alphanumeric or computer information, on one side of



a disc similar in size and cost to an LP record. The
54,000 frames correspond to 30 minutes of video at 30
frames per second. The system also provides rapid ran-
dom access (dialed in more expensive models) to each
of the frames, which are individually numbered and can
be viewed individually for any length of time desired
and may contain roughly one-quarter of a page of easily
legible text (or a full page with special high-resolution
video tubes), and easy replay, at regular or slower speed,
of any portion of a motion picture. Combinations of
videodisc players and microcomputers, referred to as in-
telligent videodisc systems, allow controlled sequencing
of video frames (which may be based on student re-
sponses) as well as the possibility of transferring com-
puter programs from the disc to the computer. While no
such systems are available commercially at this time,
NSF has let two contracts for development of prototypes
designed to be useful in education. The disc can store
10 billion bits of information (Encyclopaedia Britannica
contains 2 billion bits; a human chromosome has a ca-
pacity of about 20 billion bits; and the human brain per-
haps 10,000 billion). This immense storage capacity
could probably include on a single disc all the computer
courseware ever published. There are now available, for
less than $1,000, home color TV tape recorder-players.
Tape systems have the advantage of allowing recording
and playback of video program materials that have not
been prerecorded, but tape is currently more expensive
per minute of playing time than a disc, and single-frame
display is more diffictilt.

Other Technology

Technology in several other new forms can be appli-
cable to education. For instance, TV gamer that sell for
as low as $40 to $50 are a familiar form of video graph-
ics. Computer-controlled graphics wall 15 colors are
available for $300 to $400. A spurh generator that
strings together common phonemes it: res!..--...Ise to com-
puter commands is available for under $400, and a de-
vice that can be taught to recognize a number of spoken
words starts at $300. Music generators now range from
ones that string together single notes into a melody to
those that permit control of attack, decay, and timbre.
Word-processing devices that allow preparation of hard
copy of written text after editing and margin justification
are available in various forms; among them is an acces-
sory to home computers. Existing and other foreseeable
and barely foreseeable devices will make possible great
improvement and cost reduction in existing educational
applications of technology, as well as major qualitati
changes in the use of technology in instruction.

APPLICATIONS

New technologies substantially improve our ability to
keep students actively engaged in learning for sustained

National Institute of Education 395

periods, a prime requisite for effective education; allow
teaching to be adjusted to the rate and style appropriate
to the individual student and to the particular difficulties
the student encounters; reach teachers with high-quality
inservice training coupled to approaches they are using;
and test students in ways that are fairer and pl-ovide more
precise information on the sources and cures of diffi-
culties the student is experiencing. In addition, their cost
is reasonable.

In 1978, the subcommittee of the House Committee
on Science and Technology issued a report, Compiat'rs
and the Learning Society, based on extensive hearings.
The report found wide agreement for the ideas that prop-
erly implemented uses of computer technology in schools
can make significant improvements in teacher effective-
ness and student learning and that the microcomputer
revolution very likely will make personal computers
commonplace in the home in the near future and dra-
matically reduce the costs of general purpose computer
systems, thereby introducing unique educational oppor-
tunities. The subcommittee made several recommenda-
tions for Federal action responding to these opportuni-
ties. They recommended that the Federal Government
be the primary source of funding in the computer-based
education field, taking leadership initiative in develop-
ment and implementation of a research strategy that will
satisfy the requirements for compatibility between broad
national goals and those of the country's highly auton-
omous school systems. They recommended that feder-
ally sponsored research be directed toward increasing
basic understanding of appropriate hardware, software,
courseware, and instructional theories, and toward iden-
tifying and testing organizational and managerial tech-
niques needed for effective use of technologies in edu-
cation.

The National Institute of Education and the National
Science Foundation are carrying out a number of activ-
ities consistent with these recommendations. NIE is sup-
porting a study of the effects over time on elementary
school students of varying amounts of computer supple-
ments to regular instruction in arithmetic, language arts,
and reading. The NIE-sponsored conference on research
on testing, referred to earlier in connection with cogni-
tive science, laid great emphasis on the potential of new
low-cost information-handling technology for creation
of better educational tests, and NIE's research grants
program in testing can provide support for some such
work. The technology makes feasible, for example, tests
that simulate real situations in which students would be
using what they learned, tests that follow students
through more complicated tasks, and tests that diagnose
difficulties students are having and suggest remedies. As
noted, NSF is supporting development of prototype in-
telli , videodisc systems for educational use, and it is
supporting other projects developing applications of
technology to science education. NSF and NIE are also
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cooperating in a new joint program of research and de-
velopment in the use of technology in the teaching of
mathematics.

The activities described here are not as yet at a level
sufficient to realize the great potential of technology for
education. Private enterprise is already producing a va-
riety of technological products related to education, but,
as in many other areas, individual firms are not generally
likely to be able to justify support of the costly research
and development required for full exploitation of the
possibilities. As pointed out by the congressional report,
Computers and the Learning Society, and an earlier
Commission on Instructional Technology (1970), the
Federal Government Lcems the only feasible source of
the necessary funds.

The following are examples of the application of new
technologies to basic skins in reading and computation.

Drill and Practice

Currently available full computer-based drill and prac-
tice programs in elementary reading, language usage,
and computation were designed to be economically fea-
sible with the costly technology of the 1960s. At current
or projected prices of computer capability, considerably
more sophisticated programs could be produced for de-
livery at the same cost. Alternatively, the -.ame program
should be deliverable more conveniently at considerably
lower cost (...g., it seems feasible to build an entire
computational drill and practice program into a handheld
calculator costing perhaps $50 or less).

Testing

Much standard testing is now carried out in the mul-
tiple-choice format to facilitate either hand scoring or
machine scoring based on half-century-old technology.
Current and prc-nective technology makes possible com-
puter-aided diagnostic and performance testing of far
greater sophistication at costs comparable to tests based
on the old technology.

Instructional Programs

The combination of microcomputer and videodisc
(with video and audio) makes possible sophisticated in-
structional programs at low cost, including instruction
of students who cannot yet read instructions. These pro-
grams are generally designed to be useful to the teacher
as a supplement to regular classroom education. They
can be advanced examples of existing types of computer-
assisted instruction (CAI) programs, but new low-cost
computing power and new knowledge of human learning
processes feasible qualitatively different sorts of
interactive instruction in which the computer is "knowl-

edgeable" about the subject miter being taught, and
about tutorial strategies suitable for dealing with the
learning behavior of individual students.

It is easy to imagine computer-videodisc programs
teaching reading comprehension strategies in ways that
have not been possible in the past. Early work is under-
way on programs that allow children to learn mathe-
maties (or reading and writing) in the same way they
learn to understand and speak their native tongueby
"im-nersing" them in a world where mathematics is
'spoken."

ORGANIZATIONAL SCIENCE

Modern organization science has shifted attention to
what actually happens in organizations away from al-
most exclusive concern with what ought to happen,
thereby adding science to what was previously often
more managerial engineering than managerial science.
The importance of this line of thinking was emphasized
recently in the award of the Nobel Prize in Economics
to Herbert A. Simon whose classic Administrative Be-
havior laid the foundations for this new approach. The
following discussion, from the standpoint of organiza-
tional science, of organizational problems in education
and bureaucratic pathologies in educational organiza-
tions is taken from an unpublished summary by James
G. March of a series of conferences which he arranged
with the support of NIE.

ORGANIZATIONAL PROBLEMS IN EDUCATION

Not all education occurs in organizations, and the ed-
ucational institutions of the future may be different from
the schools with which we are familiar; however, much
of education is conducted in relatively large bureaucratic
organizations. Those organizations are the focus for con-
siderable contemporary complaint.

Administration

Educational administration has been variously char-
acterized as too weak, too strong, too professional, and
too incompetent. Unfavorable comparisons have been
made between the 20th century gains in productivity in
most industries and the rising costs without apparent
gains in education. Educational organizations have been
describhd as excessively resistant to change and easily
corrupted by change. School systems have been enlarged
in the name of efficiency and equity; they have been
reduced in size in the name of community control and
efficiency. A system of professional certification and
organizational careers has been constructed in pursuit of
quality and ig now challenged on the same basis. Par-
ents, students, ethnic groups, unions, legislatures, and



state and Federal agencies are challenging various as-
pects of school organization, though rarely in a coordi-
nated or consistent way.

Contemporary distress over the schools is not directed
exclusively, or even primarily, at educational organiza-
tion. We have become catholic in our distastes. Criti-
cisms have also been directed at the curriculum, the
teaching, the technology, the educational materials, the
physical conditions, the composition of the student
body, and the school lunches. Nevertheless, all of these
are, in some degree, a product of the organization and
administration of education.

Changes in Demography

Concerns about educational organization have been
intensified by demography. Changes in the birth rate
have produced changes in the demand for education be-
cause of both the number of children attending schools
and the number of taxpaying parents willing to support
schools. Changes in the ethnic and socioeconomic mix
of studentA in public schools have produced changes in
the character of the demand for education: different
things are wanted, and their achievement apparently re-
quires different techniques, if indeed they can be
achieved. Changes in the professional training and career
aspirations of teachers, other professional staff, and
school administrators s &em to have reduced turnover in
educational occupations, restricted entry into them, and
increased the costs of staffing. These changes seem sys-
tematically to be raising the cost of education while re-
ducing the price society is willing, or able, to pay.

Efficiency and the Role of Operations Research

One implication is that education may be inefficiently
organized or managed. As a result, significant effort has
been directed toward bringing into educational manage-
ment the modern techniques of management science.
operations research, and information-handling. The ef-
fort has made notable contributions to the way educa-
tional institutions manage records, account for expend-
itures, coordinate utilization of space and equipment,
and forecast flows of students and student activities.

Despite such successes, operations analysis in edu-
cation has been subject to criticism among both man-
agement scientists and educational administrators. Some
of the criticisms are technical; some are visceral. But
there seems to be a moderate consensus on two important
impediments to making gains in efficiency through ap-
plications of standard management science techniques to
education. First, a very large fraction of total educational
expenditures is for teaching personnel and related profes-
sionals organized around classrooms. Using most man-
agement science techniques requires considerably more
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precise information than we now have about the details
of teaching activities and their susceptibility to change.
Second, educational organizations appear to have less
well-defined goals and less well-understood technologies
than most organizations that have been sites for major
operations analysis successes.

In addition, many educational practitioners and stu-
dents or organizations caution against a too narrow def-
inition of organizational "efficiency" in education.
There is some risk that we will attend to those things we
understand and can measure, and ignore those things,
however important, that we have greater difficulty trans-
lating into an explicit criterion function or an explicit
production function. Without denying the numerous
good opportunities in education for improving organi-
zational practice through existing tools of management
science, we need other kinds of administrative and or-
ganizational creativity that attend more closely to some
fundamental properties of educational organizations and
to our understanding of them.

Similar observations can be made about other attempts
to improve the effectiveness of educational organiza-
tions. In recent years we have attempted to improve ed-
ucation through various forms of organizational change.
For example, community participation, vouchers, col-
lective bargaining, and consolidation. Advocates of
these and other changes have been able to cite obser-
vations suggesting that the changes have been useful,
but there have been disappointments in every case also.
Our experience with organizational reform commends a
certain caution in our confidence that we know how to
predict the conseouences of changes in organizational
structure, practice, or personnel.

There are many things that can be done. Educational
organizations are not immune from simple waste, ordi-
nary mismanagement, and bureaucratic foolishness. We
do not require research to know that something should
be done in such cases; nor do we require research to
know what to do. But our history of modifying organi-
zations in education (as well as other public bureaucra-
cies) suggests that some of the problems are resilient to
standard analysis even when changes are fervently bz-
lieved in and vigorously pursued. This suggests the pos-
sibility that we might want to invest a modest fraction
of our educational investment to developing a better un-
derstanding of the organizations that spend it.

BUREAUCRATIC PATHOLOGIES AND EDUCATIONAL

ORGANIZATIONS

If bureaucracy were not an efficient instrument for
organizing and implementing action, we could easily
solve bureaucratic problems by eliminating bureaucracy.
Our difficulties arise not from the unrelieved inefficiency
of large-scale organizations but from the fact that those
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features of bureaucracy that seem to be most central to
efficiency also seem, under certain circumstances, to
produce large, perverse effects.

We call these difficulties pathologies of bureaucracy
to suggest the view that health and disease may be man-
ifestations of broader processes that produce both. In
public bureaucracies we appear to face two major kinds
of pathologies. !n some cases, a feature of organization
that is generally functional under some circumstances
seems to expand uncontrollably, feeding upon itself until
it becomes an essentially grotesque caricature of effi-
ciency. The classic example is the proliferation of formal
rules. In other cases, a feature of organization that is
generally functional is applied to a situation that differs
in some unrecognized vital way from the standard situ-
ation, so that essentially sensible activities Fead to dis-
aster. A perfect example is the appiicatio:i of classic
notions of rational planning to domains in which objec-
tives are unknown or in conflict.

Five Types of Pathologies

Bureaucracies in the public sector appear to be subject
to a long list of such pathologies. Many of them can be
summarized under five classifications:

(1) The pathologies of proceduresefforts of orga-
nizations to administer themselves through regulations
and rules produce not only reliability but also rigidity,
arbitrariness, and evasiveness.

(2) The pathologies of hierarchythe use of hierar-
chical organization, administrative careers, and mana-
gerial authority as cornerstones of organizational action
has natural complications.

(3) The pathologies of specializationthe division of
labor and the development of competence can help create
problems of communication, coordination, and control.

(4) The pathologies of rationalityour attempts to
make decisions intelligently, to plan, and to coordinate
actions with objectives may cause complications when
goals are ambiguous or in conflict, futures uncertain,
and alternatives ill-defined.

(5) The pathologies of renewalthe ways in which
organizations renew themselves through problem-solv-
ing, change in personnel or policy, evaluation and ac-
countability, and learning can present unanticipated dif-
ficulties.

Procedures, hierarchy, specialization, rationality, and
renewal are fundamental to modern bureaucratic orga-
nization. Although there are periodic efforts to design
organizations without those properties, they generally
have appeared to be so basic to the efficient operation
of ovganized action that reform more commonly seeks
to introduce more, rather than less, of them. By labeling
certain consequences of such standard bureaucratic
forms as pathological, we mean to suggest that they are

potentially present whenever we organize a bureaucracy,
that the processes changing effective bureaucratic ac-
tions into pathologies are powerful, and that they can be
understood and ameliorated. Although they are inherent
in the forms of organization we use, they are not simply
costs that must be borne.

Educational Bureaucracy's Special Vulnerabilities

These pathologies of bureaucracy are familiar to any-
one who has studied or lived in a large-scale organiza-
tion. They can be seen in business firms and armies. But
educational institutions have special properties as orga-
nizations that make them particularly vulnerable to some
manifestations of the phenomena. None of the properties
are unique to education, but they are conspicuous there.
Consider the following four characteristics:

First, educational organizations are social institutions.
They exist in, are affected by, and affect an environment
of parents, taxpayers, professional groups, politicians,
and governmental agencies. Teachers and administrators
perform a variety of social roles simultaneously. Edu-
cation is a social value and an ideological battleground.
Schools change (or fail to change) in response to various
signals, pulls, and pushes from the environment.

Second, educational organizations are hierarchies.
They use a conventional bureaucratic form of organi-
zation with relatively standard ideas of authority, admin-
istration, and control. Personal prestige and perquisites
are associated with position in the hierarchy; there is a
well-defined managerial group; meetings are held, de-
cisions made, and programs implemented. Individuals
are presumed to rise in the administrative ranks on the
basis of relatively impersonal criteria of merit. Leaders
are fired if the organization does poorly.

Third, educational organizations are professional. The
major work force (teachers) is professionally trained and
identifies with a profession. They (and others) expect
their behavior to be governed by professional rules of
conduct; they (and others) expect that teachers will have
considerable control over their own activities as long as
they are related to professional work; and they (and oth-
ers) expect to resolve questions of proper practice by
reference to outside professional authority rather than
internal bureaucratic authority.

Fourth, educational organizations make decisions un-
der conditions of ambiguity. Educational technology is
poorly understood; asserted educational objectives tend
to be either vague, contradictory, or not widely shared;
participants in educational organizations include individ-
uals and groups who move in and out of activity in the
organization sporadically.

These four features of educational organization are
fundamental and pervasive. The same features can, of
course, be found in other organizations, and research
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directed at exploring their consequences will be relevant
to other hierarchical, professional organizations operat-
ing under ambiguity in a social context. In particular,
many of the same things could be said about other public
bureaucracies. But basic research bearing on such factors
is particularly necessary for understanding and improv-
ing educational practice.*

THE ME PROGRAM

ME has instituted a continuing research grant program
in organizational processes in education designed to sup-
port research along lines such as those discussed above.
Results of the research will be made directly available
to educators and others in easily usable form and will
also be taken into account in the design of other research
and development programs, dissemination and improve-
ment of practice programs, and advice given by ME on
design of other educational support programs. A recent
example is the following amendment to ESEA Title I
legislation (Education Amendments of 1978Public
Law 95-561, Sec. 124):

(i) TEACHER AND SCHOOL BOARD PARTIC-
IPATION

A local educational agency may receive funds under
this title only if teachers in schools participating in
programs assisted under this title, and school boards
or comparable authority responsible to the public
with jurisdiction over the schools, have been in-
volved in planning for these programs and will be
involved in the evaluation thereof.

* End of summary by James G. March.
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This provision was based on research which showed that
innovations imposed from above in educational organi-
zations have much smaller likelihood of success than
those developed in the way called for in this statute.
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The years ahead present unusual opportunities for
progress in biomedical science. Investigations in the
basic areas of genetics, immunology, virology, molec-
ular and cell biology, and neurobiology are moving for-
ward rapidly and promise to open penetrating new in-
sights into the nature of life, the functioning of biological
systems, the character of disease, and the conditions nec-
essary for health. The new recombinant DNA technol-
ogy, for example, is expected to provide a powerful
experimental approach to a fuller understanding of dis-
eases that are recognized to have genetic components,
including diabetes, cancer, and cystic fibrosis; this tech-
nology may yield new therapies for previously untreated
diseases. We are also moving toward a better under-
standing of the interaction of the chemical, physical, and
biological Ohenomena that form the basis of nutrition,
therapeutics, toxicology, and environmental health. The
prospect for further research advances in addressing the
major chronic and metabolic diseases seems promising.

However, an increasing divergence between oppor-
tunities and resource capabilities seems probable for the
foreseeable future. While the vitality of the research en-
terprise remains high, certain disquieting trends have
become perceptible: over the past several years, national
support for health research has leveled off; the quality
of scientific plant and equipment has deteriorated; re-
search opportunities for young university scientists have
been diminishing; and the proportion of M.D.'s electing

to train for careers in biomedical research has fallen
sharply.

To help cope with these and other critical problems,
the Secretary of Health, Education, and Welfare (HEW)
has proposed the development of a five-year strategy to
guide the allocation of the Federal health research dollar.
Such a plan may serve to level out the annual appropri-
ations fluctuations and thereby facilitate more rational
health research planning. As a first step in this process,
a National Conference on Health Research Principles
was convened in Washington, D.C., on October 3-4,
1978, to receive public testimony from witnesses sug-
gesting health research principles and to develop draft
panel reports organized around several substantive foci.
The planning principles adopted at that conference* are
intended to serve as a structure for the development of
a strategy that could contribute to the resolution of press-
ing national problems in the health sciences.

A number of critical issues of national significance
have emerged and will require the special attention of
the National Institutes of Health (NIH) in the next five
years. These concern the need to sustain the vigor of
basic research; address concerns associated with the de-
velopment of the new recombinant DNA technology;

* See Conference Report, National Conference on Health Research
Principles, U.S. Department of Health, Education, and Welfare, Pub-
lic Health Service, National Institutes of Health, January 1979.
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press for further advances against the nation's major
health problems; develop appropriate measures to con-
front critical environmental factors affecting human
health, particularly in the areas of environmental toxi-
cology and nutrition; strengthen the capacity for tech-
nology and information transfer in the health field; and
assure essential supporting resourcesfunds, facilities,
and manpowerfor the nation's biomedical research
effort. Each of these concerns is discussed below.

SUSTAINING THE VIGOR OF BASIC RESEARCH

Increasing fiscal constraints and pressures for a stronger
orientation of health research toward immediate appli-
cations will undoubtedly complicate support for basic
research and raise persistent problems of balance and
priority. Significantly, the most frequent assertion of
commentators at the Naticnal Conference on Health Re-
search Principles was that support of the science base
(basic research and supporting resources)* should be sta-
bilized to the extent possible; indeed, conference par-
ticipants agreed as a governing principle that a national
commitment to fundamental research is essential in
meeting the full range of public health expectations.

Also stressed by the conferees were the following: (1)
that the decision to fund fundamental research in a given
area should be based on an assessment of related ongoing
research and new scientific opportunity (here, the peer
review system must be regarded as an efficient and es-
sential instrument in the conduct of research grant pro-
grams); (2) that investigator-initiated research proposals
must continue to be emphasized in the conduct of fun-
damental research and must be restored to their previous
prominence as a mechanism for allocation of funds; and
(3) that recognition must be given to a broadened con-
cept of health factors and a research base developed to
investigate them, with particular emphasis on studies in
the behavioral sciences and population sciences, includ-
ing epidemiology and biostatistics.

In the debate on the allocation of resources, it has
been necessary to emphasize the importance of basic
research in contributing to human health and well-being.
Indeed, that contribution has been a gratifying one. The
elucidation in recent years of immune processes at cel-
lular and molecular levels, for example, has led to im-
proved treatment of diseases of allergic origin, progress
in preventing graft rejection in patients, and greater un-
derstanding of genetic susceptibility to disease. The rec-
ognition of the role played by "slow" or "latent" vi-

* The "Science Base" concept is now being tested by the National
Institutes of Health as part of a broader system of allocation of mon-
etary resources designated "SATT- (Science Base, Applications Re-
search, Technology Transfer, and Training.)

ruses in disorders of the central nervous system is
another important achievement. For his work in this
area, Dr. Carleton Gajdusek of the National Institute of
Neurological and Communicative Disorders and Stroke
was awarded the 1976 Nobel Prize in medicine. And the
striking advances made in the past 10 years in under-
standing the structure and mechanisms of enzyme action,
have offered promise that enzyme replacement therapy
may lead to effective treatment for certain genetic dis-
orders. These and many other illustrations of the contri-
butions of basic research to human health and well-being
have been described in detail in the National Science
Board's Tenth Annual Report (1978), Basic Research in
the Mission Agencies. *

It is encouraging that we have reached the point in
biomedical science when investments are likely to be
very productive. Investigations in several fields ge-
netics, immunology, virology,** and cell biologyare
moving forward rapidly; these areas are basic to our
understanding of virtually all disease processes. The
neurosciences, with their enormous potential for con-
tributing to physical and mental well-being, are also con-
sidered very promising. (Significant progress has been
made, for example, in elucidating some of the mecha-
nisms involved in such diseases as multiple sclerosis,
myasthenia gravis, and parkinsonism; the development
of new chemical compounds may well transform the
pharmacological treatment of neurological disorders.)

The advances of the past and the promises of the fu-
ture do not, however, signify that the central tasks of
basic biomedical research are nearing completion; the
fundamental science bases needed to solve the problems
of cancer, heart disease, diabetes, arthritis, hereditary
diseases, and mental disorders are exceedingly complex
and will require more time. Investments, however, can
be made in ways that take advantage of avarNable op-
portunities and avoid premature emphasis in areas where
the necessary knowledge infrastructure has yet to be ad-
equately developed. Inevitably, difficult choices must be
made between costly development of half-way technol-
ogies, on one hand, and more basic researchwith a
longer latent period before payoff and higher riskon
the other.

* See, also, NIll Research Advances (published annually by the Na-
tional Institutes of Health) and Appendix A of the Report of the Pres-
ident's Biomedical Research Panel for additional examples of recent
research achievement.

** Some concern has been expressed that the emphasis, interest, and
opportunities in cancer virology may be blunted by the growing de-
mands for funding of other promising areas, such as environmental
toxicology and nutrition; the net effect may be a decrease in support
for research in virology and virus diseases.



RECOMBINANT DNA RESEARCH: ISSUES
GENERATED BY A NEW TECHNOLOGY

The techniques used to produce recombined molecules
of DNA, the complex chemical that codes genetic in-
formation for all living cells, hold great promise for sig-
nificantly advancing our understanding of fundamental
biological processes. These techniques also offer hope
of important progress in cloning modified cells for the
large-scale production of biological compounds for the
treatment and control of disease. For example, the pos-
sibility of producing insulin through recombinant DNA
techniques has now been demonstrated, and commercial
production of this hormone appears probable within the
next five years. Applications of recombinant DNA tech-
niques in agriculture are equally exciting, and studies
are now underway to examine the possibility of increas-
ing food production through the development of new.
disease-resistant plant strains, and a decrease in the fer-
tilizer requirements of crops by directly transferring to
plants the microbial enzyme systems that perform nitro-
gen fixation.

From the pioneering days of this research, however,
many of the nation's leading scientists expressed concern
that the insertion of foreign genes into microorganisms
could carry the potential for harm by yielding new dis-
ease-producing organisms. Although no harm has _re-
sulted from recombidant DNA research to date, there
has been widespread uncertainty about the degree of risk
involved. On January 2, 1979, revised NIH Guidelines
governing recombinant DNA research in this country
went into effect. These guidelines should permit the
promise of DNA research to be realized without pre-
senting any significant risk to public health or the en-
vironment. They provide a flexible, open system that
can accommodate new scientific information that may
warrant change, either to relax or to increase safety re-
quirements. Concurrent with their release, steps have
been taken to require compliance by private companies
engaged in recombinant DNA research, primarily through
use of the regulatory authority of the Food and Drug
Administration, and through appropriate action by the
Environmental Protection Agency. Additionally, public
participation in the process of administering the guide-
lines is assured through representation on the Recom-
binant DNA Advisory Committee and Institutional Bio-
safety Committees.

It is essential that the mechanisms established for reg-
ulating this : :esearch function effectively; consequently,
over the next few years, NIH will carefully review their
operation. As directed by the Secretary of HEW, NIH
will also formulate a plan for carrying out a balanced
program of risk-assessment experiments to better judge
whether the guidelinesand the actions taken under
themafford appropriate protection for health and the
environment.
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ADDRESSING THE NATION'S MAJOR HEALTH
PROBLEMS

PRINCIPAL CAUSES OF MORBIDITY IN THE UNITED
STATES

Cancer, diseases of the heart and lung, and certain
chronic and disabling diseases such as arthritis, diabetes,
and digestive diseases constitute the principal causes of
morbidity in the United States and result in enormous
treatment costs to those afflicted and to the taxpayer.
Infections remain the single most common cause of mor-
bidity and cause significant premature mortality.

The pervasiveness and impact of these problems may
be briefly noted. More than 100 clinically different can-
cers are recognized, each having a distinct pathologic
appearance and requiring different kinds of treatment.
Cardiovascular diseases cause over half of all deaths in
this country and account for more than one-third of all
potential years-of-life lost as a result of illness. The so-
cial and economic burden of diseases of the lungs and
respiratory system is equally severe; while these cause
fewer deaths than cardiovascular diseases, many kill ear-
lier in life and result in exceptionally high treatment
costs. Arthritis, diabetes, and digestive and kidney dis-
eases are the first cause of all physician visits and of all
short-term hospital stays.

To confront these critical problems, health research
and programmatic efforts will focus on the areas briefly
highlighted below.

Cancer

Promising research has generated rising expectations,
particularly for cancer prevention. The promise and the
expectation stem from recognition of the causative role
of environmental factors. In recent years, new knowl-
edge of the cancer process, new experimental models,
and new research methods have made it possible to ex-
plore the actions of multicausal factors, the relation be-
tween mutagenicity and carcinogenicity, the potential
reversibility of various cellular abnormalities, and the
mechanisms of action of agents influencing successive
steps in the initiation and promotion of neoplastic
changes. New approaches to epidemiologic research and
improved carcinogenicity test bioassay methods also
promise added insight into the questions of cause, risk,
and prevention.

In the area of cancer control, a program to study,
evaluate, and demonstrate new methods of notifying
high-risk populations with a view toward influencing
health-related behavior will be implemented in fiscal
year 1980. Elements of this program include activities
on smoking, nutrition, alcohol, radiation, and work
place exposures. A new effort will also begin in fiscal
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year 1980 to establish and operate clinical facilities for
the evaluation of high-energy neutron therapy.

Early detection still holds promise for improved sur-
vival, but the issue has proven to be more complicated
than suspected. More research in validation of the ef-
fectiveness of early detection techniques is needed, in-
cluding the use of clinical trials, before early detection
methods are put into wide practices.

Gains in the treatment of leukemias, lymphomas, and
certain childhood cancers have been dramatic. To extend
these advances, clinical trials of adjuvant chemotherapy
applied to some of the cancers more common in adults
are currently in progress, Preliminary results in the treat-
ment of breast cancer are considered promising.

Diseases of the Heart and Lung

There is a challenge to reduce not only the morbidity
and mortality of cardiovascular and pulmonary diseases
but also the staggering economic costs. To sustain the
momentum of the dramatic decline in deaths of the
1970s, the National Heart, Lung, and Blood Institute
(NHLBI) will continue in the 1980s to pursue a national
program that encompasses all activities in the biomedical
continuum from the acquisition of new knowledge and
the validation of existing information, to the translation
of proven findings into health practice.

Prevention and effective treatment of overt disease
depend to a large extent on being able to detect early,
often asymptomatic, stages. Recent advances in funda-
mental research have produced a number of non-invasive
methods for early diagnosis. The Institute is developing
and evaluating instrumentation to image atherosclerotic
lesions using ultrasonic methods. The prototype instru-
ments are able to image cross-sections of arteries to show
the presence and structure of small early lesions. An
acoustic pulse response technique, similar to sonar, is
also being tested as a way of detecting and characterizing
small airway obstructions in lung diseases such as
asthma, bronchitis, and emphysema. These and other
new methods not only show promise as safer, easier,
and less costly methods of diagnosis, but they can be
repeated without hazard over time to evaluate a patient's
therapeutic progress.

Clinical trials test the efficacy and safety of preventive
and therapeutic regimens with the potential to save
hundreds of thousands of lives and billions of dollars
each year. The Aspirin-Myocardial Infarction Study
(AMIS) will document the role and efficacy of the use
of aspirin in the treatment of coronary artery disease,
and the Hypertension Detection and Follow-up Program
(HDFP) will provide information on the value of treating
mild hypertension. Two new NHLBI trials began their
patient recruitment phase this year. The Beta-Blocker
Heart Attack Trial (BHAT) will test the efficacy of pro-

pranolol, a drug with anti-arrhythmic properties, in the
prevention of recurrent heart attacks. The Multicenter
Investigation of Limitation of Infarct Size (MILTS) Trial
is designed to assess the ability of therapeutic interven-
tions to reduce permanent heart muscle damage at the
time of a heart attack.

The results of all NHLB1 trials are to be disseminated
to the health care practitioner as soon as the data are
analyzed so that translation to regular health care prac-
tice can take place expeditiously. Such translation has
been successful in the National High Blood Pressure
Education Program which has contributed to an increase
in national awareness, an increase in patient visits for
high blood pressure, and a decrease in stroke deaths.
From experience with this program, the Institute is mov-
ing more visibly into nutrition education. Much of the
new program will focus on the potential value of nutri-
tion education at the point of food purchase. Successful
pilot projects have already been completed in cafeterias
and with vending machines. The "Food for Health"
project is the forerunner of programs designed to help
consumers make informed choices in other food selec-
tion locales.

Arthritis, Diabetes, Digestive Diseases, and Other
Chronic and Disabling Diseases

It is anticipated that the special centers program of the
National Institute of Arthritis, Metabolism, and Diges-
tive Diseases (NIAMDD)the Multipurpose Arthritis
Centers (MAC) and the Diabetes Research and Training
Centers (DRTC)will continue to expand at a modest
rate over the next five years from the current levels of
24 MACs and 8 DRTCs, creating the potential for sig-
nificant impact on these extremely important public
health problems.

In the area of digestive diseases, cognizance is taken
of the recent report of the National Commission on
Digestive Diseases which shows that these disorders ac-
count for 10 percent of the total cost of illness and 15
percent of general hospital admissions, for an economic
loss of $17 billion yearly in medical care and another
$35 billion in lost work and wages. Clearly, a carefully
formulated expansion into this area to take advantage of
available research opportunities appears appropriate.

Infectious Diseases

Paths of future research have been charted in the six-
volume report of the Task Force in Virology created by
the National Institute of Allergy and Infectious Diseases
(NIAID). Vaccines against epidemic respiratory and
bacterial infections are needed and are being sought, a
hepatitis B vaccine is nearing clinical trials, and the way
seems open to development of additional safe and effec-



)
tive antivirals. Equally important, there is growing evi-
dence of the role of infection and immune reactions as
the underlying cause of many chronic and degenerative
diseases such as some forms of arthritis, kidney disease,
and diabetes.

OTHER PRIORITY AREAS

The health problems discussed above have been se-
lected largely because of the magnitude of their impact
in human and socioeconomic costs. There are, of course,
other important problem areas, such as aging, develop-
mental medicine, disorders of the visual systems, oral
and dental diseases, neurological and communicative
disorders, and prevention. Two of these areasaging
and developmental medicine--are briefly reviewed be-
low.

Aging

Unprecedented growth in the older population has
clearly resulted in major economic, social, and health
care problems. It is anticipated that epidemiological and
demographic studies will further our understanding of
the health status of the elderly (nutritional status, char-
acteristics of the institutionalized aged, incidence of se-
nile dementia, circumstances and events of the last days
of life). Special research effortssuch as the program
on organic brain diseases at the newly established Lab-
oratory of Neurosciences at the National Institute on
Agingwill address promising scientific opportunities.
An immediate pressing need is to strengthen academic
capabilities in geriatric medicine.

Developmental Medicine

Research in reproductive and developmental biology
offers a unique opportunity to approach the health prob-
lems that interfere with the ability to plan fertility and
with processes that affect normal fetal and infant devel-
opment. Of importance are studies on the impact of dif-
ferent life styles on health, particularly in the causation
of chronic diseases, and investigations into environmen-
tal influences that deter normal growth and development.

SPECIAL INITIATIVES IN ENVIRONMENTAL
TOXICOLOGY AND NUTRITION RESEARCH

Greater cognizance of environmental and nutritional
.̀.."---factors as causes of disease has inspired initiatives whose

impact should be felt increasingly in the next five years.
These are the HEW-wide National Toxicology Program
and the special NIH initiative in human nutrition, both
briefly considered below.
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National Toxicology Program

Few problems in public health are more important
than the prevention and mitigation of our population's
exposure to toxic substances. These are known to con-
tribute to cancer, cluionic degenerative diseases, repro-
ductive disorders and birth defects, immunologic dis-
eases, and other health problems. In recognition of the
serious nature of this issue, the Secretary of HEW, on
November 15, 1978, established an experimental Na-
tional Toxicology Program to strengthen the Federal
Government's activities in the testing of chemicals of
public health concern, as well as in the development and
validation of new and better integrated test methods. At
present, the program comprises the relevant activities of
the Food and Drug Administration, National Cancer In-
stitute, Center for Disease Control/National Institute for
Occupational Safety and Health, and National Institute
of Environmental Health Sciences. It will be planned
and carried out as a coordinated whole under the direc-
tion of the Director, National Institute of Environmental
Health Sciences.

Initial efforts will address current toxicology testing
capacity and how that capacity is being utilized, the
amount of test capacity that will be available in the com-
ing year, plans for test development, and validation of
test systems which take into account research opportu-
nities and needs of the field. It is intended that the pro-
gram will broaden toxicological characterization of those
chemicals being tested, increase the rate of chemical
testing within the limits of available resources, and de-
velop and validate a series of protocols more appropriate
for regulatory needs.

Serious problems with the information transfer pro-
cess in toxicology and related fields were recognized
more than 10 years ago. The National Library of Med-
icine's Toxicology Information Program has tried to ad-
dress this problem by developing modern computerized
information services such as TOXLINE and CHEM-
LINE. Through this program, the library will provide
information support to the new National Toxicology Pro-
gram.

Human Nutrition

Nutrition policy is now at an important juncture due
largely to such factors as the continued development of
new (and often conflicting) knowledge about the rela-
tionship between nutrition and health; sustained political
pressures for a comprehensive national nutrition policy
embracing social, economic, agricultural, energy, and
health considerations; and mounting evidence that gov-
ernmental policies and regulations and federally funded
programs concerned with nutrition lack essential coor-
dination. Public interest in nutrition and the health con-
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sequences of the American diet has also increased in
recent years, as have the demands for more visible and
deliberate governmental action to counterbalance, if not
eliminate, potentially negative influences (e.g., tele-
vision advertising) on diet and health.

At NIH, the biomedical and behavioral nutrition re-
search and training program is coordinated through the
Nutrition Coordinating Committee (NCC). NCC consists
of representatives from the 11 institutes and 2 divisions
that support research in nutrition, plus liaison members
from other agencies of the U.S. Public Health Service,
HEW, and the Office of science and Technology Policy.

Nutrition research has passed through two stages and
is now entering a third stage. The first stage saw the
discovery of vitamins and the development of many of
the basic nutritional requirements. The second stage re-
duced nutrition into subcellular and molecular terms
within the areas of biochemistry and physiology. The
third stage, dealing with the effects of diet on a wide
variety of chronic diseases, will require further research
and large-scale clinical trials.

Nutrition research at NIH will concentrate on several
critical areas: clinical nutrition throughout the life cycle,
including effects of infant nutrition on subsequent phys-
iological, immunological, and mental development; the
role of nutrition in disease development, particularly the
elucidation of mechanisms by which dietary deficien-
cies, imbalances, and excess lead to the development of
physical and mental disease; the role of nutrition in the
prevention of disease, with emphasis on all forms of
malnutrition; and the role of nutrition in the treatment
of disease and development of nutritional therapies for
specific diseases, such as cancer, gastrointestinal disor-
ders, and atherosclerosis. Other components of the nu-
trition program are devoted to technology transfer, nu-
trition education, training, and coordination.

Additionally, clinical nutrition units (CNUs) will be
created to serve as focal points for clinical nutrition re-
search at medical schools and other institutions con-
ducting biomedical and health-related research.

All the initiatives will strengthen the Federal Gov-
ernment's capacity to respond, over the next five years,
to the nutritional needs of the population and to develop
effective policy and programs related to nutrition.

TECHNOLOGY TRANSFER

"Consensus Development"

Biomedical research and technological innovation
have been responsible for profound improvements in
health and medical care. However, a number of tech-
nologies have been widely incorporated into medical
practice and have persisted although they are only mar-

t-

ginally useful or even harmful; still other, well-validated
innovations have been slow in being utilized in clinical
medicine.

Certain health technologies, such as immunizations,
have produced tremendous savings by preventing illness;
others may increase the need for personnel and simply
add to the "intensity" of care, without contributing sig-
nificantly to outcomes. For example, the rapid dissem-
ination and utilization of some new technologies, such
as CAT scanners and coronary bypass surgery, have re-
sulted in increases in cost without .....equate evaluation
of their efficacy or cost-effectivencc:, Under what cir-
cumstances, then, is a given technology justifiably uti-
lized?

To address this issue, the NIH, in October 1977, es-
tablished an Office for Medical Applications of Research
(OMAR), which was charged with coordinating and fa-
cilitating 111H technology assessment activities. The pro-
cess utilized for assessments is "consensus develop-
ment"an agreement reached by a majority of medical
experts, representatives of the public, and others on the
safety and efficacy ,of technologies. Consensus panels
assess the scientific information underlying the clinical
significance of new findings, adequacy of studies for
elicacy and safety, need for additional studies, awl state
of readiness for use of the technology in medicine.
Twelve consensus meetings were held in 1977-78 on a
diversity of topics: breast cancer screening, asbestos ex-
posure, dental implants, standards for laboratory use of
toxic substances, burn therapy, surgical treatment of
morbid obesity, and othel. subjects. More than 25 con-
scnsus conferences were planned for 1979.

The consensus development activities at the National
Inst.,ates of Health have been underway for over one
year, and the impact of the earliest conferences has al-
ready been felt. The breast cancer screening conference
in September 1977 is an example. As a result of that
conference the screening program for breast cancer is
ongoing; the prescribed Informed Consent Record now
includes the dose of radiation received; the routine use
of thermography was terminated; women 40-49 years
old are being screened routinely if they have a familial
or personal history of breast cancer; women 35-39 years
old are being routinely screened only if they have such
a personal history; and since April 1977, screening for
women tinder 50 has been reduced 65 percent to a level
commensurate with the number of women in the risk
categories.

As the number of assessments incrt....;es and as the
dissemination of information expands, immense benefits
to health care, its quality and financing, could result.

Information Transfer for Practitioners

Providing information on new research findings in
forms useful to health care practitioners is considered



vitally important. A newly defined program within the
Lister Hill National Center for Biomedical Communi-
cations (the research and development component of the
National Library of Medicine) is addressing this problem
by developing, demonstrating, and evaluating a proto-
type computerized information transfer system respon-
sive to practitioners' needs.

As a comprehensive bank of information, this system
is to provide immediate, current, and substantive an-
swers to questions posed by practitioners. The answers
are the consensus of a group of experts; they are accom-
panied by supporting data and citations to primary pub-
lications for more detailed study if desired.

The disease "viral hepatitis" has been selected to
serve as the initial test model, and a data base suitable
for automated search and retrieval techniques has been
constructed. At the same time that expanded demonstra-
tion and evaluation of the Hepatitis Data Base is contin-
uing, other applications of the present methodology will
be explored.

The computerized data base presently contains com-
puter-generated graphics, which greatly enhance the text
material. Other research activities of the Lister Hill Cen-
ter are exploring telephone access to data base infor-
mation contained on audio tapes, using remote input
from the telephone touchtone key pad for automated se-
lection and tape control, and using advanced storage and
retrieval technologies such the videodisc to provide
a broad range of digital and audiovisual information.

MANAGEMENT OF SCIENCE RESOURCES

Essential to the resolution of the health problems de-
scribed above are the resourcesfunds, facilities, man-
powerthat undergird the nation's biomedical research
effort. Significantly, all of the panel reports of the recent
National Conference on Health Research Principles (dis-
cussed earlier) contain concrete suggestions for protect-
ing and enhancing research capability to assure future
health gains. As noted previously, the generalalmost
unanimousconclusion was that the science base, that
combination of basic and applied biomedical and behav-
ioral research and its supporting resources which fu-
ture progress in health care depends, must be protected
from erosion, that it should be restored to previous levels
of vigor, an-. diat Federal support of this base must be
stabilized ever the long term. This is in consonance with
the national goals enunciated in P.L. 94-282, Section
102(c)(3):

Federal promotion of science and technology should
emphasize quality of research, recognize the sin-
gular importance of stability in scientific and tech-
ological institutions, and for urgent tasks, seek to
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assure timeliness of results. With particular refer-
ence to Federal support for basic research, funds
should be allocated to encourage education in
needed disciplines, to provide a base of scientific
knowledge from which future essential technolog-
ical development can be launched, and to add to
the cultural heritage of the Nation.

As the Secretary, HEW, noted in his address before
the Annual Meeting of the American Federation for Clin-
ical Research in April 1978, the bu_iding of our current
capacity for biomedical research has involved a 25-year
investment of the American people, and to jeopardize
this investment so carefully assembled would not be in
the public interest. Clearly, the leveling off of Federal
funds for research presents difficult new problems which
will require imaginative solutions if the high level of
excellence built over the years is to be sustained.

Two of the more urgent problems which will require
special attention in the next five years are the deterio-
ration of scientific facilities and equipment in the na-
tional research enterprise and the decline in research op-
portunities for young ;dentists. These are briefly
considered below.

Physical Facilities

In medical schools and research institutions through-
out the country there exist research facilities that require
renovation, rehabilitation, or replacement. In addition,
major equipment in some instances is becoming obso-
lete.* It seems reasonable to suppose that the degree of
Federal involvement in health research places on the
Federal Government the primary responsibility for the
development of a strategy to assure the adequacy of
physical facilities for the nation's health research enter-
prise. To conserve resources, emphasis must be placed
on sharing of equipment, both within and among insti-
tutions. Methods must also be developed to stimulate
greater ingenuity in the design and construction of lab-
oratories and buildings. Greater flexibility should be a
hallmark of future construction. Given the characteristics
of changing requirements of research, high costs, and
long life expectancy, the dollar threshold of instrument
cost at which sharing would occur must be carefully
weighed. Other considerations, such as energy conser-
vation and lowest possible maintenance costs, should
also be recognized.

For a discussion of the status of academic research facilities, see
B.L.R. Smith and J.J. Karlesky, The State of Academic Science: The
Universities in the Nation's Research Effort, Change Magazine Press,
New York, 1977, pp. 162-178.
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The Young Investigator

Research is often held to be an activity of the youthful
mind. Increasingly, the threat of inflation has deterred
older investigators from retiring while the paucity of
other competing job opportunities diminishes defection
from science. If simultaneously the opportunities for the
youthful investigator are decreased, then inevitably the
average age of the population concerned with research
will move upward.

The suggestion has been made that.it would be desir-
able to develop far closer ties than presently exist be-
tween the university and medical school campuses of
this country and the National Institutes of Health. A far
higher degree of personnel mobility between these sites
might permit scientists to maximize their contributions
to the system at various stages of their careers and at the
same time to derive maximum satisfaction to them-
selves. The alternate argument h 1en made, however,
that academia's value to society would be greater the
more independent of the Federal establishment it is able
to be. Greater thought must be devoted to defining a
better partnership between government and academia;
their current relationship has been characterized as frag-
ile and not well balanced.

Some critics have suggested that a modification of
tenure system may be necessary to offset the aging of
established faculty and provide more positions for
younger scientists, and it is clear that tenure is being
regarded anew by academic institutions. However, at
this time such restructuring seems highly problematical.

Over the next five years careful consideration will be
given to the selection of fields of activity for the Ph.D.

candidate and the postdoctoral fellow in order to avoid
overproduction in fields with limited job opportunities
and possible underproduction in those with a higher de-
mand. This matter has been under the continuing scru-
tiny of a committee of the National Research Council
and NIH and, as opportunities for young scientists de-
cline, will require especially urgent attention. Currently,
the awarding units of NIH are initiating program plan-
ning papers to define mission priority areas. These are
slated for discussion with the units' various advisory
bodies.

RESEARCH CONSTRAINTS

Cognizance is accorded the changed condition of a
world of increased resource constraints. Biomedical re-
search cannot be immune from such constraints. How-
ever, the consideration of the appropriate level of re-
search activity must include both an awareness of the
unique Federal role in this field and the potential to
achieve important national 11.:1,:th goals with modest in-
vestment. It is primarily through appropriate research in
the causes, prevention, and treatment of disease that cur-
rent medical practice can be improved and that cost con-
tainment can be achieved. Some potential exists for
funding through a program of partnership between the
Federal Government and voluntary health agerrzies, phi-
lanthropic foundations, state and local governments, and
industry. Such joint efforts will be carefully explored,
as will opportunities for international collaboration in
programs where costs are great and might be shared
among the nations likely to benefit.



Department of Housing and Urban Development

As its name connotes, the Department of Housing and
Urban Development (HUD) is concerned with a broad
spectrum of issues related to improving the country's
communal environment. These concerns range from
soaring housing costs and free choice in housing to re-
vitalization of urban areas and single-family use of solar
heating.

HUD's research program focuses primarily on policy-
relevant projects of an applied nature. This thrust is dic-
tated by the scale and urgency of the daily problems
confronting HUD. Consequently, most of the Depart-
ment's science and technology activities are classified
as "applied research."

The following sections describe HUD's research in
economic development, public financing and tax policy,
housing services to people with special requirements
such as the elderly and handicapped, and the preserva-
tion and revitalization of neighborhoods. Other topics
discussed are fair housing, financial aspects of housing,
management of federally assisted housing, evaluation of
HUD's operating programs, and the projected expansion
of the Department's data base and information sources.

URBAN ECONOMIC DEVELOPMENT, PUBLIC
FINANCE, AND TAX POLICY

HUD's research in state and local economic devel-
opment and public finance assists state and local gov-
ernments in dealing with problems of development, pri-
vate employment opportunities, revenue, and finance.

Solutions to the urgent problems of housing, neighbor-
hood decline, and loss of vitality of central cities depend
directly on local economic development efforts that can
attract private investment, generate employment and en-
trepreneurial opportunity, and sustain the local tax base.
The current fiscal crises of many local governments un-
derscore the interrelated need to improve local govern-
ment finances and the efficiency with which services are
provided.

During the next five years research on current and
emerging national issues will be undertaken in many
areas. In urban economic development, research will fo-
cus on zoning and subdivision practices, developable
land supply, processing development approvals, state
urban strategies, comparative development costs, state
and local land use commissions, public land acquisition
for private development, regional strategies, cost of de-
velopment regulations, and urban infill and rehabilitation
opportunities.

Areas of study in public finance will include urban
impact analysis, urban capital infrastructure, urban de-
velopment act grants evaluation, national development
bank impacts, urban policy impacts, urban service sector
studies, the e.-:onomic future of central cities, public pen-
sion issues, and private sector barriers to economic de-
velopment.

Topics warranting study in the area of tax policy are
the development of finance incentives, the equity of state
and local taxes, state and local revenue and expenditure
limitations, state and local tax policies as they relate to
the development of central cities and suburbs, and the

4-00
409



410 THE GOVERNMENT VIEW

incidence of state and local taxes on central cities and
suburbs.

HOUSING NEEDS AND SERVICES FOR SPECIAL
USERS

The focus of the HUD Special User Research program
is on providing housing and housing-related services to
people who have special requirements caused by such
factors as age, physical condition, cultural background,
or ination in a rural environment. Research sponsored
by This program seeks to identify impediments to inde-
pendent living, to develop information about the need
for the delivery of housing and special services, and to
design and implement better techniques for their deliv-
ery.

While the !min populations considered are the elderly,
the handicapped, and rural residents, research is also
sponsored on the needs of such diverse groups as oc-
cupants of single rooms, Indians, and Alaskan natives.
The basic research questions addressed for all of these
target groups are similar: What are optimal strategies for
helping special groups obtain suitable housing? What
service package is essential to the success of special
housing programs? Are there special management or ad-
ministrative issues that must be addressed? What funding
mechanisms can be used to provide the housing and serv-
ices? What changes of law or regulations are necessary?

The emphasis of this program will be on the collection
of data on the housing situations of both the elderly and
the handicapped and on means to help alleviate their
housing problems through the provision of specialiied
housing or through services delivered to housing located
in the community. One of the primary issues to be ad-
dressed in this research is how to help the elderly and
handicapped remain independent in their current housing
situations.

NEIGHBORHOOD REINVESTMENT AND
REVITALIZATION

Despite considerable research, many issues related to
the stability and conservation of older inner-city neigh-
borhoods remain unresolved. Incomplete understanding
of the dynamic elements of neighborhood change seri-
ously hamper public efforts to preserve the housing stock
and to maintain an acceptable quality of life for inner-
city residents. Cities are experiencing continued decline
and disinvestment in some of their older areas, while
simultaneously other areas are showing signs of fairly
intense revitalization. Although there are many extant
theories of neighborhood decline, there is little empirical
or theoretical knowledge of the forces that lead to the

:

natural reclamation and revitalization of blighted neigh-
borhoods.

Neighborhood Dynamics

A full understanding of neighborhood dynamics re-
quires that the neighborhood be examined as one com-
ponent of a more complex system. General research into
intracity and intrametropolitan population mobility is an
important component of this work. Studies of the factors
that lead to population movement are needed to improve
our ability to predict the effects of exogenous changes
in the social and economic setting on decisions about
household location. Research into neighborhood change
should examine intemeighborhood relationships in a
comprehensive framework. We need to know not only
why some neighborhoods decline while others revitalize,
but also the impact of revitalization of particular areas
on the balance of a metropolitan area.

Understanding Neighborhood Change and
Preservation

An effective understanding of neighborhood change
and preservation also requires interdisciplinary study.
Neighborhoods are complex social units which relate to
each other through the metropolitan political and eco-
nomic systems. Rarely, however, do studies of neigh-
borhood change include complementary analyses of po-
litical, economic, and social dynamics. Considerable
effort should be placed on the merging of these disci-
plines in future work on neighborhood change. Much of
the current work in neighborhoods relies on economic
analyses of housing market dynamics to provide meas-
ures of stability and revitalization, with little recognition
that a critical component of neighborhood health is the
social interaction. These may not be revealed through
economic indicators. A failure to realize their impor-
tance or to include them in studies of neighborhood
change restricts our ability to set realistic goals for neigh-
borhood preservation efforts and to understand fully the
best programmatic approaches to achieving neighbor-
hood health.

Neighborhood Preservation

Technical issues related to the processes of achieving
neighborhood preservation require exploration. Housing
rehabilitation is a key element. Among the relevint is-
sues are the costs of rehabilitation, the kinds of structures
amenable to rehabilitation, and the impact of local build-
ing codes and other regulations on cost and feasibility.
As important as the state of individual houses is the
larger physical environment of the neighborhood, which
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affects the quality of life of the residents and the long-
term viability of the area. Required are studies of the
relationships between specific environmental compo-
nents of the neighborhood and the needs of residents, as
well as analyses of the community design process and
methods, and the policies and regulations that shape the
environment.

ECONOMIC AND RACIAL FREEDOM OF CHOICE
IN HOUSING

HUD's research in the area of fair housing and equal
opportunity took a major step forward with the field
audit and evaluation of Title VIII of the Civil Rights Act
of 1968. The research has been extended to Hispanics
and discrimination against women and minorities in
mortgage credit markets. Within the five-year span, re-
search on freedom of choice in housing will be exterrIP
to examine search behavior of minority home-s; ...i
and further examine real estate and rental agent ber.a.
ior.

Fair Housing Evaluation

HUD's fair housing evaluation study provided the first
detailed documentation of the extent of discrimination
in American housing markets. It identifies the form that
discrimination against blacks is most likely to take and
indicates under what conditions discrimination is most
likely to occur. The evaluation will continue through
fiscal year 1979 and will assess the effectiveness of
HUD's conciliation activities.

The fair housing audit and evaluation will be repeated,
beginning fiscal year 1980, to determine what changes
have occurred between 1977 and 1981 in the level, form
and incidence of discrimination against blacks in hous-
ing. The time for the reevaluation has been chosen for
best use of census data. As part of the reevaluation, the
effectiveness of HUD's conciliation efforts will also be
reassessed.

The fair housing audit is providing important infor-
mation on the magnitude and nature of the discrimination
problem faced by blacks in the housing market; similar
information is needed on the problems experienced by
Hispanics. It will also be worthwhile to investigate dis-
crimination in those portions of the housing market not
covered in the original audit study, for example, homes
for sale by builders and condominiums.

Programs for Women and Minorities

The new Women and Mortgage Credit project, de-
veloped in 1978, is designed to facilitate the access of
women to home ownership by directing an educational
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campaign at two populations: the lending industry and
women consumers.

At the heart of the lender education campaign is the
preparation and dissemination of statistical and empirical
data on women's work patterns, income stability and
growth, economic independence, etc., to document
women's credit-worthiness.

For potential borrowers, the project will undertake to
educate women in sample target cities about the world
of finance, credit, and mortgages, all too often regarded
by women as a male world and one to be feared. In the
sample cities, activist women's organizations and orga-
nizations with large numbers of women members having
regional and national tieslabor unions, for example
will conduct workshops and seminars for women on
housing options, the advantages and disadvantages of
home ownership, alternate mortgage instruments, and
how to acquire a mortgage. (When appropriate, mate-
rials written in Spanish will be made available at semi-
nars held especially for Hispanic women.)

Along with efforts to attract and train minorities for
research work in housing and urban studies, HUD has
initiated research to develop a program to he:p women
and minorities gain greater access to high-level profes-
sional and administrative positions in local government
and in state and Federal agencies. It is unlikely that any
significant change will occur in the documented under-
representation of women and minorities in decisionmak-
ing positions at all levels of government without the
intervention of affirmative action programs designed to
influence the urban management market. HUD's tradi-
tional relationships with local governments suggest a
unique role for the Department in developing such pro-
grams. Such work also addresses the President's goal of
increasing the number of women and minorities in public
service. This program of research is at an early stage of
development; further consultation and participation by
representative groups of potential users are expected,
which will help assure relevance and ultimate acceptance
by such groups.

ALTERNATIVE HOUSING FINANCE
MECHANISMS

TOPICS IN HOUSING AND MORTGAGE MARKETS

Housing Costs

One of the most troublesome problems in the housing
market has been the soaring cost of new and previously
occupied homes. The creation of a special task force on
housing costs indicates concern over the many issues
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involving affordability, real investment returns, and
even the measurement of real housing costs.

Housing Subsidies

Rising housing costs have significantly increased the
problem of adequately housing this nation's low-income
households. Such rising costs lead to increased demand
for Federal subsidies; at the same time, the Federal Gov-
ernment is also under increased pressure to balance its
budget for the good of the overall economy. To meet
both goals, there is a need to ensure that the methods of
providing subsidies are most efficient.

Financial Innovations

In 1978 several financial innovations evolved to in-
crease competition among financial institutions. Share
drafts, negotiable orders of withdrawal (NOW) ac-
counts, and money market certificates of deposit for
thrifts and commercial banks have increased the com-
petition for loanable funds and deposits. In addition, new
mortgage instruments such as the variable-rate mort-
gage, graduated-payment mortgage, and reverse annuity
mortgage have been developed to provide special ben-
efits for both borrower and lender. The effectiveness of
each of these innovations in expanding homeownership
opportunities as well as insulating the mortgage market
from the ravages of adverse credit cycles will need to be
reviewed before further extensions and innovations can
be devised.

Financial Regulation

Although the Financial Institutions Act of 1976 was
not passed, several of the reforms contained in that bill
have been enacted, and the remaining proposals are re-
ceiving serious consideration. Chief among the propos-
als is one to eliminate the regulation placing ceilings on
deposit rates of commercial banks (Regulation Q). The
provision for money market certificates of deposit has
had the effect of eliminating Regulation Q for accounts
of more than $10,000. However, consumer groups, es-
peLially the Gray Panthers, have attacked the remaining
interest ceilings as discriminatory. Consequently, recent
regulatory changes as well as proposed changes need to
be examined for their impact on the efficiency and well-
being of the financial markets and their impact on lend-
ers and consumers alike.

Lending Discrimination

Freedom of opportunity in housing for everyone re-
quires not only that there be no discrimination by sellers
but also none by lenders. This is important for individ-

uals and for local neighborhoods and jurisdictions as
well. The loss of available financing for specific loca-
tions often leads to further decay and increased lending
risks. Not only should research pinpoint areas of proven
redlining. but positive programs must be developed to
combat the conditions that may be alarming to private
lenders.

Financing Solar Homes

As energy resources become more costly, solar energy
must be increasingly sought after to fill our energy
needs. Studies depicting the economic feasibility of fi-
nancing single-family solar heating systems could be in-
strumental in encouraging the demand for such energy-
saving systems.

HOUSING ASSISTANCE FOR LOWER INCOME
FAMILIES

The provision of opportunities for lower income
households to obtain decent, safe, and sanitary housing
at a reasonable cost is now and will continue to be a
major part of the mission of the Department. To better
carry out this mission, HUD is evaluating a number of
housing assistance programs as well as amassing an ex-
tensive amount of information and experimental data
concerning the effects of alternative approaches to hous-
ing assistance.

Section 8 Housing Research

Over the next five years, HUD will continue to eval-
uate the effectiveness and efficiency of the Section 8
Housing Assistance Program and the housing choices
made by the participants in that program. The first phase
of this research effort concentrated on the early experi-
ence in the "existing housing" portion of the program.
A more comprehensive evaluation is now beginning and
will continue over the next few years to examine all
aspects of the Section 8 program, including the new
construction and rehabilitation portions. Urban and rural
sections of the country will be investigated separately
and the results compared.

Experimental Housing Allowance Program (EHAP)

EHAP has gathered information on the responses of
over 25,000 participants at 12 sites to the offer of direct
cash assistance for housing. Households could receive
allowances if their dwelling units met certain minimum
quality and occupancy requirements. The analysis of
EHAP data reveals a great deal about the impact of a
number of variations in providing housing assistance.
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All survey data have been collected, and the extremely
large and complex data base will be a major source for
housing researchers for several years. Features that make
this data base of great value include longitudinal surveys
of households, dwelling unit evaluations, landlord sur-
veys, and surveys of various suppliers of housing serv-
ices. The primary analyses of the data are still underway,
with most final reports due during 1979. The last reports,
completing the EHAP as originally designed, will be
finished in 1981. Other analyses made possible by the
richness of the data will also be conducted over the next
several years. The information from EHAP and analyses
of its data will be coordinated with results of the Section
8 research program, which is gathering similar data. This
will provide a firm basis for policy decisions on how
best to provide adequate housing for lower income
households.

MANAGEMENT OF ASSISTED HOUSING

In recent years, federally assisted low- and moderate-
income multi-family housingboth public and HUD-in-
suredhas been faced with a number of severe operating
problems. The financial viability of these projects has
been threatened, and their effective management
impeded. Such problems as rising operating costs, in-
adequate project revenue, deteriorating physical struc-
tures and surrounding neighborhoods, and ineffective
management have created serious distress in these proj-
ects. These problems have led to inadequate housing
services for project residents, neighborhood instability,
and, in the case of HUD-insured projects, mortgage de-
fault. The research program for assisted housing man-
agement is designed to address these problems through
the identification of the nature and causes of distress and
through the development, demonstration, and evaluation
of means to alleviate distressed conditions and improve
management practices. Whereas much of the early re-
search in this area involved the testing of specific rem-
edies for individual housing management problems, cur-
rent research activities are aimed at devising broader
strategies for improving the financial health of assisted
housing, providing better quality housing services, and
maintaining the integrity of the physical stock. For proj-
ects that are in default, the research emphasis is on find-
ing methods of property disposition that maximize re-
sident and community involvement.

EVALUATION OF HUD'S OPERATING
PROGRAMS

The following studies are typical of the type of re-
search involved in the evaluation of all operating pro-
grams.
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Community Development Block Grants (CDBG)
Strategies Evaluation

A study is underway to determine under what condi-
tions the most important activities funded by CDBG are
effective in improving the housing and living conditions
of neighborhoods, and to identify those who benefit from
the activities. The study, which will also investigate the
role of citizen groups in implementing neighborhood
community development programs, began in fiscal year
1978 and will continue through fiscal year 1981.

Evaluation of CDBG la Small Cities

Another study to begin in fiscal year 1979, will give
special attention to the extent to which multi-year com-
mitments have contributed to the success of the CDBG
program in small cities. It may include an analysis of
CDBG decisionmaking processes in small cities. In ad-
dition, it may gather information on the impact and in-
cidence of benefits of CDBG-funds . activities in small
communities.

Development and Implementation of Evaluation Tools

The Department has invested considerable resources
in developing urban simulation models to evaluate HUD
policies. Until recently all simulation work was per-
formed under contract. The Urban Institute housing
model is now operational and directly accessible to
HUD's own research staff; a second model will be added
by the end of fiscal year 1979.

Contractor resources will be devoted to improving the
usefulness of these models while staff resources will be
devoted to using the models for evaluation and policy
analysis. Efforts will also be made to modify the Urban
Institute's Transfer Income Model (TRIM) for use in
analyzing the impact of HUD programs. The study will
be conducted during fiscal year 1979.

Section 701 Evaluation

The evaluation of the comprehensive planning assis-
tance grants program (Section 701, P.L. 83-560, Hous-
ing Act of 1954) will expand on the CDBG study in
analyzing various aspects of the local planning process.
In particular, it will examine specific planning and cit-
izen involvement techniques. Efforts will be made to
identify deficiencies in local data sources and planning
techniques. Emphasis will be on the extent to which
Section 701 has improved local planning and whether
the improvements have affected the local community
development process.
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Evaluation of HUD's Environmental Quality Policies

Environmental regulations have been criticized as ad-
versely affecting the timing and ...ast of housing produc-
tion and as being ineffective in promoting better living
conditions. It is appropriate at this time to initiate an
evaluation of HUD's environmental protection policies.
The study will focus on two issues. First, HUD's envi-
ronmental regulations and procedures will be examined
for their consistency with recent work on the theories of
exhaustible resources and of congestible public goods.
Second, an effort will be made to quantify the major
costs and benefits associated with environmental regu-
lations. In addressing benefits, the study will rely on the
body of literature being developed and refined concern-
ing the techniques for determining willingness to pay for
environmental quality. It can be expected that the meas-
urement of costs will be more straightforward: additional
expenditures incurred by builders to meet environmental
requirements and those additional holding costs incurred
because of the time involved in environmental review
are examples.

IMPROVING HUD'S DATA BASE AND
INFORMATION SOURCES

Data Collection and Analysis

The basic housing production and marketing surveys
conducted by the Bureau of the Census for HUD will
continue in essentially their present form. They are the
surveys of new housing completions, new one-family
home sales, market absorption of multifamily rental
apartments and condominiums, and new mobile home
placements.

The major data collection effort is the Annual Housing
Survey of the nation's housing inventory and occupants,
and of the housing stock of 60 selected metropolitan
areas, including most of the 50 largest metro areas.

These surveys will continue unchanged, except for mod-
est annual changes that may be made in the types of data
collected to reflect current concerns and the need for a
broad range of subjects to be investigated at less than
annual intervals. After 1980 decennial census data be-
come available, there will probably be some restructur-
ing of the Annual Housing Survey sampling frame, to
take advantage of the 1980 data baseline and to reflect
current definitions of metropolitan areas. To the maxi-
mum extent possible, however, the year-to-year com-
parability of the data file will be maintained.

Work will continue on analyzing the data obtained
from these surveys and from complementary sources to
answer policy questions about the housing stock, in-
cluding the nature of inventory changes and housing
needs, changes in housing and neighborhood quality,
housing cost burdens, and household migration by race
and income.

Economic Analyses

Current studies of tax policies as they affect housing
production and maintenance are scheduled to produce
results before 1981 when many tax benefit provisions
affecting housing expire. Research beyond 1980 will
continue on housing market effects of tax policies, and
may address other issues if changes in tax provisions
require research.

Research will continue on general housing economics
issues and development of new analytic techniques for
analyzing housing market behavior. Availability of 1980
census results wild offer new opportunities to analyze the
differences among markets in patterns of mobility and
housing demand.

Real estate settlement practices research will be
largely completed by 1980, but concerns about trans-
action costs and their influence on the demand for var-
ious types of houses and the quality and condition of the
housing being transferred could generate some additional
research into 1983.



Department of the Interior
Bureau- of Mines

As the Federal Government's primary agency for re-
search in nonfuel minerals, the Bureau of Mines con-
ducts scientific and technological investigations into
mining, processing mineral substances, eliminating oc-
cupational health and safety hazards in the mineral in-
dustries, minimizing the adverse environmental impact
of mining and mineral processing, economic develop-
ment, and resource conservation.

Bureau activities cover a broad spectrum of programs
for meeting the diverse needs of mineral industries, gov-
ernment, and the public. In the 1960s, the Bureau ac-
celerated programs to resolve problems associated with
past mining and. mineral processing. In the 1970s, the
energy crisis raised the national consciousness concern-
ing our limited supplies of domestic mineral and fuel
resources. Dependence on foreign sources of raw ma-
terials critical to our national economy and competition
from other countries for these world supplies stimulated
the need to conserve and use wisely the nation's minerals
and materials. For the 1980s, the Bureau will continue
to apply its mining and mineral processing expertise to
research and development covering broad areas of min-
erals technology, health and safety technology, and en-
vironmental technology.

The following sections briefly list some of the prob-
lems requiring attention by the Bureau and identify sig-
nificant technology-based activities to resolve these
problems. The sections highlight research and develop-
ment for the next five years in minerals environmental

technology, minerals health and safety technology, and
mineral resources technology. These sections reflect the
reorganization of Bureau of Mines programs that was
accomplished in July 1979.

MINERALS ENVIRONMENTAL TECHNOLOGY

Strong program emphasis is given to providing tech-
nology to facilitate compliance with environmental reg-
ulations and performance standards promulgated by the
Clean Air and Clean Water Acts, as amended; the Safe
Drinking Water Act; and the Surface Mining Control
and Reclamation Act of 1977. These laws have dramat-
ically increased the need for environmental abatement
and control technology in the entire mineral cycle from
initial exploration and planning, through active mining
and processing, to final restoration of the land and re-
clamation of the processed materials. In recognition of
this, the Bureau's program is structured into three cat-
egories: minerals environmental assessment, control
technologyoperational, and control technologypost-
operational.

MINERALS ENVIRONMENTAL ASSESSMENT

The opening of a new mine or processing operation
runs the gamut from the fast shovel of earth removed
through the last shovel of earth replaced, and requires
anticipating the environmental effects before initiation
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of mining and processing, monitoring the actual effects
during operations, and eliminating permanent adverse
changes after operations have been completed.

Baseline Studies

Research is underway to evaluate the impact of mining
on surface and groundwater systems. Regional data on
existing hydrologic conditions are being modeled, and
the effects of introducing mining operations into these
areas are being analyzed. Two specific areas of current
concern are the Powder River Basin in Wyoming and
the Texas lignite region.

Studies with the National Academy of Sciences are
taking a broad look at soil conservation from both an
agricultural and a mining standpoint and at problems
involving groundwater and surface coal mining. These
studies will provide methods for identifying and evalu-
ating the impacts of surface mining on soil and water
resources. This will lead to suggestions and recommen-
dations for future research and policymaking. As a result
of the hydrology study, recommendations will be made
for guidelines to help mine operators minimize the im-
pact of mining on the hydrologic environment.

Environmental Planning and Analysis

Recent legislation has significantly increased the re-
quirements for the gathering of baseline data and mon-
itoring of possible environmental impacts, and research
is being conducted to develop more efficient instruments
and techniques for obtaining the necessary data. The
development of efficient techniques and systems will re-
sult in complete and economical monitoring methods,
accelerate the gathering of on-site data, and reduce the
overall impact of exploratory investigations on a partic-
ular site.

Research is being conducted to develop or improve
the planning and design of mines, including work on
tools to obtain environmental data, techniques for as-
sessing the data, and technology for measuring changes.
Sufficient technology does not exist in many areas of
environmental work, to accurately establish the natural
state of the environment as a basis for determining the
impact of existing or future mining or mineral processing
operations.

CONTROL TECHNOLOGY-OPERATIONAL

Each activity during the active phase of a mining or
mineral processing operation places a variable demand
on land, water, air, energy, and materials with the net
result that the quality of life may be compromised by

air, water, and noise pollution; loss of amenities or aes-
thetic value; socioeconomic disruptions; and ecological
damage. The nature and extent of environmental impact
imposed by the Minerals cycle depends largely upon the
size and method of operation, location, climate, geol-
ogy, and topography. The major problems under study
include alternative processes; noise, vibration, and fu-
gitive dust; subsidence; and waste and water manage-
ment.

Alternative Processes

Technological developments can help lessen the un-
desirable environmental conflicts, impacts, and occu-
pational hazards associated with mineral processing.
Research is directed toward building a better technologic
base for mineral processing systems so that appropriate
environmental regulations and control technologies can
be implemented to prevent environmental degradation
without needlessly restricting efforts by the minerals in-
dustry to meet the nation's mineral needs.

Research will be conducted to provide metallurgical
engineering information for process control to enhance
the recovery of secondary constituents of ores and to
reduce the need for postprocess environmental controls.
Techniques to permit the reuse of emission and effluent
constituents will be investigated. Technology will be
devised to retard 'the generation of undesirable emissions
and effluents from metallurgical processes.

The achievement of selected research objectives for
the 1979 to 1983 period will provide the expertise for
particulate mineralogy analysis and mineralogical iden-
tification. New and improved methods will be devised
for identifying and measuring mineralogical and metal-
lurgical particulates present in mineral processing streams,
and for reporting characteristics of fibrous nonasbestos
minerals. An ion flotation technique to reduce and re-
cover dissolved metals in water wastes so that the water
can be reused in the metallurgical system will be tested.
Methods will be devised to remove dissolved or sus-
pended solids from selected metallurgical process water
streams to increase the potential recycling of water or
make the solutions more acceptable for discard. Field
testing will be completed on flocculation thickening sys-
tems for dewatering alumina red mud wastes to increase
water recycling and reduce environmental problems as-
sociated with the disposal of the solids. Laboratory tech-
nology will be provided for agglomeration of various
particulate wastes to facilitate recovery of metal values
or neutralization of hazardous constituents. New metal-
lurgical engineering and process control technology will
be developed for the treatment of water circuits to im-
prove flocculation of solids and to increase reuse of pro-
cess water.
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Noise, Vibration, and Fugitive Dust

Research on environmental noise and dust problems
includes source identification and characterization and
the development of suitable methods of abatement. As
part of its long-range effort, the Bureau continues work-
ing toward a complete understanding of the generation,
propagation, and effects of air blast and ground vibration
in order to prevent or minimize structural and environ-
mental damage resulting from mine blasting.

Subsidence

In the area of subsidence research, the Bureau's pro-
gram consists of four distinct elements: prediction, con-
trol, prevention, and damage abatement. To aid in pre-
diction, new and existing data are being utilized to
develop empirical equations to describe ground move-
ment accompanying specific underground mining prac-
tices in various geologic and topographic situations.
Complementary work is directed towards the adoption
or refinement of currently available methods of analyz-
ing rock structures. This two-pronged approach to sub-
sidence prediction is believed to be the most effective
means of providing for a basic understanding of the phe-
nomenon of subsiding ground.

Guidelines are being sought for the methods that con-
trol or prevent subsidence, based on state-of-the-art tech-
nology. Hardware for cost-effective monitoring of ground
movement, detection of subsurface instability, and de-
lineation of underground voids is also under study. In
addition, a substantial effort is being expended in study-
ing the mechanics of subsidence-related damage to sur-
face installations and the effects of subsidence on surface
and groundwater resources.

Waste Management

Cooperative work with the Environmental, Protection
Agency is being undertaken for the monitoring of waste
sites in order to define the best management practices
for waste disposal systems for mineral operations. Eco-
nomic effects of regulations governing mining, process-
ing, and disposal operations are being evaluated, and,
based on this, more cost-effective compliance techniques
are being developed. Research is underway also in the
evaluation of environmental effects associated with the
potential development of a commercial oil shale indus-
try.

Technology is being sought for the effective under-
ground and surface disposal of mine wastes and tailings.
Based on the results of a feasibility study performed
under contract, a conceptual underground disposal sys-
tem for coal mine wastes is being considered for further
design and demonstration. Successful implementation of
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the system should result in greater resource recovery,
abatement of subsidence, and a reduction in land re-
quirements for surface disposal. Currently, studies are
being undertaken to develop feasible methods of under-
ground disposal of wastes from oil shale retorting and
uranium mining. To aid in the construction of stable
impoundment structures for tailings, methods of seepage
monitoring and control are under study, and the conse-
quences of liquefaction-type failures are being evalu-
ated.

Water Management

Research is being carried out to find ways to minimize
the pollution of surface and groundwater resources re-
sulting from mine drainage, haul road sediment, erosion,
seepage from tailings, and in situ leaching operations.
Leachants other than ammonium carbonate will be eval-
uated for in situ uranium extraction, and methods for
modeling and detecting leachant movement are being
developed and demonstrated. The use of slime-sealed
impoundment will be demonstrated for seepage control
in tailings ponds, and in water-scarce areas methods of
water handling, treatment, recovery, recycling, and di-
version are under evaluation.

CONTROL TECHNOLOGY-POSTOPERATIONAL

Improved technology is being developed to facilitate
the restoration of lands disturbed by mining and milling
to a selected beneficial long-term use. Involved in this
effort is the study of land use alternatives, safe mine
closure methods, reclamation technology, and surface
stabilization techniques.

Land Use Alternatives

Research efforts are seeking to identify methods for
abandoning mines in a manner to enhance land use, de-
velop analytical procedures for selecting land use alter-
natives, identify alternative methods of reclaiming waste
rock to enhance final land use, and develop criteria for
optimal postmining surface utilization.

Mine Closure

Final mine closure techniques for both surface and
underground mining operations are being examined to
identify the best methods for attaining ultimate land use,
and this research also seeks information to be used in
determining final la-d use. These activities concentrate
on defining closu: procedures for surface and under-
ground mines through the design of effective mine bar-
ricades and the development of cost-effective sealing,
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stowing, and hydraulic isolation techniques to alleviate
acid water formation.

Reclamation Technology

The biological and physical problems of reclaiming
areas disturbed by mining and milling operations are
under study, and cost-effective equipment systems to
facilitate compliance with environmental standards will
be developed and demonstrated. To facilitate revegeta-
tion of mining-disturbed lands, such methods as selec-
tive irrigation, reestablishment of original cover, isola-
tion of impermeable strata from the subsoil, and
alternative methnds for regrading and reclaiming waste
rock and tailings are expected to be demonstrated in the
near term. Emphasis is placed on developing and dem-
onstrating techniques that assure the long-term physical,
chemical, and biological stability of reclaimed land.

The interrelationships between mined land reclama-
tion activities and water quality, such as acid mine drain-
age, toxic material leaching, sediment delivery, and the
quantity and quality of surface and groundwater, are also
being examined. Alternative abatement techniques to in-
hibit and eliminate formation of acid mine water and
leaching of toxic materials are being evaluated, and it
is hoped that cost-effective methods of identifying toxic
overburden materials and improved sediment pond aban-
donment techniques will be developed.

Surface Stability

Problems associated with the long-term stability of
waste minerals are under analysis in order to enhance
existing stabilization techniques or devise new tech-
niques so that stability can be predicted, if not assured.
The problems associated with stabilization of new sur-
face spoil materials are being examined, and methods
are being sought to reduce erosional and consolidation
processes and their adverse impact on air and water qual-
ity and on surface use. Analytical laboratory techniques
are being sought to define spoil material properties for
predicting deformation, slaking, and stability.

MINERALS HEALTH AND SAFETY
TECHNOLOGY

Research is conducted in all of the areas specified by
the Federal Mine Safety and Health Amendments Act of
1977 (P.L. 95-164). The Act sets requirements and au-
thorizes appropriation of funds for three necessary ele-
ments of a balanced attack on the problems: comprehen-
sive enforcement of existing and new mandatory health
and safety standards, expanded and upgraded health and
safety education and training activities, and technical

support to build a mining technology that will bring
long-lasting health and safety improvements. Each of
these elements reinforces the others; each works to pro-
duce improvements in both the long and the short term.
Together, they offer hope for lasting solutions in health
and safety throughout the minerals industries.

HEALTH-RELATED ENGINEERING RESEARCH

As technology develops to improve production, there
is an accompanying need to protect and improve the
health of coal and other miners. The necessary technol-
ogy is being developed to reduce health-related hazards
in mines and to afford adequate protection to the miners.
Research is focusing on such problems as respirable coal
dust, radioactive gas, noise, ventilation, and toxic mine
gases and on solutions involving both personal protec-
tion and control of the mine environment through engi-
neering advances.

Dust Control

Through the next five years, particular attention will
be directed at accelerating the development of a ma-
chine-mounted dust monitor that can be used for enforce-
ment of the dust standard in coal and metal/nonmetal
mines, developing improved methods of analyzing silica
and fibers because of the lower dust standards that have
been proposed, emphasizing the application of existing
dust collectors to mining machines, and developing
high-pressure, water-powered dust collectors.

Radiation Hazards

Research is continuing on the radiation hazard, which
is a major health concern in uranium mines. Long-term
exposure to this hazard among uranium miners is known
to cause increased probability of lung cancer. Studies
indicate that uranium miners have a nonviolent death
rate 40 percent higher than that of the normal population.
The major thrusts of this program will be to develop and
field test portable instruments for measuring the airborne
radiation levels and exposures of individual miners, de-
velop and field test a radiation warning system for active
uranium mines, develop and demonstrate improved and
new control technology, and establish the behavior pat-
terns of attached and unattached radon daughters and
other long-lived radioactive materials under various
mine conditions.

Noise Abatement

To achieve acceptable levels of noise exposure of per-
sonnel engaged in both underground and surface mining
activities, research is continuing on noise_abatement and



instrumentation. This research is becoming more critical
because several government regulatory agencies advo-
cate making the current standards more stringent. The
principal research effort is directed at reducing noise at
its source. Much of the noise abatement effort to date
has been applied to developing retrofit techniques. Al-
though this will continue to be necessary, future long-
term work will be directed more toward factory integra-
tion of control measures and design of quieter machines.

Industrial Hygiene

The thrust of the research in the industrial hygiene
program is directed at providing the information, ana-
lytical tools, and monitoring of warning devices neces-
sary to provide a safe mine environment for coal and
other miners. Particular emphasis is directed at devel-
oping small, extremely lightweight equipment that can
be worn by miners and can accurately measure exposure
to toxic gases. Direct reading instrumentation to contin-
ually monitor mine air quality to assure a healthful, safe
environment is vital to the well-being of the miner.
Long-range plans consider development of instrumen-
tation which must not only be portable but must have
multigas measurement capabilities. Such equipment
coupled to warning devices would immediately alert the
miners to a change in air quality.

Controlling Toxic Emissions From Diesel Engines

Use of diesels in metal and other mines has doubled
within the past five years, and their use is expected to
become more widespread. Techniques to minimize or
render harmless potentially toxic emissions from this
source are therefore being investigated. With the increas-
ing awareness of the potentially toxic characteristics of
diesel exhaust, the Mine Safety and Health Administra-
tion (MSHA) needs adequate instrumentation to assure
proper air quality for the miner. Since air quality in
mines using diesel engines is dependent upon the con-
dition of the engines, MSHA is requesting that the Bu-
reau undertake development of instruments designed to
define the condition of operating equipment. To ensure
that diesel operation underground does not pose a health
hazard, the Bureau and MSHA have been working to-
gether to develop criteria for the safer use of diesels in
mines. Such usage dictates the need for improved mon-
itoring instrumentation in the workplace.

SAFETY RESEARCH

As new mining methods and techniques are developed
to meet the increased demand for coal, a safer environ-
ment and improved working conditions must be assured
the miners. The changing use of mechanization is ex-
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posing miners to new situations in an already hazardous
environment, requiring a continual reevaluation and
redesign of protective devices and procedures. This is
imperative in order to maintain a stable work force and
to attract new personnel into the expanding mining in-
dustry. To this end, the Bureau is conducting a balanced
research program involving both long-term development
of new concepts and equipment and short-term solutions
to immediate problems through modification of existing
techniques and equipment's.

Prevention of Fires and Explosions

Although considerable progress has been made in re-
ducing fatalities from coal mine fires and explosions, the
mine environment contains a variety of potential ignition
sources and countless opportunities for human error. The
fire and explosion prevention program is addressing all
problems related to the ignition, propagation, detection,
and control of fires and explosions in coal mines. The
major program goals include conducting full-scale mine
fire demonstrations, characterizing the formation and ig-
nition of methane roof layers that form as a result of
different rates of release of methane gas in mining op-
erations, evaluating the effectiveness of passive and trig-
gered barriers in double and multiple entry systems, and
installing passive and triggered barriers in working coal
mines for in-mine trials.

Methane Control

Another area of research involves conducting studies
on the geology and physical features of coal beds in
order to develop the engineering criteria to predict the
quantity of methane in a block of coal, the pressure
under which it occurs, and the factors that govern its
movement so as to be able to design effective systems
for methane control and ventilation. The main objectives
of the methane control research program through 1983
will be to demonstrate to the coal industry the practi-
cality and economic advantages of draining methane
through horizontal holes underground and removing it
through a piping system, to develop technology to im-
prove face ventilation, and to determine the applicability
and effectiveness of water infusion in various coal beds.

Ground Failure

Failure of ground is the major occupational hazard
causing injury and death in underground mining. Re-
search in this area is accelerating to identify hazards
before or during mining, to develop methods and equip-
ment for controlling these hazards when they occur, and
to provide inherently safe mining environments. Identi-
fication of known geologic or human induced mining
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hazards before extraction can lead to avoidance or con-
trol-measures during mining to prevent accidents asso-
ciated with these hazards. Geophysical sensing systems,
such as probing radar, to detect and locate hazards will
be integrated into commercialized units from which
semiskilled operators can visually identify hazardous tar-
gets before mining.

Work will continue on inherently safe mining designs
as all ground failures are not always associated with
specific hazards, such as channel sand deposits or aban-
doned workings. The use of geologic and mechanical
property information in a ground support index will be
emphasized, and both empirical and aralytical mine lay-
out design information will be related to the selection of
a support system mated to specific categories of ground
stability. Imminent danger ground failure warning sys-
tems recently developed will undergo extensive and ex-
haustive field trials and demonstrations in fiscal years
1980 to 1983 to firmly establish failure thresholds ac-
ceptable to MSHA, mine operators, and miners. Mi-
croseismic and other failure warning indicators will be
integrated into fail-safe systems to minimize both false
alarms and undetected failures. Techniques for detection
of hazardous roof, rib, or face utilizing simple mechan-
ical and electronic sensing systems will be developed
that can be in-mine operated. In metal, nonmetal, and
coal mining, rock and coal outburst prediction systems
will be finalized in fiscal year 1982. Emphasis on de-
velopment and demonstration of hard rock-burst predic-
tion equipment and preparation of guidelines for un-
skilled operator use will be major efforts to help the
industry comply with increasingly stringent safety stand-
ards.

Industrial Hazards

The broad area of industrial hazards research encom-
passes human factors, engineering, electrical hazards,
illumination, cormnunicaticns, haulage, and materials
handling. Increased emphasis will be given to training
during the next few years. This emphasis will be accom-
panied by research in two major areas of concern,
namely, human error and behavioral techniques. Train-
ing research efforts will be conducted in the following
areas: evaluating needs, determining efficiency and ef-
fectiveness of training methods, analyzing tasks requir-
ing training, assessing different modes of delivery, es-
tablishing qualifications and certifications of mining
personnel, retraining, and developing simulator training
techniques.

Transportation

Additional research efforts for fiscal years 1980 to
1983 will be directed toward surface haulage equipment

and haulage road safety. Efforts will be directed toward
establishing criteria for optimized operator compart-
ments. A major effort will be made to develop teohnol-
ogy to facilitate compliance with the requirement for
protective cabs and canopies in low coal through equip-
ment redesign and modification. Research efforts will
also be directed toward improving operator visibility,
providing vehicle stability indicators, developing im-
proved tire inspection procedures, improving operator
access and egress, and developing criteria for roll-over
protection structures (ROPS) on large mining equip-
ment.

Emergency Care

Research is continuing in the development of emer-
gency life support systems and rescue technology, which
are needed to maximize the miners' chances of surviving
a mine disaster. The long-range thrusts of this subpro-
gram are to develop a substantially lighter weight and
smaller volume one-hour oxygen self-rescuer, a trapped
miner location and communication system for mines
as deep as 3,000 feet, a life support system enabling
trapped miners to survive for 14 days, and technology
that will significantly reduce the overall time for miner
rescue and mine recovery. Based on the location preci-
sion of electromagnetic (EM) mine locators as compared
to seismic methods, development of a commercial unit
usirg EM location techniques will be accelerated.

MINERAL RESOURCES TECHNOLOGY

Nonfuel minerals play a major role in the economy
and national security. Perturbations in the nonfuel min-
erals economy reverberate throughout the entire nation.
Nonfuel minerals research and development play a nec-
essary and potent role in assuring the availability of es-
sential minerals. Yet, the following trends, if not re-
versed, point to future disruptions in mineral supply:
growing dependence on foreign suppliers to meet our
basic mineral needs, increased competition for foreign
supplies of minerals, lack of innovation in the domestic
nonfuel minerals industry with the resulting loss of U.S.
leadership in technology, and decreasing Federal in-
volvement with nonfuel minerals research.

This program's goal is to promote a sound economy
and national security through new or improved technol-
ogies for the development of domestic resources of es-
sential minerals. It encompasses that research necessary
to reduce our requirements fer critical and strategic min-
erals through conservation, substitution, and increased
recovery of minerals and metals from domestic re-
sources. General objectives for 1979 to 1983 are to
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(1) develop minerals technology to extract the maximum
amount of mineral values from domestic resources and
recover minerals which are bypassed or lost in current
processes; (2) develop methods to recover mineral prod-
ucts from large, untapped, domestic resources; (3) re-
move technological and economic constraints on recov-
ery and reuse of waste and scrap; (4) develop technology
to replace critical/strategic minerals with substitutes or
alternatives; (5) develop innovative technology to more
efficiently mine and process essential minerals needed
for a strong economy and the national security; and (6)
develop the scientific foundations prerequisite for solv-
ing future mineral problems. In support of these general
objectives, the Bureau's mineral resources technology
program is structured into three subprograms: advancing
mineral science and technology, conserving domestic
mineral resources, and developing domestic mineral re-
sources.

Advancing Mineral Science and Technology

This subprogram promotes a sound economy and na-
tional security by expanding the minerals science base
and developing efficient extraction technology. Expand-
ing the minerals science base provides the basic scien-
tific information required for renewing and augmenting
the knowledge base from which future mineral problems
will be solved. Developing techniques and tools for ef-
ficient extraction technology increases efficiency of en-
ergy, capital, materials, and labor across the minerals
cycle. These developments also strengthen the compet-
itiveness of our nonfuel minerals industry.

Research objectives to expand our minerals science
base include developing a handbook for controlling mas-
sive rock failures, generating thermodynamic data for
use in devising energy-efficient mineral processing se-
quences, and conducting fundamental studies on the
physical chemistry of mineral-reagent interactions in sul-
fide flotation.

Research objectives to develop efficient extraction
technologies include developing a low profile portable
crusher; evaluating innovative concepts for ore and
waste disposal systems; operating a process research unit
for recovery of phosphate from Florida phosphate ma-
trix; demonstrating pit slope caving; completing inves-
tigation of hydrometallurgical techniques for recovering
platinum, cobalt, nickel, copper, lead, and zinc from
gabbro-type deposits; operating a process research unit
for sulfuric acid treatment of sphalerite to produce zinc
and elemental sulfur; developing more efficient contin-
uous mining for soft and medium hard rocks; and de-
veloping casting methods to produce sulfur concrete
components for use in corrosive environments.
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Conserving Domestic Mineral Resources

This subprogram promotes a sound economy and na-
tional security through maximizing mineral resources
recovery and scrap and waste utilization. Maximizing
recovery percentages of valuable constituents from re-
serves currently mined and processed reduces waste
from current operations. Improvements to existing pro-
cesses are sought to maximize resource recovery and
reduce waste. Scrap and waste utilization provides tech-
nology to reclaim valuable constituents from wastes, to
recycle useful metals and nonmetallic materials con-
tained in scrap, and to determine requirements for up-
grading recovered and recycled materials for use. This
research fosters economic scrap and waste utilization as
an alternate source of essential minerals.

Research objectives for maximizing resources recov-
ery include demonstrating a retractable bit system; com-
pleting research on recovery'of cobalt, nickel, and cop-
per from Missouri lead ores; demonstrating well
completion techniques for in situ mining; developing
flow and chemical reaction models for in situ mining;
developing standardized in situ assaying calibration tech-
niques; developing magnetic processes for recovering
iron minerals currently being lost in processing plant
wastes; and completing evaluation of hydrometallurgical
recovery of alumina from dawsonite as a byproduct of
oil shale processing.

Research objectives for scrap and waste utilization in-
clude developing engineering data for a continuous
leaching process for recovering cobalt, nickel, and cop-
per from lead smelter mattes and drosses; devising tech-
niques for sorting scrap stainless steel from aluminum
and cast from wrought grades of aluminum scrap; and
operating a process research unit for processing of co-
balt-nickel flotation concentrate produced from lead
smelter slag.

Developing Domestic Mineral Resources

This subprogram promotes a sound economy and na-
tional security through use of plentiful resources as sub-
stitutes for critical and strategic minerals. Research ef-
forts in this area are intended to increase domestic
reserves of critical minerals by developing processing
technology for large, domestic, as-yet-untapped re-
sources.. Substitutes can replace critical and strategic
minerals with domestically available minerals.

Research objectives for use of plentiful resources in-
clude operating a process research unit to recover tung-
sten from effluents from a plant treating Searles Lake
brine, demonstrating recovery of vanadium from low-
grade western resources, and evaluating clay as a re-
placement for bentonite as a binder for iron oxide pellets.
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Research objectives for substitutes for critical and
strategic minerals include demonstrating a precision
casting technique for producing low-cost, corrosion re-
sistant titanium valves; completing studies to develop
periclase refractory as a substitute for refractories con-
taining chrome; developing a nickel-cobalt binder for

4 .1, 3

replacing up to 90 percent of the cobalt used in produc-
ing cemented tungsten carbide; and completing research
on recovering alumina from domestic kaolin and anor-
thosite by hydrofluoric activated hydrochloric acid
leaching.



Department of the Interior
Geological Survey

The program of the U.S. Geological Survey (USGS)
in science and technology has as its broad mission that
of increasing our fund of knowledge of both the nation's
earth resources and the geologic processes that affect
their wise utilization. Implementation of this twofold
goal involves identifying natural constraints on land use
and resource development and analyzing the conse-
quences of alternative policies on resource development,
conservation, and environmental protection.

Issues that warrant special attention by the United
States during the next five years, and for which the em-
ployment of science and technology may provide miti-
gation or solution, are discussed under two general head-
ings: basic and applied research and application of
existing technologies.

BASIC AND APPLIED RESEARCH

Several issues of national significance require sub-
stantial increases in research. These issues are energy
availability, increased food and fiber production, man-
agement of wastes, availability of world and domestic
hard minerals, prediction and mitigation of geologic haz-
ards, and development of environmentally sound extrac-
tion policies for energy and minerals. On the following
pages each of these'issues is described individually and
some interactions that need further research are then
enumc ,ted.

Energy Availability

Increased reliance on imported petroleum in recent
years has been mirrored by severe balance of payment
problems. These related conditions have alerted most of
the country to our imperative need to develop alternative
Earth-based energy resources such as coal, oil shale,
nuclear fission source materials, and geothermal energy.
Important research aspects of developing these as well
as our remaining petroleum resources include

ResearCh in petroleum geology, including re-
source occurrence, origin, migration, entrapment
detection, and assessment of oil and gas;

New developments in secondary oil recovery;

Determination of physical and chemical charac-
teristics of petroleum reservoirs;

Development of uranium/thorium exploration
techniques;

Understanding the nature, origin, and occurrence
of geothermal areas;

Marine geotechnical studies related to drilling
and platform stability;

Outer continental shelf oil and gas resource ap-
praisal; and
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Drilling on the continental margin to assess the
potential for oil and gas resources of the conti-
nental slopes and rises.

Increased Food and Fiber Production

Large, areas of the United States are blessed with a
climate and geography suited to food production. In the
long run our agriculture will probably provide the sus-
tained export commodities by which to balance our im-
ports. Optimum agricultural productivity in most areas
requires supplemental water and mineral fertilizers. Thus
a trend toward greater agricultural productivity will re-
sult in greater use of water and fertilizer. Research areas,
some of which are already planned over the next five
years, needed to help sustain long-term optimum agri-
cultural productivity include

The impacts on stream-flow of the development
of groundwater in humid areas of the country;

The effect of irrigation on net water supplies and
water quality in the humid eastern areas of the
United States;

Accurate measurement of water use by agricul-
ture in the United States;

The impacts of geologic processes on agricultural
lands and the development, of techniques to mit-
igate the effects;

The impact of abandoning irrigated agriculture
in water-short areas of the west;

Identification of potential new sources of mineral
soil supplements and the availability and concen-
tration of fertilizers; and

Determination of the regional distribution of
trace elements in soils of agricultural lands.

Management of Wastes

One of this nation's most serious problems requiring
earth science input for solution is the management of
wastes, both toxic and nontoxic. Wastes out of sight or
smell, in a stream, underground, in the atmosphere, or
in an ocean haven't disappeared. They are in our envi-
ronment and may function at one end of the scale, as a
valuable amendment to some environments, or at the
other end, as a toxic pollutant. The following areas of
research will provide guidance to the nation as it strug-
gles to cope with a growing waste problem

Determination of the sources of nonpoint wastes
in urban, suburban, and rural environments, and

the impacts of nonpoint sources of wastes on sur-
face and groundwater;

Movement of chemical contaminants in streams
in solution and with sediments;

Management of the wastes from the nuclear
power cycle, including a comprehensive under-
standing of potential underground and marine re-
positories, and their geologic integrity;

Movement of radionuclides in the hydrogeologic
environment, and waste-media-water geochem-
ical interactions;

The fate of wastes placed in our river systems;

The impact of wastes on the ecosystems of es-
tuaries; and

Movement of wastes by groundwater, both in
unsaturated and saturated porous media.

Availability of World and Domestic Hard Minerals

As population increases with its attendant demand for
mineral resources, it will become increasingly important
to know what our mineral resource inventory is and what
environmental restraints may be imposed on develop-
ment. The economic well-being of our nation depends
on our mineral resource base-Continued provision of a
data base for the formulation of public policy to alleviate
or deal with the mineral shortages of the future will result
from research in

Development of concepts and techniques to im-
prove our capability for identifying and evalu-
ating mineral deposits on both local and regional
scales;

Definition of domestic and worldwide mineral
potential;

The technology of extant exploration techniques;

The development of new exploration techniques
in geology, geophysics, and geochemistry;

Marine mineral surveys, including manganese,
iron, nickel, and cobalt;

Mineral deposits modelingunderstanding the
physical chemistry of the formation of mineral
deposits and their geologic settings;-and

Mineral information systems development.

Prediction and Mitigation of Geologic Hazards

The Survey has been and will continue to be a primary
focal point for activities, in which the application of



geoscience can be used to minimize loss of life and prop-
erty caused by earthquakes, volcanoes, landslides, sub-
sidence, rock deformation, swelling clay-shales, and
other natural hazards. Among the many research topics
in this area are

Delineation and evaluation of geologic hazards;

Development.and testing of technologies for the
prediction of earthquakes and volcanic eruptions,
including identification of precursor phenomena;

Characterization of the magnitude and nature of
earthquake hazards on a region-by-region basis;

Determinationin advance of reservoir im-
poundmentof the potential for reservoir-in-
duced earthquakes;

Prediction of volcanic eruptions, landslides, sub-
sidence, and other natural hazards, thus provid-
ing a basis for mitigation;

Effects ar.:d mitigation of volcano hazards in Ha-
waii, the Pacific Northwest, and Alaska;

Safe siting of nuclear power plants; and

Assessment of geologic hazards to surface min-
ing and mine reclamation.

Development of Environmentally Sound Extraction
Policies for Energy and Minerals

As energy and mineral needs increase and new sources
are found, new environmentally sound exploitation
guidelines must be developed. The Survey has a long-
standing expertise in providing the data for the devel-
opment of such guidelines, and increased research activ-
ities will be needed.' Among them are

Research on the consideration of environmental
problems and constraints that accompany devel-
opment of the energy of geothermal areas and
extensive extraction of coal, oil, gas, uranium/
thorium, and hard minerals, both on shore and
outward to the continental margins;

Research to develop new geophysical techniques
to characterize the subsurface environment with-
out violating ground integrity by drilling;

Assessment and prediction of the impact of sur-
face mining on water resources;

Assessment of the long-term effects of burning
fossil fuels on the global climate, including im-
pacts on hydrology; and

Marine geoenvironmental studies.
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Interactions

Each of the six major research issues discussed above
affects or places demands on our mineral and water re-
sources. It is obvious that competition for mineral and
water resources is increasing and will continue to in-
crease as long as the population grows. Increasingly,
reliable information on mineral and water resources and
on earth processes is needed on a national scale by those
making trade-off decisions for the allocation of finite
resources. Among the research topics emerging from
these issues are

Identification and definition of a useful national
assessment of mineral and water resourcesin-
cluding the data required for such an assessment;

Determination of the present quantities, spatial
distribution, and purposes of water and mineral
use and waste products;

Determination of the sustained volume and qual-
ity of groundwater available for use nationwide;

Determination on a national scale of the resource
savings assignable to implementation of natural
hazards mitigation;

Determination of past climatic conditions as an
aid in the identification and projection of the ef-
fects of current climatic trends;

Improvement of the knowledge of the geologic
framework of the nation to provide the "base-
lines" for future activities; and

Improvement of techniques of technology trans-
fer to developing nations to help them define
their resource potential, assure adequate ,sup-
plies, and supplement our mineral needs in the
future.

APPLICATION OF EXISTING TECHNOLOGIES

Technologies whose implementation or application
will aid the solution of issues previously listed include:
systems for encoding, manipulating, and analyzing spa-
tial (geographic) ,lata in digital form; a digital carto-
graphic data base; remote sensing from space of the
Earth's mineral, water, and vegeitative resources; and an
airborne profiling of terrain system.

Systems for Encoding, Manipulating, and Analyzing
Spatial (Geographic) Data in Digital Form

The USGS has been increasingly concerned with the
problem posed by accelerating scientific and technolog-
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ical developments in the techniques of gathering and
handling information in geology, geography, topogra-
phy, water resources, and related disciplines.

Prior to 1960, the only form of storage for spatial data
was graphic. The manual application of statistical anal-
ysis and map interpretation assisted by drafting and pho-
tographic processes were the only spatial data handling
techniques utilized. Since that time, rapid developments
in computer technology have opened the door to non-
graphic, digital storage, handling, and manipulation of
spatial data. Activities in the Survey relating to the de-
sign and implementation of sets of spatial data in digital
form have become major programs that are national in
scope and involve the development of a new science of
spatial data analysis. A measure of the growth of the
importance of spatial data is suggested by the fact that,
as of March 1976, there were more than 50 spatial data
handling activities in the Survey, with about 366 million
bits of spatially referenced data stored in operational sys-
tems. Current projections indicate that the stored data
may exceed 1,365 billion bits by 1981.

The accelerating pace of requests for the transfer of
spatial data system technology demonstrates that such
technology and data are increasingly in demand. Data
are needed in support of research projects, for users such
as water managers and land-use planners, and for reg.
ulatory purposes in environmental impact analyses and
regional energy and resource planning. Those require-
ments have already created an urgent need for multifile
spatial data base management systems, improved access
via remote terminals, and linkages to systems maintained
by other organizations in the Federal Government and
regional, state and local organizations.

Digital Cartographic Data Base

A national digital cartographic data base is being de-
veloped by the USGS to serve all users in the Federal,
state, and private sectors. Current information digitized
from published maps meeting National Map Accuracy
Standards forms part of the data base. In addition, a
digital cartographic system is being designed to produce
both computer files and map graphics directly from map-
ping-quality aerial photographs. The basic objectives of
the program through 1985 are to develop and keep cur-
rent a data base of digital cartographic data for coastal
areas, coal lands, public lands, and many urban and
forest areas; and provide timely digitizing, editing, anal-
ysis, and display services to Federal and state agencies.
Uniform standards for data formats and codes will be
developed to provide the interchange and use of common
data.

Digital cartographic data are used by state and Federal
planners and managers responsible for managing natural
resources and public lands to solve complex problems

of computer-based analysis. Digital cartographic data
can also be used in automation of traditional mapping
processes, including revision. The automated digital sys-
tem will be more efficient and less labor intensive than
methods currently used to produce maps, and the digital
data will not interfere with other geographic data sys-
tems.

Remote Sensing from Space of the Earth's Mineral,
Water, and Vegetative Resources

The purpose of viewing the Earth from space is to
take advantage of those unique characteristics afforded
by space technology that enable us to extend our view
and learn more about the world around us; to discover,
develop, and manage its many resources; to improve our
environment; and to ensure the future by improving the
ability of mankind to obtain food, shelter, and better
health.

Satellites carry various types of sensor systems de-
signed to measure reflected and emitted radiation from
the Earth's surface. All surfaces and objects on the sur-
face of the Earth reflect, absorb, and emit radiation in
varying degrees, and the fact that many are unique and
separable from others enables us to refer to their meas-
ured expression as a "signature." These signatures can
be measured by taking advantage of the various spectral
bands which range from visible, through near-infrared
and thermal infrared, to microwave frequencies. In most
cases, the signatures of vegetation, soil, water, and rock
change with time due to season and weather. Agricul-
tural and range crops change continually and are syn-
chronized with a crop calendar. The synoptic and repet-
itive characteristics of space observation enable man to
extend his observations from single fields or groups of
closely spaced fields to counties, states, and groups of
states, and even make comparative studies of continents.

Meteorological satellites (Nimbus, Tiros, NOAA, and
Geos) have clearly demonstrated their value in mapping
weather patterns, sea surface temperature, and major
ocean currents. They are used to predict weather and
forecast the movement of hurricanes, tornadoes, and
snowstorms.

Landsat, launched first in 1972, has demonstrated that
multispectral, synoptic, and repetitive views of the Earth
can be beneficial in many ways. Geologists have found
that they can extend their knowledge gained from small
field areas to broad regions. Agricultural specialists can
monitor crop growth and estimate productivity by mul-
tistage sampling techniques using field, aircraft, and sat-
ellite observations. Range managers can estimate forage
availability; foresters can rapidly assess the rates of
change due to forest exploitation, fires, and insect in-
festation; hydrologists can measure areas of surface
water and the extent and comparative effectiveness of
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sprinkler and ditch irrigation systems; and land use plan-
ners can obtain current land use maps.

As space technology moves from experimental to op-
erational systems, the acceptance and use of such data
will grow. Because they are computer compatible they
will form the basis of computerized resource inventory
and management information systems of Federal, state,
and local government agencies. Private industries,. es-
pecially the major oil companies and future commodities
firms, have already adopted such systems and consider
them nearly operational.

We expect that continued research will enable us to
further refine spectral measurements from space or com-
bine them in new ways to improve our ability to dis-
criminate and map surface materials. The computer in-
strumentation used to process these data will improve,
become cheaper to purchase and utilize, and, therefore,
become more accessible to the average user. With this,
the user community will continue to grow as will the
application of data to serve their needs.
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Airborne Profiling of Terrain System
USGS scientists are guiding the develbpment of an

Airborne Profiling of Terrain System (APTS) by the
Charles Stark Draper Laboratory of Cambridge, Mas-
sachusetts. The system is in the component fabrication
stage, with laboratory testing planned during 1980, fol-
lowed by flight testing in 1982.

When completed, the system will permit rapid collec-
tion of real-time three-coordinate position information.
Using low-flying aircraft, with a laser profiler system
linked to geodetic control points, the APTS is expected
to provide accurate surveys of the terrain more effi-
ciently than current technology. Positional accuracies are
to be ± 2 feet (about 60 cm) horizontally and ± 0.5 feet
(about 15 cm) vertically.

The APTS will provide data for topographic mapping,
determining stream-valley geometry for flood plain stud-
ies, determining surface subsidence, monitoring strip
mine operations, detailed coastal mapping, and studies
of geology.



Department of State

The mission of the Department of State (DOS) is to
coordinate our foreign policy and promote the long-
range security and well-being of the United States. Sci-
ence and technology play a significant and increasing
role in the formulation and conduct of U.S. foreign pol-
icy, and in our relations with other countries in general.
Science and technology provide tools with which to
progress toward solving global problems; even problems
predominantly of a political nature are often based on
subtle scientific or technical factors, and, of course, cer-
tain applications of science and technology in turn create
problems for our foreign policy. On the other hand, sci-
ence and technology both provide bases for international
cooperation and opportunities for improving relations
with and understanding of other countries.

This report focuses on areas of science and technology
related to the significant concerns of the Department of
State and on opportunities and constraints for the use of
science and technology in achieving foreign policy
goals.

INTERNATIONAL PEACE AND SECURITY

Many of the factors capable of disrupting or prevent-
ing stability on a regional or global basis are grounded
in technology.

Weapons

A credible 'military capability requires a rather sub-
stantial degree of technical training in equipment oper-

ation, routine maintenance, and repair. The development
of new weapons or even the new acquisition of tradi-
tional weapons can alter the military balances among
countries and prompt destabilizing responses. This can
occur not only among super powers, but among the poor-
est of the developing nations. We anticipate a continued
interest on the part of many countries in acquiring con-
ventional weapons. In the next five years an increased
interest in such acquisitions could be demonstrated by
lower tier developing countries. It is the policy of this
Administration, of course, to try to reduce worldwide
arms sales through a multilateral effort.

Nuclear Technology

The spread of nuclear technology continues, and the
diffusion of technical information potentially applicable
to weapons development cannot be halted or reversed.
As international interest and commerce in nuclear power
continue to grow, and sensitive technologies such as re-
processing and enrichment become more widely avail-
able, it will become increasingly important to strengthen
the international machinery for safeguarding nuclear
materials, equipment, and technology. We will need to
develop a more proliferation-resistant environment, both
technical and institutional. Prudence dictates that atten-
tion also be devoted to the possibility of contending with
subgovernmental groups that are likely to be immune
from traditional political constraints; in this context, im-
proved technical controls may be particularly important.
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World Development

Focused rather than random efforts in science and
technology are needed to further develop and strengthen
the developmental process in the third world. It will
require increasing cooperation among developed na-
tions, financially as well as scientifically, to pursue such
potentially big, expensive, internationally important re-
search as that having to do with energy resources, ocean
margin drilling, climate, etc. World development can be
characterized both in relative termsi.e., by widening
Jr narrowing gaps among the countriesand in absolute
terms. For many matters of relevance to the world econ-
omy, the description in relative terms is most pertinent.
However, in the quest for international peace and se-
curity both relative and absolute terms are important.
This is apparent in military capability, but it is also the
case in view' of increasing demands by the developing
nations for energy, raw materials, food, and prestige.
These factors will certainly call for increased attention
in the near future.

China

The decision of China to embark on a program of
technological modernization based in large part on co-
operation with the industrialized democracies is chang-
ing the nature of our relations with that country. More
broadly, the role that China assumes in the world will
be very much a function of its development in military
and other technologies. Her success, or lack of it, may
have a profound impact on the global political balance.

Treaties and International Law

The United States continues to believe that the devel-
opment of a regime of treaties, agreements, and custom-
ary international law, particularly through the United
Nations and other intergovernmental organizations, is
the best way to foster peace and security among the
world community. Such a cooperative framework is es-
sential to meet the challenges of the future and the prob-
lems of the present.

Two major areas of developing law in which technical
factors are particularly relevant are the sea and space.
While great strides were taken at the Third United Na-
tions Conference on the Law of the Sea, in securing
agreement on new jurisdictions and on regulating novel
and sometimes competing uses of the seas, there is a
price to pay. The technically feasible mining of the deep
sea bed, which has not yet been susceptible to organi-
zation under a politically acceptable international re-
gime, remains a source of conflict between nations. The
development of the sciences of the sea and of the air,
which is becoming increasingly dependent on interna-

tional cooperation, is also increasingly constrained by
national and internationra regulation. Efforts in outer
space, however, have r.:sulted in the negotiation within
U.N. forums of four multilateral instruments to which
many countries, including the United States, subscribe.
However, additional and more contentious problems re-
main to be resolved. In the next five years we can an-
ticipate that technological developments especially re-
lating to resources, energy, industrial applications, and
scientific research will pose new problems for the inter-
national legal regime.

NATURAL RESOURCES AND ENVIRONMENT

Society is (we hope) entering a phase of transition
from the mindless consumption of natural resources and
the production of harmful wastes to a relatier..thip of
symbiosis with the planet and its ecosystems. Among
our key concerns as a civilization are that we not deplete
essential resources while we grow economically and so-
cially, that we maintain our environment in a healthful
state, and that we not diminish the genetic richness of
life in its manifold forms.

Energy Resources

The exploitation of energy resources is unavoidable
for any level of economic activity, including provision
of basic human needs. The demand for energy will rise
steeply as world population increases and economic ac-
tivity continues to grow. The problem exists, growing
ever more serious, that conventional hydrocarbon sources
of energy (oil, natural gas, and wood) are being depleted
at an alarmingand acceleratingrate; aside from the
implications for energy supply, this depletion also threat-
ens the availability of these resources for other uses,
such as specialized materials, pharmaceuticals, and fer-
tilizers.

Alternative Energy Sources

Alternative energy sources are under development,
but most technical estimates of their availability indicate
that it may be two decades before renewable or essen-
tially inexhaustible sources of energy will contribute sig-
nificantly to energy supply. In the near future, it may
well be that coal will undergo an expansion of its role
and that fission reactors (possibly including some ver-
sion of the breeder) will become more widespread under
controls adequate to ensure their safe and secure oper-
ation. More intensive exploitation of such sources of
energy will raise important issues of environmental qual-
ity, human safety, and (in the case of breeder reactors)
nonproliferation. We have come to realize that many



energy exploitation activities have international and even
global effects, and we will have to develop more effec-
tive mechanisms to influence other countries to adopt
nodes of action less detrimental to the environment. The
developing countries will present a special problem in
this regard as they move into the early stages of indus-
trialization with emphasis on near-term cost minimiza-
tion at the expense of long-term environmental interests.

Efforts to develop additional energy resources may
create foreign policy issues in the near future, even
though full development of these resources may be de-
cades away. For example, consideration of a solar power
satellite system inescapably involves questions of impact
on global environment, prospects of multinational shar-
ing of the benefits, allocation of frequencies for trans-
mitting energy to earth, and use of geostationary orbit
positions. More generally, international or multilateral
energy research and development, especially in large
demonstration-scale projects, offers the prospect of re-
ducing costs for each participating country, accelerating
needed efforts, widening the base for innovative think-
ing, and avoiding wasteful duplication. Such multilateral
efforts can also serve the broader purpose of enhancing
overall international cooperation. On the other hand, ef-
fective project management can be seriously hampered
by a proliferation of participantsespecially foreign par-
ticipantsin large, complex, and costly efforts which
are inherently uncertain of success due to the innovative
nature of the technology being implemented. There will
often be a trade-off between technical and diplomatic
goals.

Energy technology can seriously influence bilateral
relationships and can serve as the basis for much broader
economic

Forest Reserves

Until the beginning of this century, the predominant
energy resource was wood. As population densities
grew, and energy demands for heating and cooking as
well as for construction materials increased, forests in
a number of areas of the world began to be depleted. As
a result, large areas were eroded by rain and wind and
rendered less fertile. The use of coal and then natural
gas and oil came in time to save at least a few areas of
extensive timberland. With recent shortages of petro-
chemical supplies and increasing demands for energy
even in the least developed countries has come a re-
newed attack on the forests of the world. This will have
grave consequences for the continued development of
poor countries because they will too quickly deplete their
forest reserves and will subject large areas of once fertile
land to erosion and loss of agricultural utility.

The loss of forest lands is becoming so extensive that
its effects are certain to be regional and even global in
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scope. Forests may play an essential role in the chem-
istry of the Earth-atmosphere system, and their further
depletion could lead to significant long-term effects On
the composition of the atmosphere. Moreover, the burn-
ing of wood, without special precautions, introduces into
the atmosphere a variety of pollutants including partic-
ulates. Concerted action is needed to solve this global
problem, and the next decade or so may prove to be
crucial.

Deserts

The Earth's surface changes over time with changes
in climate and man's activities. The dynamics of deserts
are not well understood, but recent indications of their
growth are worrisome. The reclamation of desert land
is costly, but there have been some successful experi-
ments, particularly in the Middle East. Moreover, it has
been shown that certain range management techniques
can increase the productivity of desert land. A number
of countries have large desert areas, and the enhanced
utility of such land could be important in their economic
development. One key factor is the supply of fresh
water. Although deserts are quite dry at the surface,
there are underground water reserves in a number of
places. The technology necessary to locate and develop
these sources of water would promote the utility of de-
serts. However, new wells have often made the problem
worse by opening unsuitable lands or resulting in ex-
panded grazing herds.

Water Resources

The Earth's water cycle is global in scope and in-
volves the oceans, atmosphere, and water on and below
the surface of land masses. The entire cycle is fueled by
sunlight. While it is difficult to detect long-term trends
in the global availability of fresh water, there are im-
portant variations in rainfall of local or regional scope
both from year to year and for longer times. The vari-
ation of precipitation during the course of the year is
also substantial, but to a large extent we have been able
to adapt our society to this level of variation. Over the
next five years we might expect to see improvements in
the technologies of locating and exploiting underground
water systems and desalinating sea water.

The improved availability of fresh water is of key
importance to a number of countries, generally devel-
oping countries, and its achievement will have important
effects on their growth. Schemes for diverting the flow
of surface waters could lead to improvements in fresh
water availability for some countries, but could also de-
prive neighboring countries of some water. From time
to time, unconventional ideas, such as towing icebergs
from polar regions to the shores of a needy country, are

is
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suggested. These may at some point prove worthwhile.
Over the next five years, we expect to see increased
attention paid to the problems of fresh water availability
and techniques for the discovery, exploration, and man-
agement of water resources.

Weather and Climate

The United States has engaged extensively in the de-
velopment of weather sciences in recent decades. Sat-
ellite sensors provide synoptic views of large-scale
weather systems while a network of Earth-based sensors
provides information on a more detailed scale. Consid-
erable advances have been made, particularly in long-
range and medium-range forecasting; short-term fore-
casting, while important, is still frustratingly unreliable
in the view of the "man on the street." In the next five
years we should see continuing efforts to improve our
understanding of weather phenomena and more attrac-
tive opportunities for gathering information on a global
scale through the involvement of many countries.

Weather modification research was initiated some 50
years ago in this country. The potential benefits of mod-
ification make it of continuing interest even though it is
not yet certain that it can be safely used in all its forms.
Progress in this area is coming slowly, partly because
the research is difficult, and the benefits and the risks
have to be balanced. International guidance and controls
are likely to be a matter of increasing concern during the
next five years.

Similarly, interest in studies of climate, its long-term
trends, and its implications for the economic health of
countries and regions is becoming more intense. As the
relationship between climate and other factors becomes
better understood, interest in cooperative research efforts
could focus foreign affairs activities on this area.

Living Resources in the Oceans

In addition to playing a central role in the dynamics
of the world's weather and climate systems, the oceans
of the world nurture a tremendous variety and quantity
of living resources. These resources are finite in extent,
and we are in serious danger of depleting certain species
to the point of extinction. To preserve the richness of
life's varieties and to avoid traumatic disruption of the
delicate balances of life in the ocean, we will need to
carefully manage our fishing, commercial, recreational,
and other ocean-related activities to optimize their ben-
efits for mankind and at the same time conserve the
marine environment and its resources. Many nations are
more heavily dependent on the oceans for food than we
are. Some have adopted fishing practices that threaten
certain species or that interfere with the take of other
countries. The trend toward extended coastal nation ju-

risdiction over living resources in adjacein ocean areas
may permit more effective management of fishery re-
sources and thereby improve the ocean's productivity in
the long run. We also anticipate that our increasing abil-
ity to understand the ocean and monitor changes in it
will improve our ability to manage its living resources.

Other Ocean Resources

The oceans of the world hold great promise for min-
eral arid hydrocarbon production as well as for alterna-
tive sources of energy. One of the most exciting pros-
pects is the recovery of polymetallic nodules (more
commonly known as "manganese nodules") from the
floor of the deep sea bed, but it is not yet fully known
what other resources might be exploitable.

The technology for deep-sea mining is in the final
stages of development prior to a prototype mining op-
eration, and it is highly likely that national and/or inter-
national rules will be in place in the very near future to
provide a legal framework for actual operations. Ex-
ploitation of the ocean areas beyond national jurisdiction
was a key issue at the Third United Nations Conference
on the Law of the Sea, and it is not yet clear how this
issue will be resolved. The United States and other coun-
tries, however, have continued to stress that such an
activity on the high seas is a freedom that cannot be
abridged without consent of all parties. Further devel-
opments in undersea technology and the commencement
of actual mining operations on the high seas could make
this issue an important foreign policy concern in the next
five years. Oil production, especially in the industrial
countries, is shifting offshore, and this requires complex
and costly technology.

Mineral Resources

Global interdependence in supplies of many mineral
resources has become a fact of life in this half of the
century. Few countries are self-sufficient in resources
considered essential for maintaining national security
and an advanced economy. Demands for raw materials
will surely continue to increase as more countries de-
velop their economies and as those economies become
more complex. But supplies are not unlimited, nor are
our relations with certain suppliers wholly reliable.
There is a limit also to our ability to stockpile effectively
the quantities of key materials needed by the U.S. econ-
omy for more than a period of months or, in some cases,
a few years. This makes us vulnerable to a number of
possible actions that would interrupt or increase the cost
of such supplies. We expect this problem to intensify in
time, and over the next five years we may see significant
impacts on our supplies of certain materials arising from
the efforts of developing countries to gain political in-
fluence through control of their natural resources.
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The natural free market response to this situation
would probably be the stimulation of alternative sup-
pliers and the development of substitute materials. To
accomplish the first, new techniques of resource discov-
ery, extraction, processing, and even transportation will
find useful application. Satellite remote sensing surely
will be increasingly used in locating and managing nat-
ural resources; efforts to draft principles governing re-
mote sensing of the earth's natural resources and envi-
ronment are underway in the United Nations. Extraction
and processing require a certain skill level as well as
capital inve tment; to promote the development of re-
sources, we may face difficult demands for providing
technology and capital equipment to countries not yet
able to use them properly. Furthermore, this phase of
the raw material supply process can be both environ-
mentally damaging and sociologically stressing. Some
developing countries evince little concern for the quality
of their environment, but pollutants deposited in air and
waterways will affect neighbors and even distant peoples
to some extent. Additionally, the requirements for cre-
ating a labor force and moving it to the location of an
activity can stress the family and cultural life of a sig-
nificant segment of the population and create economic
disparities that may wreak havoc on a country's econ-
omy. Within the next few decades the occurrence of
these effects will undoubtedly increase.

The development of substitute materials to replace
materials whose supply is not reliable is not expected to
occur by itself in the private sector until the supplies are
actually interrupted. Time will then be a key factor.
Government action to prepare for this kind of situation
can be initiated at an early date.

Pollution

The international aspects of pollution of the environ-
ment are now seen as very important. The physical and
chemical processes involving land masses, oceans, and
the atmosphere recognize no political boundary. We are
finding, mom. over, that while certain effects of pollu-
tants are local in scope there are many subtle but im-
portant effects that are global in range. Controversies
exist over the preciise characterization of phenomena like
depletion of atmospheric ozone, changes in atmospheric
carbon dioxide, acid rain, trace metal effects, and so on,
but little doubt exists that they are important phenomena
that are influenced by mankind's activities. Even a phe-
nomenon like eutrophication, which we are accustomed
to think of as occurring in small bodies of water, can be
of significance in international relations in regions such
as Europe. Environmental insults are expected conse-
quences of virtually any large-scale activity of a society.
Technical advances in assessing and ameliorating envi-
ronmental impacts continue in the United States and
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other countries; however, some developing countries do
not welcome their application because there are fre-
quently significant costs or constraints implied.

Environmental monitoring, aimed merely at improv-
ing our knowledge and understanding of the dynamics
of pollutants and their sources and sinks, also constitutes
a matter of some international controversy. This contro-
versy can be expected to increase as monitoring becomes
more necessary and the technology more capable. Ef-
forts will be underway to encourage other countries to
assess in advance the impact of their activities on neigh-
boring countries or on the global commons.

Waste Management

The United States is the major consumer of resources
in the world, a fact that has not gone unnoticed in recent
times. Other countries urge us to be more conservationist
in our use of resources and may see low-waste technol-
ogy as a necessary development. This technology is most
relevant to developed countries, and we expect to see
increased attention paid to cooperative efforts in this
field in the near future. At the present state of technol-
ogy, there are unavoidable wastes that are not recyclable
(for technical or economic reasons). Such wastes must
be disposed of in an environmentally sound way that
does not threaten human life or health. The disposal of
radioactive wastes is an example that is both controver-
sial and challenging. Suggested disposal sites include
geologic depositories on land or in the sea bed and outer
space. As waste materials continue to build up, the pres-
sures to solve this problem will increase.

Natural Hazards

Among the global problems that have been with us
for eons is the occurrence of natural disastersfloods,
earthquakes, fires, droughts, volcanic eruptions, storms,
tidal waves (tsunamis), etc. They have always taken a
toll in human life. As the Earth's population increases
and our societies become more complex, the effects of
natural disasters are increasingly severe. Science and
technology hold promise for providing eventually a rea-
sonable capability to anticipate their occurrence, to plan
the location and nature of settlements in order to mini-
mize vulnerability to them, and to alleviate their con-
sequences once they occur. Interest in natural disasters
is very strong among developing countries. The tech-
nologies of direct relevance include remote sensing,
communications, air transport, building techniques, and
water diversion, among others.

Food Supplies

Basic demand for foods continues to increase, and
advances in nutritional science have altered consumer
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demands for certain foods. Among the factors pertinent
to the supply of food grown on land are soil fertility,
weather conditions, quantity of arable land, har. esting
methods and level of effort, food distribution, and food
processing. Plant diseases and spoilage are major factors
in reducing food supplies. A continuing effort in
this area needs to be bolstered in the future if we are to
make any headway against the increasing severity of the
problem. Not only are technical advances needed, but
innovative organizational and administrative ap-
proaches, particularly in delivering fertilizers and water
to the farmers and distributing and storing their products,
are needed.

The living resources of the world's oceans and fresh
water bodies offer the opportunity to alleviate the de-
mand for foods high in protein. The trend toward ex-
tended coastal nation jurisdiction over living resources
in adjacent ocean areas may permit more effective man-
agement of fishery resources. Increasing attention is also
being given to ocean species that are presently under-
utilized. Finally, significant advances continue to be
made in both freshwater and saltwater aquaculture,
whereby fish and vegetation can be grown and harvested
in a highly productive manner in a controlled environ-
ment.

Basic Research

Basic research in sciences ranging from archeology to
zoology should have little negative impact on our foreign
relations and should continue to provide opportunities
for international cooperation. Such research is the source
for future technology. The development of scientific in-
formation that pertains to the natural resources of coun-
tries or that gives rise to proprietary rights will probably
continue to prompt assertions of sovereign interest by
some countries.

INTERNATIONAL COMMERCE AND THE
ECONOMY

EcOnomic Development

The large disparity in levels of economic development
among countries shows every sign of continuing to in-
crease. We have seen that the stability of the world econ-
omy is jeopardized by the stresses generated through this
disparity in level, and we have become aware that in this
age of interdependence we are disadvantaged both po-
litically and economically by increasing the disparity.
The solution offered by developing countries is to rap-
idly erode and dissipate the positions of advantage held
by advanced countries. On the other hand, an approach
that aims at long-term development of all countries,

while not attractive to developing nations in general,
may be the most effective and palatable approach from
our standpoint.

Technology is crucially important to the development
process; but for a country to make progress in its ability
to accommodate, use, and eventually develop technol-
ogy, it must have an appropriate infrastructure. The lack
of suitable infrastructure in most of the developing coun-
tries has thwarted a number of well-intentioned efforts
to help them through the transfer of technology from the
United States and other advanced countries. As focus on
the question of technical infrastructure is improved,
greater demands for technologies of communications,
transportation, and construction, and for education in
science and engineering, will become apparent. But this
cannot be simply a matter of transferring them in the
form they take in the United States. Technologies must
be adapted to the purposes they are to serve in the host
country, and they must be appropriate not only to the
technical job to be done but also to the societal and
cultural setting. In the next five years we can expect a
further increase in the appetites of developing countries
for an immediate diet of high technology. We must begin
to work more effectively with these countries in the
longer term, but more sound, approach to developing
technical infrastructure.

Telecommunications

Rapid technical advances in telecommunications are
being realized. Large-scale integration of electronic
components is permitting economies in a variety of
equipment and promises to spawn the development of
new capabilities. A number of other technical advances
are underway in this area. They imply that the ease with
which we communicate both domestically and interna-
tionally will grow while the costs will diminish., With
such developments we can anticipate that countries will
become more active in communicating, and this can lead
to overcrowding of the radio-frequency spectrum and of
the satellite orbit space in geostationary orbit. In addition
to increases in communications between fixed points,
we anticipate similar increases in the use of broadcast-
ing, particularly of television.

Because television is so effective a medium for the
communication of ideas, many countries fear uncon-
trolled broadcasting from stations outside their sovereign
jurisdictions. The broadcast of television from satellites
to home receivers in other countries is of concern to
many countries, and efforts are underway in the United
Nations to deal with this problem. In the next five years
or so we expect to see several countries progress toward
'establishing domestic satellite television broadcasting
systems, and at least one regional system may be in
place. This will raise the level of interest or concern
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among a number of countries heretofore rather uncon-
cerned about the issue.

Free Flow of Informatird

The principle of free flow of information and ideas
regardles of national frontiers is fundamental to Amer-
ican soci :y. Recent international reaffirmations of this
principle by UNESCO ha. _ not settled the issue, and
some countries continue to urge regimes under which
controls over the flow or even the content of transborder
communications would be acceptable. A number of
countries have adopted regulatory schemes for dealing
with the flow of data that might affect the privacy or
other rights of their citizens. International efforts to deal
with the protection of rights and at the same time the
preservation of freedom of information flow will be in-
creasingly important in the next five years.

The technology to deal with information gathering,
storage, processing, and dissemination is making rapid
strides. Most countries seem to recognize that this is an
area in which the gap between developed and developing
countries is growing. Increasing demands for "infor-
matics" technologies and for adequate policies are being
made, and responses will be urged more fervently in the
near future.

Commerce

Commerce among the developed countries and with
the Communist countries of Asia and Eastern Europe is
an important factor in the economic health of the United
States. While agricultural products will surely retain a
pr,.:dominant position among our exports, trade in tech-
nology products and transfer of technology will probably
increase. This will have the effect of increasing the tech-
nical competence of the importing countries, with con-
comitant inilickry implications in some cases, and eco-
nomic competition. The next years VI' raise issues of
increasing complexity in the promotion of trade under
circumstances that preserve national security interests
and our economic health.

HUMAN RESOURCES AND WELFARE

Population

Population increases underlie many of the problems
we have identified. Assistance in family planning and
improvement of living standards are expected to help in
dealing with the problems. The pressures in the next five
years will urge creative and incisive approaches. Distri-
bution of population plays a key role in a number of
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areas including urban blight, rural development, labor
force, standard of living, education, and a constellation
of other social and cultural problems.

Medicine and Health

Advances in medicine and health care are expected to
include improvements in diagnostics, treatment, disease
control, rehabilitation, and the delivery of health care.
These advances can play an important part in raising
living standards around the world. Health care is an area
in which developed countries can bring benefits of sci-
ence and 'technology to developing countries with min-
imal (but significant in some cases) impact on the cul-
tural and social integrity of the recipient. Consequently,
this area is a prime candidate for expansion of interna-
tional activities in the years ahead.

INTERNATIONAL MEETINGS

During the next five years there will be a large number
of international meetings dealing with matters related to
science and technology. These will be intergovernmental
meetings and meetings involving a broad range of or-
ganizations as well as individuals. These meetings are
sponsored by the United Nations (and its member or-
ganizations), such other intergovernmental bodies as the
Organization of American States and the Organization
for Economic Cooperation and Development, as well as
individual countries, professional societies, etc.

Illustrations of the most significant of such meetings
include the 1979 World Administrative Radio Confer-
ence (WARC) to revise the international radio regula-
tions, including the table of frequepcy allocations, tech-
nical sharing criteria, coordination procedures, etc.; the
1979 U.N. Conference on Science and Technology for
Development; the 1981 U.N. Conference on New and
Renewable SOurces of Energy; the U.N. Conference on
Exploration and Peaceful Uses of Outer Space proposed
for 1982; and the 1983 Regional Administrative Radio
Conference (RARC) to plan the use of broadcasting sat-
ellites at 12 GHz in the Western Hemisphere.

INTERNATIONAL COOPERATION

There is an extensive program of bilateral and multi-
lateral cooperation in science and technology involving
a number of countries and a number of U.S. Government
agencies; regional institutes and special organizations,
as well as agencies of multilateral iriterngovernmental or-
ganizations, are involved. One example should suffice
to illustrate these opportunities:

For almost a decade, the Deep Sea Drilling Project
(DSDP) has been an extraordinary scientific undertak-
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ing. Its major objective has been the exploration of the
Earth's crust beneath the oceans. This has been accom-
plished tl .ough the use of the drill ship Glomar Chal-
lenger, which obtains cores of sediment and rock from
the deep ocean floor. The scientific results of DSDP
have revolutionized the earth sciences and led to general
acceptance of the plate tectonics model. This model has
immeasurably enhanced our understanding of the Earth
as a dynamic system possessing a continuously changing
distribution of oceans, continents, and mountain ranges.
As interpreted by means of the plate tectonics model,
the results of DSDP have provided evidence crucial to
the reconstruction of the Earth's geology, climate, ocean
circulation, and evolution of living organisms during the
past 200 million years. At the same time new insights
into the geologic processes associated with the formation
of mineral and hydrocarbon deposits have been 1..!o-

vided. Scientists from approximately 30 foreign coun-
tries have participated in DSDP, and five countries have
entered into formal agreements with the National Sci-
ence Foundation concerning their participation.

The oceanographic institutions that conduct DSDP
have proposed a major new program for the 1980s which
would be a logical evolution from DSDP. Whereas
DSDP was concerned almost exclusively with drilling
in the deep ocean basins, the proposed program would
be concerned primarily with a detailed investigation of
the outer continental margins of world oceans. Although
these margins are of central importance to a better un-
derstanding of the plate tectonics model, their geology
and geophysics are relatively unknown. At the same

time, the outer continental margins are pro' bably the larg-
est unexplored areas in which oil and gas may be found.
The margin studies will require a more advanced drill
ship that can drill in an environmentally safe manner in
areas where hydrocarbons may be encountered. The pro-
posed studies provide an opportunity for the continuation
of the excellent international cooperation that has oc-
curred under DSDP. On the other hand, the definition
of the seaward limit of coastal state jurisdiction over the
continental margin and the nature of coastal state juris-
diction over marine scientific research are two unre-
solved issues under consideration by the United Nations
Conference on the Law of the Sea. As long as they
remain unresolved, they may impose constraints on any
future drilling program on the outer continental margins
of the world.

In addition to multilateral cooperation on specific
projects, the United States participates in bilateral co-
operative agreements with many countries covering large
topic areas.

The work of a number of multilateral intergovern-
mental organizations includes significant opportunities
for the discussion and the use of science and technology.
In the North Atlantic Treaty Organization, the Organi-
zation for Economic Cooperation and Development,
such U.N. bodies as the World Meteorological Organi-
zation and the Food and Agriculture Organization, the
Organization of American States, and other organiza-
tions, these topics are of continuing interest and are dis-
cussed from their techr ical, economic, and political as-
pects.



Department of Transportation ,

The Department of Transportation (DOT) has orga-
nized and planned its research and development pro-
grams to help solve the current and emerging transpor-
tation problems identified through the political and
socioeconomic resew.;:;, processes. While DOT concen-
trates on short-term research, the transportation infra-
structure has a very long life. An example is the per-
sistence of excess capacity in the railroad industry,
which in many corridors, dates back to the early 1900s.
While research may be Aimed at solving short-run prob-
lems, impacts on the infrastructure may be felt far into
the future. Long-range trends in transportation demand
and technology must be considered in terms of what
effects they will or could have on the current infrastruc-
ture. Even though our research and development pro-
gram might be called "short term," we are faced with
a number of opportunities and constraints upon which
new technological capabilities can have a profound im-
pact. Although the policy of short-term R&D remains
valid, it could be a constraint to innovation in transpor-
tation. To bring new ideas into transportation, we intend.
to reverse what has been a steady deterioration of long-
range R&D funding by including a long-range compo-
nent in our advanced programs.

The Department has conducted a number of s*.,dces
that identify transportation trends and problems. i nese
studies looked at the alternatives for the near and distant
future and are used as a guide to the development of /our
R&D program. Perhaps the most significant problems
facing our transportation system are the increasing en-
ergy shortages, especially liquid petroleum, and antici-

pated high growth rates in certain modes, particularly
aviation. In addition, the freight transportation industry
continues to suffer from financial problems that could
impair its ability to meet future demand.

In modal terms, railroads and pipelines may be in-
creasingly relied upon and must adjust their capacity to
meet the new demands safely and efficiently. Urban
transportation may see a shift in job and housing pat-
terns, with shorter work trips, but often in corridors of
increased congestion. Innovation is required to reduce
the amount of energy consumed by commuting. On our
waterways, continued growth of energy shipments could
lead to serious safety problems as ports and waterways
become more congested. Likewise, if aviation demand
grows in the face of ',..ner energy prices, congestion of
air terminals will pose greater safety problems. Our re-
search and development program strategy is structured
to resolve the problems created by these trends. A num-
ber of new or emerging technologies provide opportu-
nities to solve not only modal but the so-called cross-
cutting or transmodal problems as well.

To provide an integrated approach to this outlook, we
have divided our response by the following categories:
marine, aviation, road and highway, rail, urban, pipe-
lines, and transmodal.

MARINE TRANSPORTATION

In the next five years, the development of offshore
resource platforms at distances greater than 25 miles
from the coast will present the major marine problem.
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The safeguarding of personnel operating those platforms;
the safety of shipping, especially oil and liquefied gas
tankers, through ire waters; and the protection of
the environment during this activity are problems of na-
tional significance. The development of offshore plat-
forms will add to the complications of solving the fol-
lowing problems.

Collisions of Commercial Vessels

The number of collisions, rammings, and groundings
of commercial vessels in U.S. waters must be reduced.
This problem is pursued by developing a Marine Safety
Information System, establishing crew qualifications,
defining vessel and vessel equipment safety require-
ments, and increasing damage resistance of vessel hulls.
Vessel navigation, control, maneuvering, and commu-
nication systems w:lt be enhanced by improving the ef-
fectiveness of sliqrt-range aids to navigation, developing
a system for the management of vessel traffic, and the
application of loran-C to making harbors and harbor en-
trances safer for mariner and nonmariner alike.

Oil Spills

We must detect, identify, contain, and dispose of oil
and i.:.,7.,rdous substances spilled in U.S. waters. A wide
range of scientific end technological options to solve
these problems are being investigated. These include
development of sorbent applications for oil recovery,
dispersant application systems, and oil slick burn-off
systems. The improvement of techniques and equipment
necessary for the prevention or reduction of oil dis-
charges from stricken vessels is being weight. The spe-
cial requirements imposed by the arctic environment are
also being investigated.

Enforcement of Laws and Treaties Affecting U.S.
Waters

Many technological capabilities can be utilized to im-
prove marine surveillance and communication capabili-
ties. These include the use of satellites and new vehicles
such as Small Water Area Twin Hull (SWATH), Surface
Effect Ship (SES), or Lighter than Air (LTA), and ad-
vanced communication techniques (digital and burst).

Dangers From Carrying Hazardous Substances

There are ways to minimize dangers to personnel and
facilities from hazardous substances carried in maritime
commerce. The implementation of the Ports/Waterways
and Tanker Vessel Safety Act is a major problem to be
addressed. The investigation of fires and explosions
aboard tankers is being conducted to identify technolo-

gies that can be used to reduce these dangers. Improve-
ments in shore-facility fire-fighting capabilities are in-
cluded in the current program. Other major efforts are
the development of criteria for cargo containment sys-
tems and standards for the safety of vessel hull structure.
Future efforts will be expanded to include the minimi-
zation of dangers from offshore nuclear platforms and
from bulk chemical carriers.

AVIATION

Historically, the Air Traffic Control and Navigation
System has been improved and expanded on an evolu-
tionary basis. The significant investments in avionics by
the users and the practical necessity to provide contin-
uous services require the continuation of this process.

Upgrading the Current Air Traffic Control System

The projected growth of aviation was evaluated in the
late 1960s and a plan was developed to provide capa-
bilities to meet the demands for services through the
mid-1980s. Many of these capabilities, particularly en-
hancements to the enroute and terminal automation sys-
tems, have been implemented. Other major improve-
ments are nearing the end of the development cycle and
wil! be placed in the operational environment in the next
several years.

The rapid technological progress made in integrated
circuits, minicomputers, distributed minicomputers, high-
speed microprocessors, and solid-state radio frequency
(RF) technologies have provided significant opportuni-
ties to meet the objectives of these majoi improvement
programs. The impact can perhaps be best appreciated
in light of the increased levels of sophistication required
in aircraft systems to carry out curved approaches utiliz-
ing the microwave landing system, data processing and
display of collision avoidance information, data link-
transmission, and area navigation. These technologies
have the capabilities to provide an even higher level of
service to aviation in a cost-effective manner. Addition-
ally, they can be used to upgrade, in an economically
acceptable way, the equipment of the smaller aircraft
that compose the bulk of the general aviation segment
of the civil fleet.

The future, the mid-1980s into the early 1990s, will
present DOT's research, engineering, and development
program with the formidable challenge of achieving one
of the largest systems engineering efforts ever to be ac-
complished in the United States. The automated systems
currently employed in providing services in the cnroute
and larger terminal areas are based upon the technology
of tl.e Inid-1960s. The technology of the communica-
tions systems serving the entire air traffic control process
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dates from the 1950s through the 1960s. The automation
and communications systems lack the capacity and
speeds to meet the demands for air traffic in the post-
1985 era. The Air Traffic Control Upgrading program
will include design, fabrication, and testing of virtually
all hardware and software components and the in-service
changeover of 20 Air Traffic Control Centers, 63 of the
busiest terminal areas, and the replacement of the entire
switching and network facilities for voice and data com-
munications. Implementing these changes will be diffi-
cult since operations cannot be interrupted.

ROAD AND HIGHWAY TRANSPORTATION

Reducing energy consumption, improving safety and
the environment, reducing construction and maintenance.
costs, and improving the ability of the existing system
to meet demands are the major highway problems. Po-
tential solutions are 'described below.

Use of Waste and New Materials Sources in Highway
Construction and Repair

There have been, for many years, chronic shortages
of materials suitable for aggregate use in both asphaltic
concrete and portland cement concrete in some areas of
the country. Research activities initiated in the early
1970s to develop alternative sources of highway con-
struction material, including domestic, industrial, and
mineral waste, have now begun to produce useful out-
puts. Two processes have been developed to permit the
utilization of municipal incinerator residues. Both of
these products hold promise for reducing the cost of road
building in major metropolitan areas with large munic-
ipal incinerators.

Techniques are being developed for recycling asphal-
tic concrete in the reconstruction of deteriorated pave-
ments. Efforts have been made to reduce the demand for
petroleum products used in highway construction by
shifting to asphalt emulsions rather than petroleum-based
solvents, and using sulphur as an extender or replace-
ment for asphalt. The development of techniques to con-
vert sulphur itself into a material with adequate engi-
neering properties to serve as a binder has perhaps the
greatest potential for reducing the demands of highway
construction on petroleum supplies. Basically, the method
consists of a new technology of polymerization that per-
mits the long chainlike sulphur molecules in molten sul-
phur to be cross-linked so that conversion to the crys-
talline state upon cooling is inhibited.

Measures to Accom:nodate Heavy Vehicles on the
Highway System

Much of our highway system is rapidly wearing out.
Congress has recognized this problem by the institution
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of the bridge replacement and pavement resurfacing, res-
toration, and rehabilitation programs. To protect the
large investments in these programs, the determination
of the appropriate loading levels for highways is urgent.

Increasing truck efficiency by allowing greater pay-
loads raises three major issues: safety, protection of the
existing highway system against excessive damage, and
policies for the future design loadings for highway pave-
ments and bridges to optimize the combined cost of
cargo movement and highway investment. The latter
question also gives rise to major intermodal policy issues
duo to a possible change in the competitive position of
tin; trucking industry and revision of tax arrangements
to ensure equitable distribution of highway costs.

The questions of economics and optimization of cost
and energy considerations require refinement of existing
damage functions for highway pavements and bridges in
relation to axle and gross vehicle weights. Analytical
and experimental work is in progress to permit correc-
tion, refinement, or replacement of the damage functions
developed in the AASHO (American Association of
State Highway Officials) Road Test in the late 1950s to
make them more relevant to the types of pavement now
in use.

Another aspect of the heavy vehicle problem is the
control of deliberate overloading in excess of legally
prescribed axle and gross weights. Damage functions
increase dramatically as loading exceeds those weights
for which the pavement or structure was designed. To
assist the states in their efforts to control this problem,
research and development programs are in progress to
upgrade existing weighing-in-motion systems designed
for installation in pavements. A new system that permits
ordinary short span highway bridges to be utilized as
weighing platforms is also under development.

Relief of Urban Congestion and a Safer Urban Driving
Environment

Over the past 10 years a variety of independent tech-
niques has been developed to permit more efficient use
of existing highway capacity such as digital computer
control of traffic signal systems, express lanes for high
occupancy vehicles, variable message signs on express-
ways to alert motorists to road conditions, and radio
information systems to provide routing information. All
of them have limitations. Tie computer control of traffic
signals in a central business district, for example, does
not permit adequate cooperation by the individual driver
when localized congestion occurs because he lacks in-
formation about its effect on his intended route. There-
fore, there should be some information feedback to the
driver so that he can make choices that will improve the
general flow, increase safety, and reduce his driving
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time. Research activities now in process are working
toward this objective and will also examine

Improved methods to expedite the movement of
public transit vehicles with but minor' effect on
or even positive improvement in the general
flow;

Special routing and scheduling techniques for
cargo vehicles in urban areas to permit more ef-
ficient movement and less impact on rush hour
traffic; and

Simulation techniques to permit local transpor-
tation officials to select the most effective mix
of known traffic management strategies to opti-
mize flow for their particular networks and con-
ditions.

A parallel effort is aimed at intercity corridor man-
agement. A major demonstration of these techniques is
expected in the Long Island ccirridoi east of New York
City over the next several years. It will involve the use
of a mixture of automatic and manual traffic situation
monitoring systems, and a central computer to analyze
the data and control the driver information systems to
guide motorists around main points of congestion. Re-
sults from a less extensive intracity corridor management
system in Dallas, Texas, indicated measurable improve-
ment in both flow efficiency and accident reduction.

Sophisticated urban traffic management can have a
major impact not only on traffic flow and safety but on
economics and public health. Substantial reductions in
automotive emissions can be obtained by the mainte-
nance of smooth flow rather than turbulent stop and go
traffic. There is an obvious need to examine the eco-
nomic tradeoffs involved in the reduction of automotive
air pollution, especially since we are now approaching
the point where emission levels will present health haz-
ards only in localized urban areas of intense, combined
industrial and transportation activity.

Automated Systems

The enormity of the highway safety problem, the
long-range implications of the petroleum crisis, and the
rapidly escalating cost of highway maintenance, all sug-
gest that major new thinking will be required to meet
future needs.

Automation of highways and highway vehicles has
frequently been suggested as a way in which significant
improvements in safety and flow efficiency could be
achieved. Such automation requires not only technical
hardware development but major institutional changes
and, eventually, a painful and perhaps impossible revi-
sion in public attitude toward vehicle operation. We have
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pursued both aspects of the problem in our programs to
date, and there are indications that automation, or at
least partial automation, of some densely traveled in-
tercity corridors and major radial roves in metropolitan
areas might be cost effective. Preliminary results indi-
cate that lane capacity could be doubled, and, with ad-
equate investment in the reliability of components, there
could be an enhancement of safety. Automation has an
attractive side benefit in that it lends itself to the use of
alternative power sources such as electricity, utilizing
new developments in conveying such power from the
guideway to the vehicle without the use of exposed third
rails. Because the range of application appears restricted
to certain high-volume intercity and urban expressway
facilities, it has been our position that highway auto-
mation must be both evolutionary and "downward com-
patible"; that is, the automated vehicles must be capable
of traveling on the nonautomated portion of the highway
network. .

Transferring vehicle control from human to automatic
has a large safety potential. Rapid advancements in both
sensors and computers are making such a transfer prac-
tical. A study by the Jet Propulsion Laboratory in 1977
to assess this possibility estimated that a continuation of
past trends in technical progress could make such auto-
matic autos both technically and economically feasible
within this century.

The automotive industry has been moving rapidly to
replace the complex mechanical linkages, formerly used
to control fuel mixture and a variety of other functions,
by electronic systems. It is quite possible that within 10
years most automobiles on the road will have a micro-
processor onboard for such functions.-If the cost is low
enough, the microprocessors could be used to perform
a variety of tasks that would enhance safe operation of
the vehicle. For example, many erratic maneuvers at
major highway intersections are made because of the
driver's confusion about appropriate routes or exits. The
technology already exists to provide the individual mo-
torist. with navigational information tailored to individual
requirements. Precise and timely instructions to the mo-
torist can greatly reduce the incidence of dangerous ma-
neuvers and can also reduce unnecessary travel, produc-
ing fuel savings. Early prototype hardware produced in
the program has been selected by both Japan and Ger-
many as a component of the trial systems they already
have in operation.

Onboard microprocessors have other potentials in the
highway safety field. They may alert motorists to haz-
ards on rural two-lane highWays where some 60 percent
of our highway fatalities occur. Conceptualization of
possible applications is just beginning, resulting largely
from frustration with the limitations of visual signing
and marking systems.



Impervious Concrete

One of the developments emerging from the major
effort to control damage to concrete bridge decks pro-
duced by de-icing chemicals has been the invention of
a clever system for producing essentially impervious
concrete. This consists of adding finely divided wax pel-
lets to the concrete mixture which is poured and cured
in the normal fashion. While the material was originally
developed for bridge decks, it has applications in many
other situations where concrete is exposed to salt, water,
or other corrosive liquids. A number of highway de-
partments are considering its use for bridges in tidal
waters, and we have inquiries from the U.S Navy and
the U.S. Army Corps of Engineers concerning other ap-
plications.

Vehicle Safety and Fuel Economy

The industry has historically taken the position that
improvements in safety and fuel economy are not im-
portant factors in marketing cars. In recent years, Fed-
eral safety and fuel economy regulations have forced
improvements. Readily available technical solutions are
now being applied by the industry to satisfy the Federal
regulations by 1985. Research during the next five years
should be directed to finding additional technical solu-
tions to the social problems created by the pervasive use
of the automobile.

This research should include advanced engines; alter-
native engine, fuel, and drive train combinations; appli-
cations of microelectronics and other expanding tech-
nologies to the automobile; and development of advanced
automobiles that integrate improvements in aerodynam-
ics, structures, engines, and other systems. We are cur-
rently initiating an Integrated Vehicle Systems Program
to serve as a basis for evaluating how advanced tech-
nology can be developed and applied to solve the social
problems of the automobile. Test vehicles and the as-
sociated technology development programs will dem-
onstrate how to construct automobiles that will improve
safety and reduce the national dependence on foreign
oil.

The Secretary of Transportation has called for a pro-
gram to establish research directions to provide advanced
automotive technology options for "socially responsi-
ble" motor vehicles of the future. A conference held in
Boston on February 13 and 14, 1979, attracted wide-
spread representation from the automobile industry, gov-
ernment, and academia. The conference identified prom-
ising technology alternatives that would lead to
advancements in engines, fuel, drive trains, structure,
and other vehicle system concepts. A summit conference
between the Secretary and industry leaders was held on
May 18, 1979, to address the future direction of the
program.
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Control of Diesel Emissions

The use of light duty diesel engines in passenger cars
offers the potential for significant improvements in fuel
economy. Preliminary research, however, indicates that
the exhaust products could create health hazards, partic-
ularly if diesel cars make up a significant portion of the
motor vehicle fleet. At present, no technology exists for
the control of all the harmful products in diesel exhaust.
Research approaches should include prevention of the
formation of harmful products through improved control
of the combustion process and removal of harmful prod-
ucts through exhaust treatment devices.

RAIL TRANSPORTATION

Improving safety, reducing petroleum fuel consump-
tion, and improving finance are problems that beset rail
transportation. Handling growing shipments of irradiated
nuclear fuel casks is an emerging concern, and the cur-
rent standards for the casks need to be evaluated. Var-
ious track and safety programs now underway will en-
hance railroad safety and reduce costs. Electrification of
high tonnage routes is an attractive way of reducing costs
and petroleum usage. Two specific areas of research are
described below.

Safe Rail Movement of Hazardous Materials

Transfer of sizable quantities of radioactive material
from nuclear plants must begin shortly, and most of the
transport burden will fall upon the railroads, since this
mode is the most cost effective. Rail cars carrying nu-
clear wastes could possibly suffer the same kinds of ac-
cidents in which tank cars have been involved as they
will be carried on existing trrizk under normal railroad
operating conditions. Yet, stl ndards for testing nuclear
packaging may not be consistent with those required for
tank cars, especially when prescribing the requirements
for fire resistance. A multimodal, interagency research
and test program is needed to ensure hat radioactive
materials and additional shipments of other materials
caused by shifts in energy consumption can be safely
and economically moved. Accordingly, within the next
five years, analysis and testing of nuclear cask designs
should be conducted.

Results from the continuing track structure inspection
program wil! be used to minimize accidents and reduce
costs. The program will lead to derailment reduction by
establishing operating limits for vehicles.

Rail Energy Conservation

Intermodal shipments can reduce energy consumption
by switching freight to less energy-intensive modes. The
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Intermodal Demonstration project uses existing conven-
tional equipment and aggressive marketing of improved
service to attract more trailer-on-flat-car traffic in spe-
cific corridors. The Intermodal Systems Engineering
project is assessing innovative intermodal equipment and
identifying possible terminal improvements. A third
project is concerned with the design, fabrication, and
testing of a low-profile intermodal car that can operate
through the restrictive clearances existing in the north-
east. The objective is to move more long-haul trailer
traffic by rail instead of highway. Not only will this
reduce consumption, it will also improve safety and re-
duce highway congestion and pollution.

With increasing intermodal traffic and more unit
trains, traffic density has reached levels to justify elec-
trification in some rail corridors. Since an electrified
railroad can use energy generated by a variety of
sources, it reduces dependence on petroleum. Research
is focused on opportunities for improvement in loco-
motives and power distribution systems.

URBAN TRANSPORTATION

Solving the problems of passener transportation in
the city and suburbs requires the development of systems
that will reduce Congestion, pollution, and energy con-
sumption while increasing mobility, especially for those
without auto access. Three such systems are described
below.

Paratransit

Areas of low population density cannot be served
economically by fixed route systems. Paratransit serv-
ices are the best known method of extending public
transit to such areas and of providing service to the hand-
icapped and elderly. An aggressive effort is underway
to find solutions to the institutional problems impeding
the integration of paratransit and public transit services
and to develop tools to enable the operator to deliver
high levels of service at reduced costs.

One deterrent to the effective integration of paratransit
with public transit is the lack of an appropriate vehicle
designed to meet the special requirements of paratransit
services, including the transportation needs of the hand-
icapped. The Federal Government's role is to stimulate
the motor vehicle industry to develop such vehicles at
a price affordable by the operators. Up to three designs
will be developed, tested, and evaluated in engineering
prototype form.

Downtown People Movers

The Downtown People Mover program is intended to
provide a national demonstration of how fully automated

systems can improve the circulation and distribution of
peopie in the center of cities. The goals are to determine
the cost savings, to assess the economic impact on the
central city, and to test the feasibility of people movers
as circulators, distributors, and substitutes for fixed
guideway systems such as subways.

Energy Conservation and Propulsion Technology

A joint DOT/Department of Energy (DOE) program
has been initiated to develop more energy efficient and
environmentally acceptable mass transit vehicles. A
near-term program provides for an in-city demonstration
of the gas turbine engine in buses to verify its capability
to operate on a broad range of fuels, cleaner emissions,
and lower maintenance costs. A longer range program
is the development of flywheel energy storage systems
(FESS) (pure flywheel and diesel/flywheel hybrids) as
alternative propulsion applications. It seems probable
that flywheel-propelled vehicles can reduce the depend-
ence of transit vehicles on petroleum fuels without sig-
nificantly increasing life-cycle costs, reduce noise and
emissions, and offer electrically propelled mass transit
buses with comparable operating economies and route
flexibility to the current diesel bus. Two different en-
gineering prototypes will be designed, fabricated, tested,
and evaluated in separate 40-foot buses.

PIPELINE TRANSPORTATION

During the past three decades, there has been sub-
stantial growth in pipeline transportation systems, with
hazardous materials pipeline systems tripling in mileage.
These systems transport natural gas, crude oil and var-
ious petroleum distillates, and certain other chemical
commodities.

The basic strategy for protecting the public from the
adverse impact of failures of pipeline transportation sys-
tems has two parts. First, efforts should be made to
prevent failures of operating pipelines, and, second, ef-
forts should be made to minimize adverse impacts if
pipelines fail.

One area where research and development is needed
is in finding better ways to inventory existing pipelines,
both onshore and offshore. This would include devel-
opment of techniques and equipment that determine the
operating condition and useful safe service life of exist-
ing pipelines. Corrosion control, including such specific
items as stress-corrosion-cracking of existing pipelines,
also requires extensive research. In a related area, there
is a need for R&D to test and evaluate the suitability of
various materials used in the construction of pipeline
transportation systems, such as those contemplated in
the arctic and offshore. This would include assessing the
safety and suitability of construction and operating meth-
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ods. There is also a need for a range of studies to analyze
and evaluate the safety, economic, and environmental
criteria used in the development of pipeline safety reg-
ulations, as, for example, in fracture mechanics analysis
of pipeline welds and proposed arct:c and offshore pipe-
lines and terminals.

Cryogens, such as liquefied natural gas (LNG), will
increasingly be transported and stored in strategically
located facilities. Research on LNG spills, besides being
necessary for future pipeline safety, would have appli-
cations for siting problems associated with LNG storage.
Examples of specific problems would be: How do the
vapors disperse? Under what conditions do they ignite?

Continuing needs are to find effective ways to train
and coordinate emergency response personnel and to
develop improved response techniques and equipment to
combat large pipeline ruptures and resulting fires. There
is also a need 4o find ways for analyzing the safety ef-
fectiveness of the various pipeline technologies and the
key parameters that influence their safety performance.

TRANSMODAL PROGRAMS

Several technologies offer the opportunity to make a
contribution to more than one mode of transportation.
The following paragraphs describe important areas for
research.

Systems Applications R&DAutomatic Controll
Automation

The DOT has a vital interest in the development of
the necessary models and systems to take advantage of
the rapidly expanding capabilities of microcomputers
and their input/output devices.

Microcomputers have emerged as a dominant tech-
nology of the 1970s. Their costs, weights, and sizes are
decreasing drastically while their computing capabilities,
versatility, and reliability are steadily increasing. These
revolutionary changes can have a significant impact on
energy efficiency, automation, safety, and traffic con-
trol. It is essential that the impact of these devices on
all phases of transportation be assessed so that the De-
partment can begin to formulate policies and structure
programs to take advantage of the opportunities they
provide.

Microcomputers will find applications in many di-
verse areas, including both onboard and fixed-base sys-
tems.. Onboard applications could include displays, po-
sition-indicating systems, and computation of optimum
power and fuel settings. Examples of fixed-based appli-
cations are traffic control systems and displays, and
freight and passenger control and logistics. The role of
DOT is not to develop computer technology, however,
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but to assure the °Hedy and safe flow of traffic. There
are many ways that this flow can be enhanced and op-
timized through either ground-based or vehicle-borne
high-speed computations.

The Department is developing models for commodity
flow, air traffic, and urban transportation which will be
able to utilize microcomputers. These models or systems
and their implementing hardware and software will begin
to have significant impact on transportation in the next
five years. Areas of research to be conducted or en-
couraged by the Department include not only the systems
application studies and experimentation but the devel..
opment of the appropriate sensors and actuators that in-
terface with the microcomputers. The challenge is to
develop low-cost, batch-fabricated, reliable sensors and
actuators that easily interface with digital systems. In-
tegrated silicon sensors have shown promise for meas-
uring pressure, strain, acceleration, temperature, and ra-
diation. Integration of signal conditioning circuitry with
the sensor is an attractive possibility. The development
of low-cost display technology that is reliable, easy to
interface with digital circuits, and has low luminance
noise is also high on the list of technologies to encour-
age.

EnergySubstitute Fuels

The thrust of the Department's energy program is to-
ward conservation, particularly by reducing demand
through carpooling, 55-mph speed limits, vanpooling,
fuel economy standards, and so on. Although the supply
or production side of the energy picture is primarily a
DOE responsibility, DOT is also vitally interested. The
economics of new sources of energy could have a pro-
found effect on the national transportation system. In
addition, any shift in the movement of energy materials,
i.e., feed stocks, gasohol, and output byproducts, is a
transportation issue. The Department is investigating the
problems of coal transportation impacts (coal roads) and
substitute fuels (syncrude, alcohol). We intend to partic-
ipate in the National Alcohol Fuels Commission's in-
vestigation of the long- and short-term potential for al-
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cohol fuels from biomass and coal. We foresee increasing
use of substitute fuels beginning in approximately five
years, although we do not see a major switch from pe-
troleum-based fuels in the foreseeable future. It is im-
perative that we expand our research to develop a broad
spectrum of technology options that will be available
over the lunger term.

Lagging Productivity

There is increasing concern about the slowing rate of
growth in both capital and labor productivity in tize na-
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tional economic system. There are opportunities for sub-
stantial productivity improvements in transportation that
are not being exploited or, in some cases, are barely
explored.

In particular, the application of the new technologies
that permit noncontact suspension and propulsion of sur-
face vehicles offer the promise of higher speed and re-
duced guideway maintenance that would impact on time-
sensitive commodity flow, intercity passenger travel,
airport access, and urban people movers. Although many
of these research efforts will not achieve tangible results
within the next five years, it is necessary to start research
now on systems and components.

In several European cities, capsule-carrying pipelines
are being used for garbage disposal pnd apartment de-
livery. Such possibilities have hardly been explored in
this country.

Commodity Flow R&D

Research will be conducted to identify systems that
could improve the commodity flow system by providing
faster, safer, and less expensive service to the markets
of the future. Sources of inefficiency will be identified,
and system design alternatives will be evaluated. Design
alternatives to be considered range from an entirely new
system, perhaps using only existing rights-of-way, to
advanced concept intermodal systems. The contributions
that might be offered by advanced command, control,
and communications technology to meet future shipper
requirements will also be identified and evaluated.

Hazardous Materials Transportation R&D

Recent trends have been for an increasing amount of
materials that are explosive, unstable, toxic, corrosive,
flammable, or radioactive to flow in commerce. These
trends are expected to continue during the next five
years, and minimizing the threat to public safety will

4 )4

pose major challenges. Protecting the public from the
adverse impacts of releases of hazardous materials has
two essential parts: first, to prevent the accidental re-
leases; second, to minimize adverse impacts if and when
they occur.

To help prevent hazardous material releases, R&D is
needed to find better methods of packaging to preserve
the integrity of containers that are exposed to severe
environmental conditions during transport. There is also
a need to find better ways of keeping track of the various
types of hazardous materials. This includes information
on their physical and chemical properties, the quantities
of each moved, shipment origins and destinations,
modes, and routes, with instantaneous location clpabil.
ity. In addition, studies must analyze and evaluate the
impacts of safety regulations, especially with respect to
facility siting and operation, containerization, and rout-
ing.

To reduce the impact of hazardous material spills,
there is a need for R&D to find ways to more effectively
train emergency response personnel and improve re-
sponse techniques and equipment. This includes select-
ing a management information system that will enable
emergency response planners and teams to minimize the
damage from accidental releases of hazardous materials
in transit, as well as to prevent them in the first place.

There is a continuing need for R&D to find ways of
analyzing and evaluating the safety effectiveness of the
various modes of transportation. This includes identi-
fying key parameters that influence safety performance
and measuring sensitivities of the parameters. Improved
planning methodologies for forecasting future trends in
the volume and flow patterns of hazardous materials and
to assess their implications for safety regulation are nec-
essary. Research to develop better ways to identify and
evaluate improved hazardous materials transportation
systems would be included. Finally, there is a need to
assess the problem of terrorism and sabotage and to de-
velop effective countermeasures to protect these systems
from such threats.



Environmental Protection Agency

The main function of the research program of the En-
vircinmental Protection Agency (EPA) is to provide a
sound scientific base fcr promulgation, enforcement,
and review of environmental standards and regulations.
Primary research results provide information to charac-
terize pollution threats, define health and ecological dan-
gers from polluting sources, and, when possible, de-
velop, test, and evaluate appropriate means to control
pollution.

Inherent in our research is an appreciation and careful
consideration of the costs, in both capital outlay and
quality of life degradation, that may result from con-
trolling or not controlling identified harmful pollution.

Pan of our research program also anticipites potential
threats, particularly from new types of pollution that may
result from our nation's shifting energy posture to meet
the looming energy crisis. Diesel cars with their high
fuel economy may capture a significant share of the
American automobile market but may, at the same time,
contribute substantial amounts of hazardous pollutants
to urban air. Similarly, oil shale may become a key
domestic energy supply, but it too may produce new
types and concentrations of pollution. The philosophy
applied in both of these cases is representative of many
of our other projects, that is, that gaining scientific
knowledge about a pollution source before it becomes
a problem will avoid costly control retrofits. Hence, we
work to keep the environment clean at the lowest cost.

This summary focuses upon our fiscal year 1979 re-
search plan for eight separate but interrelated and on-
going EPA programs supporting the Agency's regulatory

mission. A ninth section, on global pollution, is included
to illustrate the anticipatory thrust of our activities,
wherein we study basic environmental processes, iden-
tify potential environmental problems, and seek over the
long term to pinpoint areas for possible regulation.

TOXIC SUBSTANCES

Modern industrialization has resulted in a dramatic
increase in the production, variety, and use of chemicals,
some of which can be directly toxic to man and the
environment. Other chemicals have delayed deleterious
effects of subtle, little-understood consequences. With
the recognition of the long-term, less-than-lethal hazards
comes a dilemma that is key to the future role of chem-
icals in our society. The dilemma is basically 1.9w to
derive maximum social benefit from modern technology
while limiting attendant risk to an acceptable level. In-
herent in the concept of determining acceptable risk are
social judgments rendered singly or collectively through
our various institutional processes. It is EPA's task to
regulate toxics in the environment to ensure that ac-
ceptable levels of risk are not exceeded. It is the gen-
eration, evaluation, and continual update of the scientific
and technological data base necessary to support that
regulation that forms the fundamental mission of the
toxic substances research program at EPA.

To fulfill our support mission in chemical regulation
over the next several years, we have established two
research goals: to characterize the nature and extent of
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risks posed by potentially hazardous chemicals, and to
develop control strategies, technologies, systems, and
management practices that will prevent, interdict, or at
least minimize exposure to hazardous chemicals. The
first goal involves research in three areas: effects of toxic
substances on humans and the environment, assessment
of the magnitude and mechanisms of population expo-
sure to toxicants, and production of integrated risk as-
sessments and criteria documents to support future reg-
ulatory decisions. The second goal encompasses two
areas for research: characterization of toxic emission
sources by developing a data base that describes the
chemical industry, and development and evaluation of
alternate control strategies and technological systems to
mitigate human exposure to hazardous chemicals.

Each of these tasks requires the development and ap-
plication of validated measures and techniques to serve
as quality assurance of research results. Documentation
of the precision and accuracy of the data base used for
risk assessment and regulatory decisions will be achieved
through a quality assurance program that covers person-
nel, methods, equipment, and data handling procedures.
The quality assurance program must he applied to each
of these components individually and as they function
in an integrated research system.

AIR I i. U I ION

Significant progress has been made in cleaning the air
of the United States, but the more that is learned about
the complex mixture of fine particulates and other pol-
lutants that are in the air, the deeper the concerns re-
garding their potential adverse effects on health and wel-
fare. Our atmospheric research program will concentrate
on three particularly troublesome pollution problems: in-
terregional transport and transformation of air pollutants,
the fate and effects of air pollutants, and their diffuse
and naturally occurring sources.

Interregional Transport and Transformation of Air
Pollutants

EPA's evaluation of the chronic health risks associ-
ated with particles that are subject to interregional trans-
port will be achieved through animal toxicology studies
on chronic effects of exposure to particles of varying
chemical composition, including sulfates and nitrates.
Subsequent studies will assess the effects of exposure to
mixtures of particles of known chemical composition.
Concurrently, long-term epidemiological studies are
being designed and conducted. Our research will deal
with inhalable particles (defined as having an aerody-
namic diameter of 15 micrometers or less). Research
into the improvement of air quality simulation models

(AQSM) to predict the long-range transportof particles
is necessary. Our research plan also includes studies to
provide standardized monitoring systems that will assure
comparable data throughout the system.

The transport and transformation of ozone/oxidants
and precursors also need thorough investigation. We are
beginning to develop and validate models that can ad-
dress the interregional transport processes of ozone/ox-
idants. The first step in the development of these models
is to quantify multiday rather than multihour dispersion
and transport. The second step is to identify and quantify
removal processes for ozone and its precursors, and the
third step is to define and quantify multiday chemical
mechanisms associated with transport. The transport and
transformation of secondary organics is the final problem
to be addressed in this category. We need to develop an
understanding of the prevalence, concentrations, for-
mation, and transport of primary and secondary organic
particles and vapors in urban air. Our research will de-
velop practical methods for identifying and measuring
specific organics in ambient air. Also included will be
field studies to determine the presence Pf secondary or-
ganics in urban ambient air.

Fate and Effects of Air Pollutants

The fate and effects of trace elements are of concern
to our research program because these elements can
cause biological damage to organisms, ecosystems, and
humans. Our trace elements research will quantify emis-
sions from stationary and mobile sources and will eval-
uate control technologies. We will also develop methods
to identify the chemical form of trace elements in emis-
sions and in the ambient environment. Our research will
provide the scientific basis needed to assess potential
health and environmental risks from these emissions.
Transport and transformation studies will be carried out
to provide better methods for predicting the ultimate
form and distribution of trace metals, including the po-
tential for uptake into the food chain.

The fate and effects of airborne particles which de-
grade visibility are also of concern, since reduced visi-
bility has the potential for producing human and material
costs in the form of automobile accidents, transportation
delays, and mental depression. In our research we intend
to determine the chemical composition of the time par-
ticulate size fraction primarily responsible for visibility
degradation. We will also provide the data base required
to evaluate possible control strategies. Additionally, we
will provide methods to evaluate the human and eco-
nomic cost of visibility degradation.

The diffuse sources of particular concern to our study
are fugitive emissions, including fugitive dust. These
complicate the problem of.revising present ambient air
quality total particulate standards. We do not have the



data to assess the relative contribution or the health risks
associated with particulates from fugitive sources. We
have, therefore, established a research plan to better ad-
dress this problem. We will develop instrumentation to
provide size spectrum and chemical composition data for
ambient air particulates. These measurement methods
are required to discriminate among the various kinds of
particulates, their sources, and their potential adverse
health effects. The emphasis will be on the design and
evaluation of alternative control strategies and will in-
clude the development of industrial fugitive process par-
ticulate (IFPP) controls to reduce emissions.

Naturally Occurring Pollutants

The naturally occurring pollutants of primary concern
are hydrocarbons. We hope to provide emissions data to
assess contributions of natural sources of hydrocarbons
to ambient concentrations of ozone/oxidants in metro-
politan areas. Finally, we hope to provide characteriza-
tion and effects data to determine the relative importance
of natural versus anthropogenic air pollutants in causing
allergenic discomfort.

INDUSTRIAL WASTEWATER

Industrial wastewater can contain a variety of toxic
and conventional pollutants such as phenols, benzene,
chlorinated hydrocarbons, metals, suspended_ solids, and
oxygen-demanding compounds. The industries of prime
concern to EPA's industrial wastewater research pro-
gram are the organic chemical, pulp and paper, iron and
steel, and petroleum refining industries. The organic
chemical industry produces wastewater with the highest
concentration of toxic pollutants; the other industries

_produce less polluted wastewater but at higher discharge
volumes.

Recognizing the major threat industrial wastewater
poses to the maintenance of water quality, Congress
made the elimination of pollutant discharges to U.S.
waters a national goal by passing the 1972 amendments
to the Federal Water Pollution Control Act (FWPCA).
As a result, industries must adopt successively more
stringent control measures aimed at the removal of 65
toxic substances from their effluent. Because it is either
not feasible or prohibitively expensive to treat their
wastewater, many industries have responded to these
strict effluent limitations by trying to recycle as much
wastewater as possible. Recycle and reuse programs
have also been stimulated by decreasing supplies of
water and the resulting increase in cost. An important
side benefit of wastewater recycle and reuse has been
that as products are recovered from the effluent stream
less solid waste is produced. But to achieve effective
recycling and reuse, certain major control technology
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problems must be resolved. The diverse composition of
industrial effluents demands technology that sufficiently
renovates water for reuse in many sensitive industrial
processes. Deiigns are needed for centralized treatment
plants that will be fed by small industrial concerns un-
able to afford their own water recycle plants. And, eco-
nomic viability and operational feasibility must be dem-
onstrated to ensure commercial acceptance.

To provide the control technology base for water treat-
ment and recycle and reuse, research will have to pro-
ceed on a number of fronts. Our research perspective
can be defined as developing control concepts and pro-
totype technology, demonstrating the commercial via-
bility of the technology, and, finally, making the tech-
nological information available so that industry can
install the technology and meet wastewater discharge
laws. Research must alsu have the continued participa-
tion of industry in paying part of the enormous cost of
developing effective control technologies. The industrial
wastewater research program, therefore, has three prime
goals: technology for treatment of toxic pollutants, tech-
nology for reuse and recycling of industrial wastewater,
and information for environmental assessments.

Identification and Treatment of Toxic Substances

EPA needs to rapidly refine its list of 65 toxic sub-
stances identified under the 1977 Amendments to the
FWPCA. Many potentially toxic compounds not on the
list are being identified in industrial wastewater samples
analyzed by EPA's Effluent Guidelines Division (EGO),
and, conversely, several of the 65 substances have yet
to be found by the EGD survey. By 1980, development
of analytical methods to identify and measure contami-
nants in wastewater will be completed. The first chem-
ical analysis methods developed will be appropriate for
the 65 toxic substances.

Because the repeated application of any analytical
method involves major costs, we intend to develop sets
of generic or surrogate parameters representative of
groups of individual pollutants. Existing cost-effective
analytical methods such as nonspecific detector analysis
will be complemented by the surrogates. Following the
development of the methods to analyze water contami-
nation, we will be able to test the adequacy of conven-
tional (i.e., biological) technologies for treating waste-
water effluent. We also plan to document effective
practices currently in use for pollution abatement asso-
ciated with industrial operation, maintenance, and
housekeeping functions.

Reduction of Water Use

Although it is used primarily as a coolant, water also
serves as a process chemical and solvent and thereby
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becomes a major contributor to industrial water pollu-
tion. Therefore, our research will be oriented toward the
development and demonstration of water use reduction
and closed-loop operation for process and solvent appli-
cation. First, we will develop recycle and reuse methods
for reducing water use in those industries that are high
water consumers. Since it may be impossible to reduce
water use significantly or to achieve closed-loop opera-
tion for some industries, we also plan to examine alter-
native low pollution processes as well as modifications
(such as changes in raw input materials) in an effort to
limit sources of toxic contamination of wastewater. This
research will focus primarily on the textile and organic
chemical industries.

Environmental Assessment Studies

Environmental assessments are important tools in
EPA policymaking. Under this research program we will
develop and implement research to estimate the quality
of environmental measurements important to regulation
and pollution control. We will also consolidate, or de-
velop, linkages between the important data sources on
thdustrial effluents. We will then develop a list of the
most severe discharges for the textile, iron and steel,
and other industries. This-list will be used to direct future
industrial wastewater research.

WATERSHED MANAGEMENT

Water can be polluted directly by point source dis-
charges of contaminants, particularly toxic chemicals,
or indirectly by diffuse, or nonpoint, sources of contam-
inating materials. To minimize the detrimental effects of
point and nonpoint sol,Irces on an ecosystem, compre-
hensive management of the watershed is required. To
accomplish this, we must first develop a fundamental
understanding of the dynamics of the physical, chemical,
and biological interactions in the watershed. We can then
devise the predictive capability required to estimate the
extent of ecosystem modification induced by point and
nonpoint sources of pollution. Through monitoring and
analysis, the pollution discharged into a watershed and
the relationship between pollutant loading and water
quality can be established. Finally, using this informa-
tion and taking into consideration socioeconomic and
energy factors, the appropriate pollution control meas-
ures can be specified.

The Water Control Management Research Program
will concentrate on nonpoint sources of pollution. Our
first goal will be to understand further the complex re-
lationship between these discharges and the quality of
the affected waterways. Our second goal will involve
the development and evaluation of cost-effective man-

agement methods to limit pollution from nonpoint
sources. Finally, we will focus on the development and
demonstration of effective implementation strategies for
nonpoint source control methods. The end result will be
the design of improved voluntary acceptance approaches
to control nonpoint sources. To aid in this process, we
will develop relevant economic impact data, analyze ex-
isting institutional mechanisms, and investigate oppor-
tunities to integrate nonpoint source control programs
with other pollution control programs.

DRINKING WATER

In recent years, modern techniques and equipment
have become available to detect and measure very small
quantities of contaminants in drinking water. The appli-
cation of these sensitive methods has identified poten-
tially hazardous organic -contaminants in drinking water
already treated by filtration and chlorination. With the
explosive growth in the use of chemical compounds in
industry, homes, and farming, chemicals are also finding
their way into our drinking water sources. Some of these
chemical contaminants may cause cancer, genetic mu-
tations, or birth deformities. Protection of our drinking
water from chemical as well as microbiological contam-
inants, is, therefore, an important preventive public
health measure. EPA drinking water research goals are
to develop detection, measurement, and monitoring
methods to' further identify and quantify drinking water
contaminants, develop treatment technology to reduce
contaminant levels to acceptable concentrations, assess
the health effects of contaminants, and establish scien-
tific and technical bases for action to protect ground-
water quality.

Methods to Identify and Quantify Contaminants

The importance of the first goal rests in the fact that
without reliable contaminant measurement and monitor-
ing methods, it will be impossible to provide scientif-
ically valid and legally defensible data to support and
enforce the regulations of the Safe Drinking Water Act.
Consequently, primary emphasis will be placed on con-
tinuing our quality assurance program in EPA, state,
local, and contract laboratories. Specifically, our re-
search will support these laboratories by providing val-
idated measurement systems, reference standards and
samples, interlaboratory performance tests, procedures
and criteria for certification of laboratories, and other
quality control materials and services required to docu-
ment the precision, accuracy, and intercomparability of
monitoring data. A companion objective will be to de-
velop analytical methods for measuring classes of or-
ganic compounds.
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Treatment

In treatment technology research, the second area of
emphasis in the drinking water program, our first task
will be to develop treatment processes to control organic
compounds.

Health Effects of Contaminants

To accomplish our third goal, the gathering of data on
the health effects of contaminants, we will focus upon
the carcinogenic potential of certain organic compounds
and the relationship between the presence of certain in-
organic compounds in drinking water and cardiovascular
disease. Our health effects research into organics will
pursue two courses. First, we will examine those com-
pounds that have already been identified as potential hu-
man health hazards. Second, our investigations will fo-
cus on various groupings of compounds selected on the
basis of observed concentrations, frequency of occur-
rence, and preliminary hazard evaluations from either
available data or short-term bioassays.

As with organics, we will develop information on the
health effects of inorganic compounds. Here, we will
perform a comprehensive review of a number of inor-
ganic maximum contaminant levels, including those for
fluorides, nitrates, selenium, lead, cadmium, and ar-
senic. We will also specifically assess the health effects
of asbestiforms. Additionally, we will attempt to deter-
mine if the water softness/heart disease correlation is
caused by benefits from hard water or detriments from
soft water. The fact that some chemical compounds, sus-
pected to be carcinogenic, are formed during chlorina-
tion of drinking water creates a dilemma. It is important
to limit human contact with suspected cancer-causing
agents, but it is also essential to keep waterborne infec-
tions at their current low levels. Consequently, we will
continue to monitor outbreaks of waterborne diszases
and to characterize the causative agents to develop data
necessary to maintain desired levels of contaminant-free
drinking water.

Protection of Groundwater Quality

A primary objective of the fourth goal of the program
is to identify major problems in protection of ground-
water and to provide the appropriate assessment methods
to states and local communities. Work on assessment
methods will include development of biological and
chemical indicators of groundwater pollution, methods
to detect pressure increases resulting from well injec-
tions, and protocol for determining pollution potential
of activities in a specific area. Research on a corollary
objective, to produce the information upon which to base
scientific and engineering guidelines for source control
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criteria, will focus on petroleum exploration and devel-
opment, application of waste to th-2. land, artificial re-
charge of groundwater aquifers, and agricultural prac-
tices. In addition, we intend to complete our assessment
of the severity of groundwater pollution nationwide, by
adding 16 states to the 34 already studied.

ENERGY AND ENVIRONMENT

The profile of U.S. energy development and use will
undergo major changes in the years ahead. Although
only slowly evolving, it appears that our national energy
policy will call for a widespread conversion of utility
and industrial power facilities from scarce oil and gas to
plentiful coal, decreased fuel consumption, and, in the
longer term; the use of technoiogies that are only now
beginning to emerge for the production of liquid and
gaseous fuels from coal and oil shale. These shifts in
energy development and use pose potential threats to
human health in the next two decades, and a multitude
of information is needed to avert massive future envi-
ronmental impacts.

Our energy and environment research, development,
and demonstration program has the concurrent goals of
assessing the magnitude of health and environmental
problems to establish a data base for the formulation and
refinement of useful standards and developing effective,
commercially acceptable control technology. The major
energy-related environmental concerns requiring inten-
sive research are, in order of priority, to minimize im-
pacts of increased conventional combustion, minimize
impacts of increased energy extraction, quantify cancer-
causing potential of diesel soot, and minimize impacts
of emerging energy technologies.

Conventional Combustion

Our research in conventional combustion will focus
primarily on the development of control technology to
reduce the environmental impact from expanded coal
combustion. Here, we will concentrate on developing
and demonstrating a low -NO burner capable of con-
trolling emissions from new and existing utility and in-
dustrial coal-fired. facilities. We will attempt to resolve
the remaining operational problems associated with cur-
rent flue-gas desulfurization processes. And, we will
also perform environmental assessments of conventional
utility, industrial, commercial, and residential combus-
tion sources with emphasis on currently unregulated pol-
lutants such as heavy metals and organic compounds.

A second research objective will be to improve the
efficiency and cost effectiveness of cuirent particulate
control technology. As part of this work, we will eval-
uate the applicability of fly-ash conditioning agents to
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various types of coal, develop and demonstrate econom-
ical control technology for disposal of large amounts of
fly ash and sludge, and evaluate the impacts of these
combustion products on terrestrial organisms and eco-
systems.

Finally, we will develop effective physical and chem-
ical coal-cleaning processes for sulfur control and flue-
gas denitrification technology capable of high levels of
NOx control for utility and large industrial applications.

Energy Resource Extraction

Priority research also will deal with the environmental
problems associated with energy resource extraction.
One particular area of concentrated research will be the
identification of specific health damages resulting from
coal mining in general and the quantification of the ef-
fects of western coal and oil shale extraction on surface
and groundwaters. Research on environmental damage
caused by coal extraction will focus on methods of lim-
iting pollution through improved sediment and mine
drainage control techniques and on a better definition of
Best Management Practices (BMPs) for use by the reg-
ulatory programs of EPA and the Office of Surface Min-
ing in the Department of the Interior. Water quality
fects in the west will be treated by quantifying the
relationships between pollution from strip running and
oil shale mining and the damage to aquatic organisn-,
and tlt-ir habitat. As part of this research, =stir., water
monitoring networks in western energy extraction areas
will be augmented to collect data on annual water quality
trends.

Another research avenue we will pursue is he assess-
ment of the potential environmental damages .from oil
and gas extraction and handling. In addition, we will
assess the impact of uranium extraction on surface and
groundwaters and will develop appropriate control tech-
nology. We will also demonstrate revegetation and re-
clamation techniques for western surface-mined areas.
This work will include assessment of the impact of min-
ing and reclamation practices on western surface water
hydrology, forests, and range lands. Methods will be
developed for the ecological recovery of toxic spoils
generated by surface coal mining. Finally, we will es-
tablish energy-related water quality baseli..te data in ma-
jor eastern coal areas that have been identified for new
development in the late 1980s.

Diesel Engines

Anticipated market penetration of dies& :ars will
make the potential health problems associated with the
use of diesel engines a major issue in the near future.
To obtain a health effects assessment for diesel soot, we
have initiated whole-animal exposure studies using in-

tratracheal instillation, inhalation, and skin painting. Si-
multaneously, we plan to continue our research dealing
with evaluations of the carcinogenic potential of diesel
particulate emissions from different fuels and engines.
We will also make ambient measurements to estimate
the background levels of "soot" (i.e., prediesel levels)
in population centers throughout the United States. Ad-
ditional work will be a.;:ned at predicting the exposure
of various population segments to diesel soot as a func-
tion of market penetration. Information generated from
this work, coupled with available health effects data on
diesel soot, will allow risk assessments to be made.

Research relating to the effectiveness of various con-
trol devices will concentrate on identifying ways to re-
duce substantially the quantity and potency of particulate
emissions while still retaining the superior economy
characteristics of diesel fuel. Here, we will evaluate cur-
rent catalytic converter technology as well as advanced
control techniques with the aim of identifying cost-ef-
fective control methods.

New Energy Technologies

The multi-billion-dollar energy technology develop-
WV program now underway will present environmental
probler as the technologies become commercialized.
EPA will continue to apply research to the broad spec-
trum of evtulving energy-related processes, but will
change the research direction and emphasis as necessary
when specific new technologies approach commerciali-
zation. We see as our first task the environmental as-
sessment of thte majo first generation in situ and surface
oil shale processes. Our assessment will characterize in-
put materials, products, and waste streams; identify po-
tential environmental impacts; describe performance and
costs of control alternatives; and suggest appropriate dis-
charge limits and contol technology. Similar assess-
ments will be performed for major coal gasification, coal
liquefaction, and fluidized bed combustion processes. In
addition, we will produce environmental assessments of
other important new energy technologies including
geothermal, waste-as-fuel, solar, advanced power cycle,
biomass conversion, and energy conservation tech-
niques.

SOLID WASTE

Solid waste is produced in this country at a rate of
487 million tons per year. This enormous amount of
solid waste creates a number of environmental problems,
principally the protection of public health. The EPA re-
search response to the solid waste problem has grown
out of the recognition of its enormity, the severity of
public health risks, and a congressional mandate pro-
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vided by the 1976 Resource Conservation and Recovery
Act (RCRA). In addition to charging EPA with protect-
ing public health, the Act also calls for EPA to develop
means to conserve natural resources through waste re-
duction, recovery, and reuse of materials now discarded.
Thus, the EPA solid waste research program is charac-
terized by two parallel directions of investigation: de-
velopment of safe disposal management practices, and
development of resource recovery methods.

Solid Waste Disposal

There are four high priority objectives which are steps
toward better methods for waste management. First, we
need to develop new or improved methods for landfill
site seleel:on, design, operation, and maintenance. We
plan to develop methods to control and accelerate the
decomposition of landfill wastes, to estimate potential
impacts of gas and leachate migration, and to control
such migration. The influence of mixed wastes (indus-
trial and municipal) on the decomposition processes and
on gas and leachate production at codisposal landfills
will also be determined. Further, our research will iden-
tify changes in municipal solid waste management prac-
tices required to deal with anticipated increases of in-
dustrial waste and sewage sludge that are to be disposed
of in municipal landfills.

Second, we need to evaluate the technical, environ-
mental, and economic strengths and weaknesses of
methods available for large-scale processing and treat-
ment of hazardous and municipal wastes. Where defi-
ciencies are found, we will develop new processing and
treatment methods. Emphasis will be placed on methods
that involve cost-effective biological, chemical, and
physical treatment processes applicable to both homo-
geneous and heterogenous hazardous waste streams.

Third, we need to develop management practices to
handle the large volumes of solid waste produced by the
utility and mining industries. Utility solid wastes include
ash residues from combustion of fossil fuels and flue-
gas desulfurization sludges as byproducts of sulfur con-
trol. Mine wastes include tailings, waste rock, low-grade
ore, and overburden.

And fourth, we need to develop and implement a total
quality assurance program for all aspects of waste re-
duction, recovery, reuse, and disposal.

Another priority will be to develop remedies for ad-
verse land disposal impacts at existing landfills: Begin-
ning in fiscal year 1980, our research will determine the
quantity and quality of industrial wastes and will sub-
sequently seek to develop industrial process modifica-
tions to change the waste characteristics sufficiently to
permit environmentally acceptable disposal. We also
plan to examine alternatives to landfill for solid and haz-
ardous wastes, including deep well injection, placement
in underground mine cavities, and land spreading.
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Solid Waste Recovery

Research on better methods for waste reduction, re-
covery, and reuse has been stimulated in recent years by
the combined need for new energy resources and waste
disposal techniques that would conserve land and reduce
costs in metropolitan areas. Use of waste as fuel has
been successful on a small scale. However, much of the
equipment pregently available has not been specifically
designed for use on municipal solid waste, and, thus far,
operating experience has been insufficient to provide for
the design and selection of optimum equipment config-
urations. Our research program will attempt to supply
the needed data. We will evaluate existing techniques of
recovery to see where technology is lacking, and we will
develop technology to meet the needs. Our research proj-
ects will examine municipal refuse resource recovery
operation.;, including shredding, magnetic separation,
air classification, screening, drying, :and densification.

We will also evaluate the efficiency and economic
viability of materials handling systems such as convey-
ors, dust collectors, cyclone separators, electrical con-
trols, storage, and fuel retrieval bins as well as systems
with provisions for energy recovery. In conjunction with
equipment and process evaluations we will study the
potential for development of new and marketable prod-
ucts and chemicals that could be produced economically
from municipal and industrial solid wastes. The focus
will be on developing methods for the biological and
chemical conversion of wastes to such things as chemical
feed stocks, protein, alcohols, and ammonia.

A second order of emphasis will be research into prod-
uct and industrial process modifications that can reduce
waste generation or enhance recovery and reuse. Basi-
cally, we intend to determine if product designs car, in-
clude provisions for waste reduction by making it easy
to separate potentially valuable materials such as certain
metals, glass, and paper from other solid wastes. At
present, the difficulty of separating the reusable com-
modities is a major shortcoming of resource recovery.

The study of mining wastes is our third priority in
resource recovery research. We will e ,aluate available
methods for extracting resources from n,inz waste dis-
posal sites. Our work will focus primarily on mining
wastes generated in the early 1900s that are still rela-
tively rich in minerals.

NONIGNIZING RADIATION

Proliferating communication and radio-navigation
systems and electronic devices for home and industry
have steada Jr increased the intensity of public exposure
to nonionizing radiation at microwave frequencies. Fur-
thermore, forecasts indicate that the upward trend will
continue. While it is well known that intense levels of
exposure to nonionizing radiation can produce thermal
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effects in the form of severe heating within body tissues,
little is known about the possible nonthermal human
health risks posed by lower levels of exposure. East Eu-
ropean countries have standards set at a level which rec-
ognizes findings that they attribute to the nonthermal
effects of nonionizing radiation. The United States, on
the other hand, base's its occupational exposure standard
solely on thz: thermal effects. As a result, allowable ex-
posures in the United States are 1000 times greater than
those in the Soviet Union. Research is needed to develop
scientifically sound informaiion that can be used to re-
solve the differences in exposure standards. Further, in-
formation is required to assess potential health effects of
continuous low-level exposures at frequencies used ex-
tensively in our society.

A Health Effects Data Base

The nonionizing radiation research strategy has both
a near-term and a long-term plan. In the near term, our
research will contribute to decisions on the need to es-
tablish environmental guidelines applicable to the gen-
eral population. Research projects will be devoted to
expansion of the current health effects data base to de-
termine whether a standard developed solely from ther-
mal effects data provides adequate protection of public
health.

Expansion of the health effects data base will come
from two sources: projects that determine the impact of
low-level exposures on selected biological processes in
animals, and studies of retrospective and prospective
epidemiologic data. Activities here will focus on deter-
mining health parameters associated with types of non-
ionizing radiation exposures known or suspected to
cause adverse effects. We will continue to conduct ex-
periments on animals wing both continuous low- and
moderate-level exposures at FM (100 megahertz), near
UHF-TV (425 megahertz), microwave '(2450 mega-
hertz), and other prevalent frequencies. These experi-
ments will focus on teratologic, hematologic, immuno-
logic, and behavioral effects. To supplement the data
from animal experiments, we will attempt to correlate
exposure data to adverse human health effects by ex-
amining historical epidemiological data on persons who
have been occupationally exposed.

Effects on Reproduction, Genetics, and Epidemiology

We also plan to expand our research work into areas
of reproduction, genetics, and epidemiology. As part of
this effort, we will conduct prospective clinical and ep-
idemiologic studies of people who have just entered a
situation of nonionizing radiation exposure and, within
limits, will attempt to identify the specific frequencies
that have a high potential for causing biological prob-
lems.

Other research activities will include studies of the
more complex and subtle problems from nonionizing ra-
diation. For e"ample, experiments on rodents will be
used to determine the effect that continuous, moderate-
level exposures have on lifespan and on potential car-
cinogenicity. We will also attempt to identify the inter-
actions between nonionizing radiation and ambient en-
vironmental factors such as temperature and humidity.

In addition, we plan to investigate the potential for
synergistic effects resulting from simultaneous exposure
to multiple frequencies. EPA's long-term research will
be devoted to an understanding of the functions of bio-
logical trigger mechanisms that result from low- and
moderate-level exposures. Our first priority will be to
refine existing theories on the interaction of nonionizing
radiation and biological systems. Here, we will be ex-
amining theories which describe how damage occurs to
cell membranes and to cell biopolymers (e.g., enzymes
and protein) as a result of exposure. We will also ex-
amine newly observed phenomena that have the potential
to contribute to the development of new theories. Work
in this area will be aimed at explaining what "type" of
nonionizing radiation can cause cellular damage. Spe-
cifically, we will perform studies to determine if fre-
quency and power density combinations known to pos-
sess a high interaction potential with one biological
system might also have similar high interaction poten-
tials with other biological systems. Additionally, we will
examine the interaction of extremely low AM frequency
exposures with the central nervous system and identify
those frequency bands having a high biological resonant
absorption. Finally, our research will attempt to identif:,.
exposure effects phenomena in laboratory animals.
These research activities will deal primarily with iden-
tification of "hot spots" within tissues and organs that
are particularly sensitive to nonionizing radiation expo-
sures. We wil! then develop indices for evaluating the
degree of stress induced by such exposure.

GLOBAL POLLUTION

The increasing awareness of the transport of pollutants
across political and geographical boundaries and the ob-
servable harmful effects from the deposition of pollu-
tants in distant regions has led to the recognition nf' pol-
lution as a global problem. Close cooperation .;mong
many nations will continue to be necessary tc resolve
the specific problems associated with the spread of pol-
lutants throughout the air a nd waters of our planet. Pres-
ently recognized environn ental problems that are truly
global in nature include a id precipitation and other ef-
fects of intercontinental u insport of power plant emis-
sions, ozone depletion is the stratosphere, climatic
changes related to increase: of carbon dioxide and other
aerosol products in the atmc sphere, and marine pollu-
tion.
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The goals of global pollution research efforts are to
understand the processes by which pollutant emissions
give rise to global impacts, to develop the capability to
predict the movements and concentrations of pollutants
in the global biosphere, and to identify and assess re-
sulting effects of climate change on human health and
welfare.

Long-Range Transport of Pollutants

The effect of long-range transport of air pollution is
our highest priority global pollution research area be-
cause of the national policy of increased coal consump-
tion, coupled with the development of large power plants
and the trend to utilize tall stacks. Energy and environ-
ment relationships make this a subject of increasing im-
portance. Understanding how to protect ozone levels in
the stratosphere is a secondary research area because, to
evaluate the need for and the impact of regulatory op-
tions concerning essential uses of fluorocarbons, much
more definitive knowledge is needed on the tropospheric
and stratospheric behavior of other halocarbons intended
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as substitutes, and on the effects of increased ultraviolet
band radiation.

Climate

The effects of climate change and variability will be
given less emphasis because such changes are so little
understood that meaningful socioeconomic assessments
cannot yet be undertaken. Climatologists need to provide
quantitative information on the characteristics of ex-
pected regional and global climate changes (wind pat-
terns, temperatures, precipitation, and seasonal and an-
nual weather patterns, etc.).

Marine Pollution

Marine pollution will also be researched at a relatively
moderate level because severe episodes are local in char-
acter, and the time required for localized pollution to
affect the global marine environment is relatively long
compared with atmospheric transport times. Marine pol-
lution problems are also not so readily identified or so
urgent as those of air pollution.



National Aeronautics and Space Administration

The National Aeronautics and Space Administration
(NASA) conducts a program of research and develop-
ment aimed at contributing to the nation's broad objec-
tives in aeronautics and space as defined in the Space
Act of 1958. In addition, NASA expertise is being ap-
plied to such other problems as developing technologies
to support national energy policy.

Philosophically, NASA's prograrris are shaped and
guided by two overriding and governing criteriause-
fulness to human life and intellectual importance. Sim-
ply stated, intellectual importance eventually translates
to long-term usefulness. Within that philosophical
framework, NASA efforts in space and aeronautics com-
prise four general categories or mission thrusts:

Scientific exploration of the solar system to im-
prove our understanding of our planet and its
phenomena, coupled with observation of the
universe in the continuing effort to understand
the place of Earth and life in the cosmos;

Investigation of the Sun-Earth relationships so
basic to the whole biosystem in which we live;

Use of near-Earth space for global studies and
monitoring of the Earth, its resources, and its
atmosphere, communications, and other pur-
poses directly beneficial to human welfare; and

Generation of advances in aeronautics technol-
ogy that support the development of more eco-
nomical, efficient, and environmentally accept-
able air transportation systems, the continuation
of the nation's competitive position in the inter-
national aviation marketplace, and the mainte-

nance of superiority in the nation's military air-
craft.

The following eight sections discuss science and tech-
nology needs and opportunities related to NASA's mis-
sion thrusts. They also describe the way in which the
mission thrusts will be made possible and practical by
the Space Transportation System and the emerging ca-
pability for acquiring, handling, and analyzing massive
amounts of data.

BASIC RESEARCH

As required by the Space Act, one of NASA's prin-
cipal missions is the conduct of basic research relevant
to aeronautical or space activities. NASA recognizes the
value of the foundation that basic research provides to
all of its missions. Examples include applied mathemat-
ics and computer science, including computer-human
interactions and artificial intelligence; the fundamental
understanding of matter and natural processes needed in
the development of multipurpose sensing instruments
and measurement techniques; pioneering research in the
life sciences, ranging from human to primordial; and
basic investigations in fluid mechanics essential in the
design of efficient, quiet, and nonpolluting aircraft.

SPACE AND TERRESTRIAL APPLICATIONS

The current Space and Terrestrial Applications Pro-
gram has three principal elements: observe and study the
Earth from space to understand and forecast environ-
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mental behavior, assess the productivity of the Earth's
surface for both renewable and nonrenewable resources,
and develop a "standard" model of the dynamic Earth;
pursue selected technology development to provide more
effective, efficient, and higher capacity communications
systems using satellites; and demonstrate to the scientific
and commercial user communities the capabilities of the
space environment for enhanced control of materials pro-
cessing. Collectively, these program elements seek to
utilize NASA space capability to address the many chal-
lenging problems related to human welfare and to the
improvement of the quality of life on Earth.

The benefits to humanity are already manifest world-
wide, and the potential for further benefits is still un-
folding. Data sensed from space can provide global in-
formation regularly, and can do so more rapidly than
other methods. Communications can be conducted over
almost a hemisphere at a cost that is independent of the
distance between communicators. Space flight is the
only method for obtaining weightlessness over extended
periods of time, and it provides the additional advantage
of a high vacuum for materials processing needs. Exten-
sive cooperation is required among Federal, state, and
local government agencies, private industry, and uni-
versities in developing solutions to problems and in
transferring the resulting techniques, technology, and
information to decisionmaking officials.

Observing the Earth's Environment From Space

In the last several years it has been successfully dem-
onstrated that space observations and techniques can
make substantial contributions to understanding pro-
cesses related to communications using satellites, weather
forecasting, climatic fluctuations, manmade changes in
the environment, tracking of severe storms, and motions
of Earth's crust. Space techniques also have potential
for assessment of agricultural productivity and land use
changes.

The Environmental Observation Program applies space
observations and techniques to aid in the ability to un-
derstand and forecast environmental behavior. The scale
of this behavior includes the extremes: global to re-
gionalfrom global weather, climate, and ocean cir-
culation to regional severe storms and air and water qual-
ity. The program encompasses and integrates the diverse
scientific fields of meteorology, climatology, atmos-
pheric chemistry and physics, and oceanography. A re-
suit could be development and demonstration of key as-
pects of a global environmental data acquisition and
processing system.

The Earth's environment is a complex system. This
complexity is largely caused by the interactive processes
among life, the atmosphere, the land, and the oceans.
These basic processes must be understood before the

crucial factors that constitute and adversely affect the
environment can be assessed and delineated.

In the next five years, the major program thrusts in
the Environmental Observation Program will be to study
jointly with the Department of Defense (DOD) and the
National Oceanic and Atmospheric Administration
(NOAA) a national oceanic satellite system for limited
operational demonstration of ocean monitoring capabil-
ity; to develop jointly with NOAA the next generation
of weather satellites, to be shuttle-compatible and to as-
sure continuity of NOAA meteorological operations; and
to participate in the National Climate Program by ex-
ploring expanded use of space for climate observations.

Observing Earth Resources From Space

The Resource Observation Program develops and
demonstrates the application of space observations and
space techniques in meeting national and global needs
for improved management of food, fiber, water, and
land resources; for improved effectiveness of mineral
and energy resources exploration; and for understanding
the dynamic characteristics of the Earth, including pro-
cesses related to earthquakes.

In the next five years, the Resource Observation Pro-
gram will conduct research jointly with the U.S. De-
partment of Agriculture on using data acquired from
space to improve production of major agricultural com-
modities in primary producing areas. The program will
also expand space capability for geological delineation
of surface features for resource assessment; develop,
over a period of 10 to 20 years, models of the contem-
porary motion of major tectonic plates; model crustal
strain accumulation in seismically active areas; and iden-
tify causative relationships for changes in polar motion
and Earth rotation.

Satellite Communications

NASA's new directions in satellite communications
technology development respond to a growing need for
new and improved commercial services. In the next five
years, NASA will pursue selected research in advanced
communications technology.

Projections of the demand for satellite communica-
tions indicate potential saturation of the geosynchronous
orbit-spectrum space in useful view of the United States.
Users of point-to-point and broadcast services would
then strongly compete for orbit and spectrum space. Pre-
dicted saturation coupled with .:oi,tinued demand growth
leads to a requirement for new technolr.gy to effectively
use or reuse more of the limited orbit and spectrum re-
sources. The K-band (30/20 GHz) was allocated in 1971
to increase satellite communications capacity, but it has
been inadequately explored and developed for use in the



United States. Meanwhile, flight R&D programs in for-
eign nations are proceeding with developments of tech-
nology that could reduce U.S. participation in a growing
worldwide market.

As in the past, NASA R&D activity can significantly
advance the state of the art for K-band technology to
meet the expanding communications demand and pro-
vide U.S. industry with the technology to meet compet-
itive requirements in a world market. Because the private
sector's R&D must be based on short-term profit poten-
tials, the government must accomplish the long-term
basic R&D that will ultimately enable industry to con-
fidently offer new and expanded services.

Materials Processing in Space

This program emphasizes the fundamental science and
technology of processing materials under conditions that
allow detai1ed examination of the constraints imposed
by gravitational forces. The studies are directed toward
certain selected materials and processes which will best
elucidate the limitations due to gravity as well as dem-
onstrate the enhanced process control that may be pos-
sible in weightless environments. One activity that will
be emphasized during the next five years will be con-
solidation of the data and supporting studies associated
with the specific areas of materials science and technol-
ogy being addressed in the initial space flight investi-
gations. Experiments will be initiated in materials pro-
cesses using shuttle-spacelab capabilities. Emphasis will
also be placed on the continued identification and un-
derstanding of design-driving experimental requirements
together with initiation of technology development stud-
ies to reduce the risks associated with future hardware
development.

SPACE SCIENCE

The Space Science Program is important both for the
long-range benefits it can be expected to provide to life
on Earth and for the challenge and stimulation it provides
to the human spirit and intellect.

The program has four elementsthe Planetary Pro-
gram, the Astrophysics Program, the Solar Terrestrial
Program, and the Life Sciences Program. These ele-
ments collectively seek to determine the origin and his-
tory of the universe and the physical and chemical pro-
cesses occurring in and governing it; the origin, history,
and distribution of life in the universe; the structure and
dynamics of the Sun-Earth space system, including the
magnetosphere, ionosphere, and upper atmosphere and
the physical and chemical processes that shape and con-
trol the system; and the best uses of space as a laboratory
to study physical, chemical, and biological processes
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and to provide knowledge for improving conditions on
Earth.

Realization of the potential benefits of the Space Sci-
ence Program depends upon not only direct support of
these activities but also the development and operational
deployment of the space shuttle, spacelab, and other
space transportation system elements. Tracking and data
handling capabilities must be upgraded to meet orbital
and deep-space science requirements. Also, looking to
future missions that will challenge the technological state
of the art, space research and technology activities must
pursue the new technologies emerging from the labora-
tory and bring them to such a state of readiness that
space system developers can exploit their benefits.

The Planetary Program

The objectives of planetary exploration are to extend
our understanding of the formation and evolution of the
solar system through study of solar system bodies and
the interplanetary medium, and to apply that understand-
ing to continual assessments of past, present, and future
processes on Earth. Our strategy for accomplishing these
objectives is built around reconnaissance missions to
seek and identify major characteristics of the planets;
exploration missions to discover and understand the pro-
cesses, history, and evolution of planets; ad intensive
study missions focused on specific problems of high im-
portance.

The Astrophysics Program

The Astrophysics Program consists of scientific in-
quiries into questions that have bewildered and inspired
humans since our primitive beginnings. What is the na-
ture of the universe? How did it begin, and what is its
eventual fate? The philosophical motives for probing the
universe are compelling, and the capability that the vast
laboratory of space provides for studying and, it is

hoped, understanding processes in the universe cannot
be duplicated in Earth-based laboratories. For example,
if quasars are as remote as their spectral shifts seem to
indicate, they are emitting energy at a rate that cannot
be explained even by nuclear processes as we now un-
derstand them. Studies of such phenomena are at the
very forefront of science. While the benefits to humanity
cannot always be predicted, the opportunities cannot be
ignored.

The astrophysics strategy is first to identify sources
and new phenomena with ground-based observatories,
aircraft such as the C-141 Kuiper Observatory, balloons,
sounding rockets, free-flying satellites, and other space
facilities, as appropriate. Then sources will be cata-
logued by making "all-sky" surveys in all wavelengths
with systems such as the High Energy Astronomy Ob-
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servatory (HEAO-A) and the Infrared Astronomy Sat-
ellite (IRAS). Identified sources will then be studied
with high-resolution observatories such as HEAO-B and
the Space Telescope. Last, correlative studies of the
sources will be made in all appropriate wavelengths with
free-flying satellites and multidisciplinary shuttle-
spacelab missions in order to develop a complete un-
derstanding of the phenomena and objects involved. In
addition, continuing studies in such areas as relativity
will exploit the unique characteristics of space as a phys-
ics laboratory. The knowledge gained from all of those
activities will improve our general theories about the
nature and origin of the universe.

The Solar Terrestrial Program

The objectives are to understand our local star, the
Sun, as an astronomical body, as the source of Earth's
light and heat, and as the major source of the Earth-
space (magnetosphere, ionosphere, and upper atmos-
phere) system; to understand the form, character, and
variability of the Earth-space system; to understand the
physical processes that shape, control, and link the in-
dividual elements of the system; and, eventually, to pre-
dict the potential effects of naturally occurring and hu-
man-caused perturbations on the Earth-space system.
These objectives are becoming increasingly important
for a resource-limited world whose ability to feed and
shelter its inhabitants may be reduced by small changes
in the climate and whose environmental quality may be
degraded, perhaps irreversibly, by humanity's activities.

The strategy employed by the Solar Terrestrial Pro-
gram includes remote observations of the Sun and the
various manifestations of the solar cycle. Pioneering ex-
ploration of the structure and dynamics of the solar wind,
extended magnetic fields, and cosmic rays is also in-
cluded, as is a multifaceted attack on the mysteries of
Earth's complex neutral, charged-particle, and mag-
netic-field environments and their interfaces. These ac-
tivities invo/ ie in situ observations, a developing op-
portunity fin- active experiments, ground-based
measurements, and a comprehensive program of theory
and modeling. In addition, we conduct research into the
magnetospheres of other planets in the solar system.

The Life Sciences Program

The objectives of the Life Sciences Program are to
ensure human health, safety, well-being, and effective
performance in space flight: to utilize the space environ-
ment and space technology to advance knowledge in
medicine and biology; and to understand the origin and
distribution of life in the universe.

Past life sciences flight observations have focused on
evaluating possible hazards to crew health and on iden-

tifying factors that could impair crew performance.
While those activities will continue to be important, the
shuttle-spacelab will enable us to conduct a greater num-
ber of types of flight experiments. The flight experi-
ments will exploit the unique zero-gravity aspect of the
space environment to study the fundamental responses
of humans and other organisms to gravity, and will de-
velop ways to apply the resulting knowledge to extend
the duration of safe manned space flight.

SPACE TRANSPORTATION

The nation's space program is evolutionary. Scientific
discoveries and technological progress produce new op-
portunities and requirements that lead to new capabilities
to meet national needs and external challenges. The
Space Transportation System Program focuses on pro-
viding the new capabilities needed for efficient, eco-
nomic space transportation and related space services.
It has two basic goals.

Vehicle Development

The first goal is to provide easy, low-cost access to,
from, and within space for the payloads and systems that
NASA and other users, both public and private, develop
to achieve their space objectives. The primary vehicle
for satisfying that goal into the 1990s will be the Space
Transportation System (STS), consisting of the space
shuttle, spacelab, and upper stages.

The space shuttle and spacelab will promote increased
use of the unique features of space both for potential
applications that are understood today and for applica-
tions not yet conceived. Consequently, a key objective
of the Space Transportation System Program is to define
a feasible evolutionary approach to satisfying future re-
quirements for space systems and operations and to focus
on more advanced elements of the STS. These include
the solar electric propulsion system and the orbital trans-
fee vehicle.

Support Systems

The second goal is to develop support systems that
have the potential of enhancing the STS's unique capa-
bilities and, therefore, its role in the use of space for the
benefit of humanity and in the maintenance of U.S. lead-
ership in space. Operations of the space shuttle and
spacelab will generate requirements for new space serv-
ices and operations. Possibly the most pressing require-
ment will be for development of free-flying and shuttle-
attached power packages to provide electrical power in
the 25-kilowatt range to support longer shuttle missions
and a host of independent applications and science mis-
sions. These packages could form the basis for larger
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and higher power platforms, which could then provide
logistic support for potential space operations, e.g.,
space manufacturing.

These advanced systems could also serve as staging
platforms for operating and servicing large Earth-orbit-
ing spacecraft such as large astronomical telescopes. so-
lar-terrestrial observatories, and advanced communica-
tion systems. In addition, space manufacturing and
processing techniques and systems will require levels of
electrical power and times in orbit not available with the
basic space shuttle. The objectives will then also include
the development of remote maneuvering, teleoperators,
structure fabrication devices, habitats, and waystations.

Economic Uses

Use of space for economic and useful purposes can
create economic new markets and products and enhance
the national economy, as well as maintain the leadership
of the United States in space capability. The role of the
government in expanding the use of space for economic
purposes is one of identifying promising initiatives and
carrying out the activities necessary to establish feasi-
bility. When feasibility has been demonstrated, industry
can then invest private capital for space ventures. Sat-
ellite communications systems and the myriad of space
technology spinoffs are past examples of industry's com-
mercialization of products stemming from government
support for early space capabilities.

Continued progress toward space goals will depend
on successful development and timely achievement of
operational status of the Space Transportation System,
and its future growth. Adequate funding must be main-
tained for current development projects, supporting fa-
cilities, and complementary systems. Studies and ad-
vanced technology programs needed for future capability
extensions must be initiated with appropriate lead time
and conducted thoroughly so that new system develop-
ment decisions can be informed and timely. In addition,
the needed new elements of the STS must be developed
so that they support the foreseen applications in a timely
and economical fashion.

SPACE TRACKING AND DATA SYSTEMS

Today's tracking and data acquisition network facili-
ties are the result of a complex, interrelated technolog-
ical and programmatic evolution. We developed our first
network to track the first U.S. satellite as part of the
Vanguard program.

The decision to put a man on the Moon before the end
of the 1960s led to development of the specialized
Manned Space Flight Network (MSFN) to support that
national effort. Another entirely different network be-
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came necessary when we started sending automated
spacecraft beyond Earth orbitthe Deep Space Network
(DSN).

The goal of the Space Tracking and Data Systems
program is to develop, implement, and operate the track-
ing and data acquisition systems required for sophisti-
cated and complex flight missions of manned and un-
manned orbital spacecraft, sounding rockets, d,:ep-space
probes, and research aircraft.

Data Relay in Earth-Orbiting Missions

For Earth-orbiting missions, one continuing objective
is to increase mission coverage while reducing opera-
tional costs. The Tracking and Data Relay Satellite Sys-
tem (TDRSS) will take a significant step toward meeting
that objective when it begins operation in 1980. It will
provide a sixfold increase in mission coverage for all
satellites in low Earth orbit. It also will provide launch,
landing, and nearly continuous orbital support to the
space shuttle. Plans are to phase out most of the existing
ground-station network as TDRSS becomes operational
in order to stabilize the overall cost of supporting the
tracking and data acquisition requirements of Earth-or-
biting missions.

Another major objective is to provide the optical
tracking capability required by Earth-dynamics and
ocean-dynamics projects such as Lageos, Geos, and their
successors. Investigations- afg'eodesy, tectonics, and sea
state require precise determination of orbits to ensure
that onboard sensors collect useful data. The required
precision will be provided by portable laser-ranging sta-
tions that NASA has developed and that have an accu-
racy of about 10 centimeters.

Data Relay in Planetary and Deep Space Missions

Our principal objective for planetary and deep space
missions is' to improve their navigational accuracy and
telemetry data return to maximize the scientific value of
the missions. Our continuing program is increasing an-
te,,na sensitivity through improvements and modifica-
tions that reduce system noise and increase receiver ca-
pability. Navigational accuracy is being improved by
new tracking techniques such as dual-station tracking.
Use of higher frequencies inherently increases telemetry
data rates. The current conversion of the Deep Space
Network will allow greater data return and ease the sat-
uration of the network's antennas.

Increases in antenna apertureprovided by either a
large, single antenna or an arraycreate opportunities
for quantum jumps in science return. The NASA Space
Science Program is emphasizing the imaging and radar
mapping of planets and their satellites. Flights to study
the distant outer planets and their rings and satellites are
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of long duration and are characterized by brief, intensive
flyby encounters and orbiting missions, both of which
require high data rates. Obtaining maximum return from
missions planned for the 1980s will require an advanced,
groundbased, large-aperture antenna system. For mis-
sions beyond the 1980s, NASA is contemplating an or-
biting deep space relay station to provide new capabili-
ties. We will investigate the system's promise thoroughly
through systematic study and technology development.

Adva.A,; es in Data Processing and Communications

The increasing data rates discussed above will be ac-
companied by comparable increases in data processing
workloads. The shuttle era will require an order-of-mag-
nitude growth in data processing capabilities. Processing
loads from spacelab data alone will exceed current ca-
pabilities. Consequently, new data processing facilities
and equipment are needed. The combined effect of new
modes of operationsuch as interacve, experimenter-
controlled operationsand the sophistication of ad-
vanced generations of sensors will create increases in
data output. The increases will require both the use of
even more advanced techniques for data handling and
management and the use of new technologies and equip-
ment. Only by those means will we be able to ensure
the greatest return of scientific information for the lowest
cost.

The advent of adaptive missions, in which activities
are modified to reflect knowledge gained in earlier ac-
tivities, has created the objective of providing the real
time capabilities and flexibility demanded by the mode
of operation. The increased on-line data flow required
to support adaptive missions will be accommodated by
increases in the bandwidth of communication links and
by use of advanced techniques, such as shared computer
resources, to provide for real time data and control.

SPACE TECHNOLOGY

Investments in technology are beneficial and effective
in enhancing current and planned missions and in ena-
bling missions that require capabilities beyond the antic-
ipated state of technology.

The principal objective of the Space Technology Pro-
gram is to generate advanced technology for application
to future space projects and flight missions. The program
is designed to support and enhance approved programs,
to provide technology options for planned near-term pro-
grams, and to enable missions not yet conceived.

Planning for the Space Technology Program derives
from missions identified by he flight program offices as
well as representative missions for the 1980 to 2000
period, which will require technological advances. Tech-

nology requirements of those missions are structured in
three major thrusts: information systems, spacecraft sys-
tems, and transportation systems.

Information Systems

In information systems, the thrust is to develop ca-
pabilities for the acquisition, processing, and dissemi-
nation of data in a form responsive to specific user
needs. The objectives are to provide broader synoptic
coverage, wider spectral range, more rapid access to
useful information, and, ultimately, lower cost systems.
User needs are derived from the science and applications
missions of the Agency. Major elements are sensing and
data acquisition, sensor support systems, communica-
tions, data reduction, and data dissemination.

Spacecraft Systems

The thrust in spacecraft systems includes technology
in structures, materials, guidance, navigation and con-
trol, automated systems, power, onboard propulsion,
and planetary entry. Much of this thrust is concentrated
on technology for large space systems that are expected
to require new techniques and components to enable
their on-orbit construction or deployment, new long-life
materials, distributed control systems, and novel con-
cepts for providing shared, onboard support services.

Transportation Systems

The transportation systems objective is to provide the
technology required for an enhanced space transportation
system. The current program includes technology work
in structures, materials, chemical and electric propul-
sion, and aerothermodynamics; it is supported by shuttle
flight experiments in both the orbiter experiments (OEX)
and the spacelab programs.

AERONAUTICS

Aviation in the United States is the principal mode of
intercity public transportation, a major element in na-
tional defense, and a source of economic strength. The
United States dominates the free-world marketplace in
transport and military aircraft and holds a leading posi-
tion in other types of aircraft. Continued preeminence
in aviation will demand advances in the nation's aircraft
and system capabilities, in the productivity and profit-
ability of the U.S. aviation industry, and in the environ-
mental acceptability of U.S. aircraft. The maintenance
of U.S. technological leadership is, therefore, a matter
of national concern and importance.
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During the next five years, major research and tech-
nology (R&T) objectives of the Aeronautics Program
will include completion of the Aircraft Energy Effi-
ciency Program; further reductions in aircraft environ-
mental impact; continued programs in rotorcraft tech-
nology and in avionics, human factors, safety, and
terminal area operations; further progress toward vali-
dation of supersonic cruise technology; continued con-
tributions to the technology needs of military aviation;
and further strengthening of the generic R&T programs
in the several fundamental disciplines upon which future
achievements will be based.

The potential benefits from continued U.S. techno-
logical leadership in aeronautics are of major importance
to the nation. NASA's program will strive for a balanced
combination of in-house and university research, indus-
try contract activities, interagency cooperative efforts,
and the regulatory process.

Civil Air Transportation

Research and technology activities in NASA's Aero-
nautics Program are shaped by perceived technology
needs and opportunities. With respect to civil air trans-
portation, current and projected needs are for safer, more
economical, efficient, fuel-conservative, and environ-
mentally acceptable aircraft. These objectives apply to
subsonic transports, both large and small, and to super-
sonic transports. Corresponding NASA R&T activities
include experimental investigations of advanced engine
components and alternative fuels, wind-tunnel and flight
research on improved airfoil sections and wing-platform
configurations, demonstration of active control systems
and electronic cockpit displays, and validation of com-
posite primary aircraft structures. A substantial portion
of this effort, directed at providing the technology for
large improvements in transport aircraft energy effi-
ciency, is conducted in close cooperation with the trans-
port manufacturing and operating industries. Special ef-
forts of a relatively long-term nature include supersonic
cruise research, in which the emphasis is on aerody-
namic configurations and titanium structures, variable-
cycle engines for civil and military supersonic cruise
aircraft, and laminar flow control to reduce drag.

General Aviation and Rotcrcraft

In addition, NASA R&T is focused on the particular
needs of goieral aviation and rotorcraft. Growth rates in
these types of aviation are greater than for commercial
transports, and world market competition is especially
active. In general aviation, the major technology needs
are in efficiency, noise reduction, safety, and utility.
NASA R&T emphasizes small engines. including inter-
nal combustion engines; propellers; stall-spin preven-
tion; single-pilot instrument operations; and aerial ap-
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plications of agricultural materials. In rotorcraft, the
objectives of the technology program are to improve ef-
ficiency, reduce vibration and noise, lower maintenance
costs, and remove operational constraints du, to weather.

Military Aviation

With respect to military aviation, NASA works
closely with the Department of Defense in identifying
needs and planning research and technology activities,
many of which are jointly conducted. Primary emphasis
is on the integration of flight and engine controls, flight
testing of advanced configurations, and the development
of a broad data base for use in future military aircraft.
design.

ENERGY SYSTEMS

NASA is authorized to conduct programs in support
of the nation's energy research and development needs.
This authorization is contained in the Energy Reorga-
nization Act of 1974, the Department of Energy (DOE)
Organization Act of 1977, and the National Aeronautics
and Space Administration Act of 1958, as amended. The
DOE-NASA Memorandum of Understanding, dated
March 21, 1978, describes the general conditions under
which DOE-NASA cooperative efforts will be formu-
lated and conducted.

The NASA program strategy is to utilize NASA aer-
onautics and space technologies, experience, and facil-
ities in support of the energy research, development, and
demonstration program needs of DOE and other govern-
ment organizations. The overall goal of the program is
the effective use of NASA capabilities in the accom-
plishment of specific technical and programmatic goals
resulting from national energy policy.

Current programs using both NASA funds and funds
from other agencies encompass three major areas of ac-
tivity: space utilization, which includes nuclear waste
management and satellite power systems; solar terrestrial
applications, which include solar heating and cooling,
photovoltaic conversion, wind turbogenerators, solar
thermal energy conversion, and energy storage; and con-
servation and fossil energy applications, which include
advanced ground propulsion, advanced coal extraction,
industrial gas turbines, and phosphoric acid fuel cell sys-
tems. Additional applications of NASA technology, ex-
pertise, and facilities to energy problems can be ex-
pected.

Significant benefits to the United States in this critical
area can be anticipated in the next few years when the
technologies that are being developed are moved to the
marketplace and begin to provide alternative supplies or
energy conversion techniques. A close working relation-
ship between NASA and the other agencies involvtd is
essential if these benefits are to be realized.



National Science Foundation

The National Science Foundation (NSF) promotes the
progress of science in the United States through the sup-
port of research and science education. Unique among
Federal agencies in its dedication to basic research and
its responsibility for future scientific research capability,
the Foundation seeks to press fundamental scientific in-
quiry on all fronts.

The broad support of research is especially important
because it promotes the germination of unexpected dis-
coveries and breakthroughs. Such unanticipated devel-
opments frequently lead to advances in applied science
and in technology that in turn are useful in addressing
the important practical problems our society must deal
with. The connection between basic rescarcn and useful
application is sometimes long and tenuous. Neverthe-
less, the discussion of problems and opportunities relat-
ing to science and technology must not overlook the
need to provide for the continuing development of sci-
ence in general.

In this report, NSF has chosen to describe 11 special
areas of basic research in which advances over the next
five years can be expected to contribute to the under-
standing and amelioration of important national prob-
lems. These particular topics have been selected because
the information and insights resulting from long-term
fundamental research on them would improve the basis
for national policy decisions and directions and enable
concerned governmental and private sector organizations
to carry out their responsibilities more effectively. The
descriptions for each of the topic areas characterize the
national concern, point out scientific opportunities, and

mention the readiness of the research community to take
advantage of the opportunities. There are, of course,
many additional topics that could have been emphasized.
Among these are important matters of continuing con-
cern. For example, maintaining the supply of scientif-
ically trained people is of particular interest to NSF.
There continue to be challenges to our ability to identify,
motivate, educate and employ wisely the human scien-
tific resources needed to keep our scientific enterprise
healthy.

In the course of selecting the research topics, another
type of concern became clearthe need to stimulate and
encourage a much higher level of scientific and tech-
nological literacy throughout the general public. The
nation's ability to deal with such issues as nuclear reactor
development, toxic chemicals, future space programs,
world population growth, and new medical technologies
requires an educated public that understands the pros and
cons of various actions as well as a large number of
educated decisionmakers who can weigh scientific fac-
tors with confidence to reach responsible and wise de-
cisions.

A higher level of scientific and technological literacy
would contribute to
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Better preparation of all segments of society to
deal with technological developments that affect
everyone's lives;

A higher level of competence by workers in high
technology fields such as electronics, commu-
nications, and nuclear power;
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More adequate understanding by decisionmakers
of the merits and limitations of scientific infor-
mation available to them; and

Better understanding of risks facing society and
of the consequences of major decisions.

One only need contemplate the difficulties and ramifi-
cations of such matters as SALT, "test-tube babies,"
development of alternative energy sources, and the
Three Mile Island incident to realize the importance of
this topic to the nation's future.

NEW APPROACHES TO MODIFICATION OF
PLANTS AND INCREASED CROP
PRODUCTIVITY

The increasing world population and the rising expec-
tations of nutritionally deprived people emphasize that
the quantity and quality of economic crops must be sig-
nificantly increased. Another urgent reason to increase
crop productivity is the inevitable reliance on biomass
to replace waning petroleum sources and dwindling ma-
terial resources of other kinds. Research in this area
could also have an impact on materials available from
forest, agriculture, and aquatic systems that are in de-
mand in building, paper, textiles, and chemical feed
stocks.

Research opportunities abound. Recent advances in
plant tissue culture and recombinant DNA research pro-
vide the basis for a foreseeable new technology in which
plants can be modified and desirable new traits intro-
duced. Genetic techniques can be used to improve
drought tolerance, winter hardiness, and nitrogen fixa-
tion. As this field develops, the time scale in which these
techniques will be applicable will be much shorter than
the long-term (multiyear) breeding program of conven-
tional agriculture. Another important focus might be on
the study of phosphate metabolism of plants to decrease
dependence on large applications of phosphate fertilizer.

The development of salt-tolerant plants is another re-
search area of promise and readiness. Saline water is a
pervasive problem, and the increasing salinity of irri-
gation water is decreasing the land available for agri-
cultural production. Research needs include work on
membrane structure and function in salt-tolerant plants,
temperature effects on water content in cells, symbiotic
relationships between plants and microorganisms, ef-
fects of increasing saline water on osmosis in plants,
uptake of toxic ions and the effect on plant nutrients,
and methods for removing excess salts from plants.

An ecological approach to the design and management
of crop and livestock systems also holds promise of in-
creasing the efficiency of food production. Many 'op-
portunities exist for the reintroduction of ecological con-

trols to agroecosystems, particularly to achieve control
of pest and disease organisms and to restore processes
of nutrient retention and regeneration on food and fiber
producing lands. Efficiency may also be improved by
the development of crop and livestock combinations or
rotation sequences that optimize yields of food and fiber
with respect to energy and nutrient subsidies. EcOlogical
engineering can also be used to improve the adjustment
of water and nutrient supplies to plant and animal needs
during the production cycle. These approaches are es-
sential to provide a framework for incorporating genet-
ically improved stocks into an efficient agroecosystem
management plan.

PHOTOCHEMISTRY, PHOTOBIOLOGY, AND
PHOTOPHYSICS

The transformation of solar energy by plants (photo-
synthesis) is the start of the process that eventually
leadsover eonsto fossil fuels. Existing photosyn-
thetic processes are obviously much too slow to provide
immediate energy supplies. Among the most premising
avenues for increasing energy sources are improvements
in efficiencies of biological photosynthetic activity and
the construction of artificial systems to increase the cap-
ture and conversion of light energy.

The use of biological photosynthesis to generate con-
venient energy resources is limited at present by an in-
complete understanding of the relevant chemical and
biological processes. Basic knowledge in such fields as
chemistry, enzymology, and plant physiology is needed
to understand the mechanisms by which plants and bac-
teria collect, store, and convert or release the energy of
the sun. A complementary and promising approach to
this task is the use of new genetic techniques in which
the selection and stock maintenance of hybrid plants with
increased photosynthetic efficiency is pursued.

Opportunities are also available within the fields of
photochemistry and photophysics. Of particular interest
is the effort to use light-induced reactions to produce
high-energy, unstable materials that can be reconverted
to their original forms under controlled conditions. Dur-
ing this process stored energy is released in a usable
form. Another objective is the conversion of light energy
directly to electrical power through either photovoltaic
or photogalvanic cells. Progress along each of these
routes is expected to be aided 'over the next five years
by results from basic research. Knowledge of organic
and inorganic sensitizers and catalysts for photochemical
reactions is expected to compensate for the low solar
radiation sensitivity present in key materials and to pro-
vide key binding sites to promote low-energy reaction
pathways. Basic research in new photoreactions which
may lead to the production of high-energy materials is
also ofinciejcs importance.



Difficulties to be overcome in the photo-assisted elec-
tnlysis of water to produce hydroget. for fuel include
poor wavelength response, low quantum efficiency, high
electrode expense, and uneven stability. In photogal-
vanic cell development a major difficulty is the inade-
quate understanding of interfacial phenomena. The con-
struction of boundaries such as solid-liquid interfaces or
membranes may offer the means for the prevention of
energy-wasting back reacil(w.s. Recent advances in in-
strumentation promise rapid progress in this area. The
development of new materials systems, e.g., amorphous
semiconductors and organometallics, demonstrates long-
term potential for the achievement of low-cost photo-
voltaic conversion using noncritical materials. Other
new materials systems of interest include hydrogen in
metals and supertonics.

Recent advances in theory and instrumentation are
yielding new levels of understanding of photochemical
processes. Laser spect:-uscopy, in particular, has per-
mitted the detection and characterization of short-lived
species occurring as transients in light-induced reactions.
New spectroscopic techniques have markedly increased
capabilities to obtain knowledge cf the structure and
function of enzymes, surfaces, membranes, and other
composite molecular assemblies involved in photochem-
ical, photophysical, and photobiological processes. Re-
search in engineering is (faceted toward the provision of
tl,e framework required to ensure future implementation
of feasible energy conversion techniques and the
achievement of a balanced and comprehensive exami-
nation of potentially promising long-term approaches.

CHEMISTRY OF BRAIN AND BEHAVIORAL
PROBLEMS

Better understanding of the chemistry of the nervous
system can help in dealing with behavioral problems that
lead to obesity, drug and alcohol abuse, and such dis-
orders as schizophrenia, senility, and mental retazdation.

Recent advances ir immunocytochemistry have al-
lowed us to gain increasing knowledge about transmitter
systems, which has advanced our understanding of the
fundamentals of nerve interaction. By raising antisera to
various molecules, labelk.g them radioactively, and in-
jecting them into cells, various molecule systems can be
traced by idchtifying the individual cells containing these
molecules by the fluorescence they produce in the light
microscope.

Research needs over the next five years include: bio-
chemical centers to expand the production of antisera to
be used as markers so that many "(101e molecular systems
can be explored, neurochernical studies addressing
changes in Main neurotransmitting systems associated
with various behaviors, improvement in biochemical
techniques so that less of a substance is needed to de-
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termine its composition and liucture, and improvement
in purification techniques t..) aid in the isolation and pu-
rification of receptor molecules that activate a neuron
after it receives an electrochemical signal from another
neuron.

Very little is known about basic molecular mecha-
nisms that mediate behavior. Research must address cel-
lular and subcellular mechanisms pertaining to behavior.
The ef1,4cts of hormones on the development and main-
tenanr . of the nervous system from the embryo through
senescence must also be better understood.

Separating out the chemical components of the nerv-
ous system and developing an understanding of how they
interact with the structural components is a major effort.
Numerous diseases of the nervous system are due to
known chemical imbalances with a genetic origin. Be-
havioral disorders due to simple chemical imbalance
should continue to reveal themselves with the constant
improvement of noninvasive techniques that may allow
chemical analysis of human tissue in the future. More
innovative techniques are needed to bridge the narrowing
gap between chemical and an tomical approaches to
nervous system function.

The neuroscience research community nearly doubled
between 1975 and 1978 (to about 10,000 active scien-
tists), and there is an abundance of well-trained, highly
sophisticated researchers with interdisciplinary back-
grounds.

POLITICAL ECONOMY OF CRITICAL
RESOURCES

Economics and political processes that influence the
price and availability of critical .esources in international
markets are not well understood, nor are the economic
and political effects of changes in the price and supply
of such resources. This lack of knowledge limits the
adequacy of economic projections and the design of ef-
fective government policies.

Recent events have dramatized the impact of political
as well as economic forces on the price and supply of
critical 7esources: world oil prices have quadrupled,
world capital is undergoing a shift favoring the OPEC
countries, other blocs are likely to follow the OPEC
example, and economic forecasts have been rendered
inaccurate by unforeseen shifts in the price of oil. The
supply and price of oil and other natural resources nec-
essary to meet economic growth and national security
objectives are subject to rapid change, and effective re-
'ponses to impending price shifts and international
"commodity politics" depend cn inadequately devel-
oped knowledge. Economic forecasting, important in
dealing with inflation and unemployment, is currently
based on an inadequate understanding of international
economic and political processes.
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There is an immediate need for, and capability to con-
duct, additional research that emphasizes:

(I) Models of optimal exploration and production of
nonrenewable resources, and the impact of governmental
action in such models;

(2) Incorporating bargaining models, coalition strat-
egies, and international economic factors into the anal-
ysis of cartel behavior to determine the extent to which
observed market action deviates from optimal cartel be-
havior and to pn.ajeet cartel response to modified eco-
nomic and political conditions;

(3) Use of techniques adapted from decision theory,
control theory, game theory, and the economics of arms
races in the analysis of strategy and bargaining among
blocs of national governments, with the objective of as-
certaining the welfare effects of bloc action and optimal
rules for policy intervention, negotiation, and conflict
rest, ';on;

(4) Research on the effectiveness of international
marketing arrangements and agreements (e.g., buffer
stocks) to smooth out fluctuations in prices, and explo-
ration of the political and economic conditions that in-
fluence their effectiveness; and

(5) Improvement of models for projecting world and
domestic supply and demand for critical resources by
incorporating international political factors along with
selected sets of realistic assumptions about new sources
of supply, resource substitution, shifting iedinological
requirements, and market conditions.

The research outlined above would assist in devel-
oping more accurate short-term economic projections
and forecasts of the prices of critical resources, more
adequate long-term forecasts of resource flows and
prices (with implications for planning), and more effec-
tive policies relating to the production of critical re-
sources, international trade, and international negotia-
tions.

BIOGEOCHEMICAL CYCLING

An understanding of biogeochemical cycles is crucial
to the management and maintenance of our Earth's eco-
systems. Studies of many elements have been -; :-

ducted, but the most concern has developed about ca iau
ZC), agrogen (N), sulfur (S), and phosphorus (P). Mr
perturbations of the composition of the atmosphere and
iosphere have resulted from society's use of ancient

deposits containing C, S, and, to some degree, N (e.g.,
increased fossil fuel usc, more intensive use of fertil-
izers, increased destruction of tropical forests, and in-
creased use of marginal lands for grazing and subsistence
agriculture). Byproducts of their use are being released
at increasing rates into modern environments, causing
severe disturbances. We need accurate information about

these elements everywhere within the boundaries of our
biosphere and atmospherein ocean depths as well as
at the limits of the stratosphere.

Three global problems of immense magnitude are
identifiable: (I) increased ozone-layer interactions arid
possible ozone depletion because of penetratioa into the
upper stratosphere of N20 and chlorofluoromethanes that
react with ozone under the influence of ultraviolet light;
(2) increased CO2 levels in the atmosphere which, if
continued, might lead to a perceptible warming of the
earth's surface with consequent changes in patterns of
world climate; and (3) increased acid rain, which is in-
jurious to most freshwater ecosystems and could possi-
bly harm crops, people, buildings, and machinery.
These major problems overshadow many other environ-
mental events. They also may lead to such related prob-
lems as loss of agricultural production, increased rates
of desertification, destruction of water quality, and gen-
eral lowering of the quality of life.

We need to ts.now background levels in natural eco-
systems in order to asses.- the principal perturbing ef-
fects. Thus, there is need for a long-term intensive study
of the cycles of critical elements and the interrelation-
ships among them in biota, atmosphere, and terrestrial
and aquatic systems of the world. Further long-term
studies of critical communities in selected biome regions
of the world should be undertaken.

One means is through the development of sites at
which long-term ecological research projects may take
place, measuring key abiotic and biotic parameters by
standardized methods for long periods of time. With
such work there is hope that scientific research will be
able to provide the information necessary to determine
the type and magnitude of effects on the biosphere and
atmosphere.

CERAMICS, POLYMERS, AND OTHER
NONMINERAL MATERIALS

The high level of consumption of a large variety of
materials in modern society results in a reduction of the
availability of natural resources from which they are de-
rived. To the concern for the diminution of the stock of
natural resources, there have been added the related con-
cerns of the various costs of materials exploitation and
production (such as energy and transporeition costs) and
associated health, safety, find environmental regulations;
availability of foreign sources of supply; and domestic
industrial viability. The result has been a combination
of social, political, and economic pressures to conserve,
substitute, and recycle materials. In the area of substi-
tution, basic research offers a particular opportunity to
improve the understanding of the relationships among
the structure, composition, and properties of materials.
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Two principal objectives have been identified that will
allow expansion of the supply of products and processes.
One is the design of materials with longer useful life-
times and which can be recycled or remanufactured,
e.g., aluminum beverage containers. The second is the
development of substitute materials for nonrenewable,
energy-intensive, or scarce materials, e.g., high-strength
polymers to replace metals.

The pursuit of these objectives can be implemented
through the conduct of long -term basic research in the
following areas, among others: ceramics (to replace
high-temperature metallic alloys); high-strength poly-
mers (to replace metals); synthesis of polymers from
nonpetroleum, renewable resources; and toughening the
surfaces of low-cost amorphous materials with small
amounts of special materials to enhance durability.

Other efforts involving basic research can focus on
the productiot. of potentially "new" materials for high-
technology applications. Examples of such materials and
their potential applications include amorphous "metal-
lic-glass" substitutes for low-loss transformer cores,
amorphous semiconductors for use in electronic device
applications, photosensitive polymers and inorganic ma-
terials for dry lithography, and high-temperature super-
conductors for power generation and transmission.

IMPROVED CATALYSIS

Although catalysts are of vital importance to a number
of industrial processes, particularly in the chemical and
petrochemical industries, an understanding of how ca-
talysis works is available in only a few isolated cases.
More efficient catalysts could result in industrial pro-
cessing techniques that use less energy and raw material
and result in less waste and pollution of the environment.

Basically catalysts are substances that modify or in-
crease the rate of a chemical reaction, without them-
siqves changing chemically at the end of the reaction.
Industrial catalysts are now designed mostly on a trial
and error basis. Basic research is needed to discover new
concepts based on fundamental understanding of struc-
ture, bonding, and reactions that will rationalize and ex-
tend these empirical correlations.

Examples of the possible research topics involve both
homogeneous and heterogeneous catalysts. More re-
search is necessary, for example, for understanding the
electronic structure of an ordered solid in chemically
useful terms. Other topics of potentially great investi-
gative relevance include surface construction as well as
electronic surface structure, structural studies of absor-
bate-substrate systems, and in situ studies of chemical
reactions on surfaces. Further work on catalytic pro-
cesses that proceed at lower temperatures and pressures
and require less energy would be very useful
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Progress in these areas can help alleviate several crit-
ical national problems in addition to the obvious waste
of material that accompanies a reaction of less than de-
sirable specificity and yield. Energy must be expended
in purifying and separating the product. Capital is de-
voted to more sophisticated plant construction than nec-
essary. With an adequate basic research effort, U.S. in-
dustry could use the fundamental information to
drastically modify existing processes within the next de-
cade or two. These innovations will benefit not only
individual companies but the U.S. economy as a whole
and contribute positively to our balance of payments in
international trade.

Techniques and instrumentation now exist to carry on
very advanced research in this field. Although research
in some of these areas is manpower-intensive, nuclei for
research groups are now available in many academic
inAirutions. In addition, cooperative research projects
jointly supported by several countries are possible and
would be useful.

COMPOUNDS AND MIXTURES FOUND IN
BIOLOGICAL AND INDUSTRIAL WASTES

Waste products from industrial physical, chemical,
and biological processing consist of complex compounds
and mixtures of substances. A better understanding of
them is likely to lead to new concepts for recovery of
their resource values. Solid waste alone, from urban,
industrial, agricultural, and mineral processing sources
in the United States, is produced at a rate of more than
4 billion tons per yearapproximately 100 pounds per
person per day. These wastes require a vast commitment
of human, material, and energy resources for their re-
finement, fabrication, and ultimate disposal. They pre-
sent a potentially valuable source of resources as well
as difficult and somewhat frightening environmental
problems (e.g., toxic chemical waste). Further signifi-
cant advances in waste recycling technology are likely
to depend upon new fundamental research knowledge.

Research needs range from better understanding of the
chemical, physical, and biological characteristics of
waste-stream composition, to the equally complex so-
cial, economic, and behavioral problems of the evolution
of policy, cost-benefit analysis, and attitudes toward sec-
ondary materials.

The issues expected to be addressed in the search for
self-sustaining systems that would biologically stabilize
organic wastes and those that would lead toward cost-
effective extraction of valuable resources from industrial
residues are those that historically h4. benefited most
from scientific research. These research areas should
attract substantial cooperative industry-university ef-
forts.
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The problems related to resource and energy shortages
and waste disposal can be expected to increase in mag-
nitude and severity unless remedial actions are mounted
on a timely basis. The potential for the present stock of
fundamental knowledge to contribute importantly to
needed solutions through recycling of waste has been
substantially exhausted. The scientific capability to
mount such a research effort is available.

GEOPHYSICS AND GEOCHEMISTRY
UNDERLYING MINERAL EXPLORATION

Advances in science and technology can directly and
indirectly assist in alleviating U.S. problems of mineral
supplies. These problems are the result of increased de-
mands upon supplies for new and increased quantities
of products and services as well as difficulties ir locating
and exploiting mineral values. While some of the supply
concerns have been and will continue to be alleviated by
attempts to conserve, substitute, and improve product
quality, major reliance on existing minerals will remain
for a considerable time. This circumstance underscores
the need for research and development to locate, iden-
tify, exploit, and process the desired mineral deposits.
Research undertaken with these objectives in mind can
be expected to benefit related areas of fossil fuels, water
resources, and waste disposal.

The importance of research in minerals exploration is
heightened by the approach of conditions in which many
critical minerals are no longer found in any appreciable
quantities at surface or immediate subsurface sites. Fu-
ture domestic exploration must focus on deposits at in-
creasing depths where surface indications are more ob-
scure. To aid in the discovery of such deposits, research
must be conducted on the natural processes of mineral-
ization within native geologic environments and on
methods that can pierce increasing thicknesses of cover.

Advances in knowledge of global plate tectonics have
already provided the opportunity for increased under-
standing of the genesis of mineralization, while the de-
velopment of new techniques such as aeromagnetism
will allow improved examination of hidden geologic set-
tings. Requirements exist and opportunities aiietind for
research to explain mega-hydrological features and pa-
leomarine conditions. The reconstruction of paleocli-
matic belts for given time periods holds promise for
helping to identify favorable regions in which laterites
may be deposited. To aid in the development of explo-
ration methods, research is needed on multiple-data-set
modeling to permit integration of geophysical a.nd geo-
chemical data.

The organizational and technical tools are available
for concerted efforts that can make major contributions
to the understanding of mineralization processes and to
the identification of the signals that permit deposit lo-

cation. Programs could be mounted to undertake re-
search on chemical migration in the Earth's crust, fo-
cusing primarily on processes that concentrate ore
minerals. Related research would deal with fluid move-
ments important in the accumulation of oil, and selected
concerns in water resources and waste disposal systems.
Continental drilling could be undertaken to gain more
information on the origins of known ore deposits. Such
a program could involve cooperation among several Fed-
eral agencies, academic institutions, and industry. Com-
plementary studies in submarine geology and geophys-
ics, margin drilling, and the development of the
applications of multichannel seismic reflection tech-
niques can also be expected to contribute valuable in-
formation on the location of economically useful mineral
deposits.

COMBUSTION

Combustion of coal, oil, gas, and other fuels accounts
for about 96 percent of the energy conversion processes
in the United States. Of the 50 million barrels oil-equiv-
alent consumed per day, only 50 percent ends up as
useful energy. The balance is wasted, mostly due to
conversion losses. Even a slight improvement in com-
bustion processes will mean a substantial economic and
energy savings.

Increasing reliance on coal and high-sulfur oil in the
foreseeable future dictates that we must effectively elim-
inate pollutant and soot formation during the combustion
process. With 120 million cars expected to be on the
road by 1985, the environmental impact of combustion
research is self-evident. In addition, the increasing avail-
ability of new materials for clothing, buildings, furnish-
ings, and other uses also requires a fundamental under-
standing of their combustion characteristics so as to
ensure product safety.

Combustion is the process whereby materials are ox-
idized at a rapid rate with chemical energy released by
the severance, rearrangement, and formation of chemical
bonds between substances in the reacting system. In
practical situations, the system is of such dimensions
that both the chemical reaction rate and the physical
exchange of energy and reacting species within the sys-
tem and with the environment are significant. Both the
chemical and physical aspects of combustion need to be
further investigated. Important general areas of research
are turbulent reacting flows, hydrocarbon and coal re-
action kinetics, formation of crddes of nitrogen and sul-
fin-, flame behavior near the fuel-lean and fuel-rich ex-
tinction and ignition limits, spray combustion, soot and
carbon formation; and combustion of composite mate-
rials (e.g., water-in-oil emulsions and coal-in-oil drop-
lets). Many of these areas would be suitable for research



cooperation among industry, university, and government
laboratories.

PROPERTIES OF INFORMATION

A major imperative of modern society is the creation
and maintenance of capabilities to obtain data, synthe-
size information, and make timely decisions. Ever-in-
creasing quantities and complexities of data require
greater efforts at selection .ml integration of elements
in a reasoned and timely fbs!,...m. Powerful achievements
in the field of computer science have made it possible
to control numerous processes and ease communication
difficulties to the benefit of all sectors of society.

The expansion of the role and importance of infor-
mation has long since led to the establishment of the
field of information science. Information scientists have
attempted to focus on a number of concerns among
which the understanding of the properties of information
and their translation to practical application are partic-
ularly significant. To pursue these objectives, four re-
search tasks of major importance have been identified:

(1) Improving understanding of the structural prop-
erties of information collection and of access systems;

(2) Increasing understanding of the connections be-
tween form and content as well as the relationships be-
tween the structures of language and information;

(3) Identifying abilities and limitations of user cog-
nitive processes and their relation to external stores of
information; and

(4) Developing comprehensive, quantitative simula-
tion models of the information economy to predict the
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impact of technological, economic, and other changes
on the transfer of information.

Rapid progress in communication and information
technology has strongly affected the nature and direction
of computer science research. In the field of computer
system design, submicron technology is expected to pro-
vide new stimulus for basic research on computing in-
struments, to be aided by the availability of intelligent
graphics terminals. The analysis and design of software
systems and computer data bases have been advance.
through the techniques of distributed computer process-
ing. Recent achievements in both hardware and software
have yielded a new threshold from which a variety of
new and important research directions can be expected
to unfold over the next five years.

To meet the growing demand for economic, efficient,
high-capacity communication systems, new efforts are
required in basic engineering research that deals with
optical communication systems, large-scale computer
communication networks, and very-large-scale inte-
grated electronic circuits. Much more emphasis is also
required for the development of integrated optical cir-
cuits similar in concept to integrated electronics. To
combat effectively the limitations that are inherent in the
finite nature of the usable frequency spectrum, much
attention will have to be devoted to the study of multi-
user systems.

Many of the research topics could provide potentially
valuable results in protecting such basic rights as pri-
vacy, copyright, and confidentiality. These issues will
continue to weigh on and influence the course of re-
search so that new technologies can be exploited with
maximum benefit and minimum harm.
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Nuclear Regulatory Commission

The Nuclear Regulatory Commission (NRC) is an in-
dependent agency whose statutory responsibility is to
regulate civilian nuclear activities so that the public
health and safety, national security, and environmental
quality are protected and the antitrust laws are obeyed.
NRC regulates the construction and operation of pro-
duction and utilization facilities such as nuclear power
plants; regulates source, byproduct, and special nuclear
material; inspects facilities, licensees, and power plant
operations and enforces the regulations and license con-
ditions; cooperates with the states in their licensing re-
sponsibilities; prepares standards and regulatory guides;
and engages in regulatory research.

The NRC is actively working on certain problems
deemed to be of national significance. Much of the effort
lies in the areas of research and technical assistance. The
specific problems described in the paper are grouped into
the areas of nuclear reactor safety, waste management,
safeguards, health effects from low-level radiation, and
nonproliferation.

NUCLEAR REACTOR SAFETY

The Nuclear Regulatory Commissio is addressing it-
self to the resolution of, or to the bett r definition of, a
broad spectrum of interdisciplinary iss s. Of particular
interest are the following general areas.

Stress Corrosion Cracking

Stress corrosion cracking (SCC) leading to loss of
material integrity has occurred in major coolant system

components of nuclear reactor facilities; for example, in
steam generator tubes (Inconel) of pressurized water re-
actors and in major primary coolant piping components
(Stainless Steel-304) or both pressurized and boiling
water reactors. The fundamental mechanisms and phys-
ical processes associated with SCC, including the con-
ditions necessary to initiate it, should be thoroughly in-
vestigated.

Two-Phase Flow Phenomena

To better predict the behavior of many safety systems
in a nuclear reactor, it is necessary to understand the
coolant flow behavioi occurring in both the liquid and
vapor phases. Thus basic properties and phenomena as-
sociated with two-phase flow should be thoroughly in-
vestigated.

Human Behavior as It Relates to Reactor Safety

The reactor operator has frequently been considered
the .weak link in operational reactor safety. However,
there are indications that human flexibility can enhance
reactor safety because of the ability the operator has to
react to unexpected circumstances. The positive and neg-
ative aspects of the role of the reactor operator in op-
erational reactor safety should be objectively assessed.

Enhanced Uranium Usage

It has been proposed to develop fuel elements for light
water reactors which will perform more efficiently and
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will lead to a better overall use of our existing uranium
fuel resources. The NRC will review the safety aspects
Ef enhanced uranium usl,ge.

The Role of Risk Assessment Techniques

The Reactor Safety Study (WASH-1400) has been re-
viewed by a study group appointed by the Commission,
and the conclusions and recommendations of that group
have been accepted by the Commission. A policy state-
ment on how to implement the group's recommendations
has been issued. Risk assessment techniques will be used
in various aspects of nuclear power plant regulation.
Design of these techniques will concentrate on external
sources such as fires, floods, and earthquakes, the de-
velopment of improved methods for analyzing human
factors, and the development of component and system
data bases. (Risk assessment techniques will also be ex-
tended to activities such as waste management and fuel
cycle facilities.)

'Level of Funding

The fiscal year 1978 research and technical assistance
contractual support for nuclear reactor safety was ap-
proximately $130 million. That is expected to rise to
$150 million in fiscal year 1979 and $180 million in
fiscal year 1980. The amount is expected to remain the
same during the next five years. Approximately 10 per-
cent of the total reactor safety budget is spent on ad-
vanced reactor concepts.

WASTE MANAGEMENT

The licensing of a geologic repository for the disposal
of high-level radioactive waste is expected to be unlike
any licensing that the NRC has previously undertaken.
First, the Commission will be making a finding, based
on its review of the Department of Energy (DOE) ap-
plication, that the facility is or is not capable of pro-
tecting the public health and safety over long time pe-
riods. Second, the applicant will be a U.S. Government
agency, DOE, and third, the public perceives the suc-
cessful demonstration of a capability for managing high-
level waste as the most critical nuclear power issue.

Each step of the licensing sequence for the first geo-
logic repository is going to receive close scrutiny and
participation by the public, industry, and other govern-
ment agencies. It will be NRC's role to evaluate an ap-
plication to make a finding of "safety" in a well-struc-
tured way that is open to public inspection. The public's
confidence and acceptance of a decision to proceed with
repository development will depend on its perception of
the job that NRC is doing in the public interest.

Site Studies

In April 1976, the NRC initiated site suitability scop-
ing studies for geologic repositories in bedded salt to
develop an awareness of those aspects of a site that are
important to safety and of those parameters important to
the migration of radionuclides. The scoping studies were
also intended to gain insights into geologic processes
that might be encountered by a repository over its life-
time. Additional studies have considered repository de-
sign and waste form performance. The results of these
studies have been used in developing lists of technical
information requirements.

Models

A critical part of the NRC technical program is the
development and testing of models. The six purposes of
model development are to:

(I) Assist in the development of an understanding of
the relative importance of various siting, design, and
waste form considerations in the overall performance of
the repository; this understanding is critical to the de-
velopment of regulations and technical positions for
waste management;

(2) Place technical performance boundaries on antic-
ipated repositories over a credible range of scenarios to
support a finding that the repository can reasonably be
expected to perform in a manner that will not adversely
impact public health and safety for periods of time meas-
ured in thousands of years.

(3) Assist in determining those facets of surface fa-
cility design or subsurface systems or structures that
should be considered important to safety;

(4) Identify major data deficiencies and determine the
importance of reducing those deficiencies (through un-
certainty and sensitivity analysis)these insights will
become increasingly important during a license review
for identifying areas where data refinement is needed
and where it is not needed (i.e., where data refinement
would have a minimal impact on repository perform-
ance);

(5) Develop insights to those aspects of the opera-
tional and isolational phases that are sensitive to design
changes; and

(6) Facilitate a timely and efficient license review and
provide timely guidance to DOE.

Technical Information Requirements

The technical information requirements to be devel-
oped by NRC for the preliminary site review concern
data acquisition, qualitative site characteristics, evalua-
tion of alternative sites, natural resources, climatology,
hydrogeological characteristics and processes, design
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considerations in siting, retrieval philosophy, monitoring
philosophy, borehole guidance, preliminary site review,
model development, radiologic impacts, environmental
impacts, other impacts, and inventory.

Before provisional construction authorization is
granted, there are four major steps, each of which in-
cludes several technical studies or activities. The initial
systems modeling incl4Jes these requirements: use of
modeling in the licensing process, use of probabilistics
in the licensing process, sensitivity analysis, uncertainty
analysis, fracture flow modeling, model documentation
requirements, model sophistication, radionuclide trans-
port modeling, and alternative impact evaluation. The
evaluation of waste/package performance must cover
waste package retrievability, waste/rock interactions,
waste package quality control, waste classification,
waste form/package, and waste package durability. The
provisional construction authorization repository design
requires study of repository excavation and construction,
rock mass sealing, borehole sealing, systems important
to safety, monitoring, quality assurance, operational
phase testing and design verification, and surface facility
decommissioning. In addition, siting requires technical
information about natural resources, climatology, and
treatment of demography.

Research in management of waste and spent fuel will
be significantly accelerated with particular emphasis
upon mid-term methods that can bridge the time period
until ultimate decisions on waste disposal are made.

Level of Funding

In fiscal year 1978 research and technical assistance
contractual support for waste management amounted to
$13 million. That level remains for fiscal year 1979, but
fiscal year 1980 levels are expected to be $18 million.
Levels may increase in fiscal years 1981 through 1983.

SAFEGUARDS

Safeguards are necessary to prevent theft of licensed
materials or sabotage. In the near term, the major re-
search effort will be concentrated on completion and
transfer to operational activities of methods that will as-
sist performance evaluation of safeguards. At present,
these evaluative methods are being field tested and mod-
ified to incorporate user comments and to increase their
utility. Limited tests to date have produced promising
but inconclusive results.

When the current national program to evaluate alter-
native fuel cycles and new approaches to preventing pro-
liferation is completed, the NRC plans to consider study-
ing the impact these evaluations portend for domestic,
toreign, and international safeguards. NRC will also ex-
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amine the possibility of transferring safeguards technol-
ogy developed in the United States to other nations.

The current program of research to decrease the vul-
nerability of reactors to sabotage should be completed
by the end of the five-year period, and it will have con-
tinuing impact on reactor design.

Level of Funding

Approximatel' $11 million was spent on research and
technical assistance contractual support for fiscal year
1978 in the area of safeguards. In fiscal year 1979 the
level will be near $13 million and near $14 million in
1980. Levels for fiscal years 1981, 1982, and 1983 are
expected to be reduced slightly.

HEALTH EFFECTS FROM LOW-LEVEL
RADIATION EXPOSURE

Recent epidemiological studies suggest that current
radiation protection standards may not be adequate. The
adequacy or inadequacy of these standards could have
considerable significance for the use of nuclear power,
medical use of x-rays and radioisotopes, and other wide-
spread industrial and research applications of radioactive
materials. Additional studies are required to determine
whether these results are correct and to better determine
the health risks associated with current radiation protec-
tion standards and, more specifically, the health effects
associated with low levels of radiation exposure. Be-
cause of the nature of the problem, such studies are
expected to be of extended duration and expensive to
perform.

Human epidei. ologic studies on low-level radiation
effects would involve the expenditure of millions of dol-
lars over the next several years. It is not certain which
organizations should take the lead in this research, and,
due to Privacy Act limitations, the effort might require
new legislation to allow the collection and use of health
and other data. The current Interagency Task Force on
health research and radiation protection, under the lead-
ership of the Department of Health, Education, and
Welfare, is investigating this problem; it has made rec-
ommendations to the White House on what should be
done, who should do it, and how, and what new legis-
lation might be necessary to do it. NRC is performing
several research studies to support the government ef-
forts.

Level of Funding

About $1 million was spent in fiscal year 1978 on
research and technical assistance in studying radiologic
health effects. The fiscal year 1979 level is expected to
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rise to $2 million, and $3 million is estimated for fiscal
year 1980. In fiscal years 1981 through 1983 the levels
will probably be about $3 million.

NONPROLIFERATION

President Carter's nuclear policy statement of April
7, 1977, committed the United States to a number of
actions motivated by proliferation concerns. These ac-
tions include, among others, indefinite deferral of the
commercial reprocessing and recycling of the plutonium
produced in the U.S. nuclear power programs, restruc-
turing of th I.S. breeder reactor program to give
greater priority to alternative designs of the breeder and
to defer the date when breeder reactors would be put
into commercial use, and redirection of U.S. nuclear
research and development programs to accelerate re-
search into alternative fuel cycles that may afford less
ready access to materials usable in nuclear weapons. The
statement also called for an International Nuclear Fuel
Cycle Evaluation (INFCE). That proposal was taken up
by an international conf;rence in October of 1977 and
instituted as a two-year effort which is currently under-
way and scheduled for completion in early 1980. The
United States also organized in 1977 the Nonprolifera-
tion Alternative Systems Assessment Program (NA-
SAP). The goal of NASAP is to support U.S. partici-
pation in INFCE and to provide recommendations for
the development and deployment, both nationally and
internationally, of civilian nuclear power systems that
offer improved proliferation resistance, use fuel re-
sources efficiently, and have acceptable public safety
and environmental charactedstics.

The Department of Energy has the lead role with re-
gard to the U.S. technical studies and analyses in INFCE

and NASAP. NRC's role in NASAP primarily involves
an assessment of the licensing issues and problems of
the principal alternate technologies and the preparation
of a report to the President and Congress on the com-
parative safety, environmental, safeguards, and licens-
ing aspects of those technologies under serious consid-
eration by DOE. NRC's role in INFCE involves the
participation of individual NRC staff members on var-
ious U.S. support groups that prepare analyses and re-
viow U.S. and foreign papers developed for the INFCE
working groups and Technical Coordinating Committee.

NRC's fiscal year 1979 Authorization Act makes $1
million available "for studies and analyses of alternative
fuel cycles (including studies and analyses relating to
licensing and safety, safeguards, and environmental as-
pects)." Section 9 states that NRC shall monitor and
assist, as requested, in INFCE and studies of the various
nuclear fuel cycle systems by DOE. The Commission
will then report to Congress, semiannually through cal-
endar year 1980 and annually through calendar year
1982, on the status of dome3tic and international eval-
uations. The reports are to include, but not be limited
to, a summary of the information developed by and made
available to the Commission on health, safety, and safe-
guards implications of the leading fuel cycle technolo-
gies.

Level of Funding

The NRC efforts on nonproliferation have been
chiefly in support of NASAP and INFCE. About $1
million in research and technical assistance is planned
for fiscal year 1979; none was spent in fiscal year 1978.
Levels will probably decrease slightly during the five-
year period.



Veterans Administration
Department of Medicine and Surgery

Research in the Veterans Administiation (VA) is con-
cerned primarily with improvement of health care, es-
pecially of veteran patients. An integral part of this mis-
sion is to provide a better understanding of the phenomena
underlying disease, disability, and health. To achieve its
objectives, a broad study of life processes is pursued.

Most VA research is "applied" in nature because of
the interest in its practical application. However, basic
research is also encouraged. VA research is conducted
almost exclusively by its own staff within the system's
hospitals.

In the following sections, current research problems
are described together with promising approaches which
may lead to their solution. The constraints on the scope
of research to be undertaken and alternative approaches
to conducting the nrojects are discussed.

DYSVASCULAR LOWER EXTREMITIES

Several diseases and injuries alter the blood vessels
of the legs and feet so that blood no longer flows nor-
mally to them. The imptirment can become so great that
tissues die, necessitating amputation of the part. Greater
disability results as more of the extremity is removed,
and surgeons try to amputate as "low" as possible. If
the amputation does not remove all compromised tissue,
however, the stump is unsatisfact,:.-y, and disability is
increased. Determination of the exact state of the cir-

culation before amputation is critical in achieving min-
imal residual disability.

Methods are now available to obtain some information
about the state of damaged circulation in the legs and
feet. None has proved satisfactory when used alone, and
efforts are now underway to coordinate the use of several
techniques including variations of the Doppler effect
with ultrasound, electromagnetic flow meters, tempera-
ture monitoring by infrared thermography, radioisotopic
flow measurements, and the determination of blood
gases, especially oxygen, through the skin. New meth-
ods will be investigated as well. Annual funding is es-
timated at $500,000 to $1,000,000.

AGING AND ASSOCIATED PROBLEMS

The nation's population includes an increasing pro-
portion of citizens reaching advanced age with attendant
physical and mental limitations and with diseases pe-
culiar to the elderly. The veterans of World War II are
now approaching their later years and, the largest
group, are rapidly shifting the averw age of the veteran
population toward the upper decades of life. In the next
few years, an increasing importance will be placed on
studying the disabilities and diseases of the elderly.

Availability of a large population of aging and elderly
patients provides Veterans Administration clinicians and
scientists with firsthand knowledge of the problems of
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aging and a population of volunteer subjects who may.
profit from research on these problems. Investigation is
needed on the fundamental changes that occur during
aging. Detailed biochemical and psychological studies
of the brain and its reaction to psychologically active
drugs should be undertaken. Alterations in heart and
blood vessels, defense mechanisms, and metabolism
should be studied to provide information that is basic to
prevention and treatment of defects. Annual expendi-
tures for aging research are estimated to be $750,000 to
$2,000,000.

BIOLOGY OF SCHIZOPHRENIA

Schizophrenia, one of the major groups of mental dis-
eases, primarily attacks young people, for example,
Vietnam veterans, and imposes a lifelong handicap.
Treatment has improved the quality of life of many
schizophrenic patients, but it is still far from perfect and
sometimes produces side effects that are serious handi-
caps in themselves. Current treatment consists of main-
tenance and continues over years. Curative treatment
would be more satisfactory to the patient and less ex-
pensive for the provider.

Schizophrenia has been considered both a sirt;le but
varying disease and a loose collection of diseases that
share a few characteristics. It is essential for future re-
search to determine the biological relationships and de-
finitive properties of each clinical condition labeled
schizophrenia. The drugs used to treat schizophrenia act
on the biochemistry of the brain and also produce side
effects that reflect chemical changes in the brain. These
and other observations suggest that schizophrenia is as-
sociated with chemical changes, as causes or effects.
Improved biochemical techniques, especially those in-
volving enzymes, make possible more detailed studies
of the schizophrenic brain and may eventually open the
way to an improved treatment or cure. One requirement
for successful research in this field is the availability of
properly preserved brains from schizophrenic patients.
The Veterans Administration, with a large number of
well-studied schizophrenic patients, could establish a
"research bank" of brains from those who die. Annual
funding for schizophrenic research is lstimatecl at

$500,000 to $1,000,000.

BIOLOGICAL FACTORS IN ALCOHOLISM

Despite years of investigation, the biological charac-
teristics that predispose people to alcoholism or perpet-
uate the condition remain unknown. Alcohol abuse is
one of the most widespread and costly problems in much
of the world and is a major cause of ill health, illness,
and death among veterans. Alcoholic patients n been

reported to differ genetically and biochemically from the
balance of the population, but causal relationships have
not been demonstrated. Elucidation of these relation-
ships should provide a basis for cure and prevention of
the disease.

While the social and psychological problems of al-
coholism are being extensively studied, the biological
aspects are less thoroughly investigated. The changes
produced by alcohol in such body structures as the mem-
branes covering each cell and lining the intestinal tract
are beginning to be investigated in order to understand
how the substance exerts some of its effects. Other
changes in brain biochemistry, and related alterations in
the nervous system, may explain why alcoholism is so
persistent. Research into hereditary factors may explain
why alcohol consumption leads to alcoholism in some
individuals but not in others. Annual funding for basic
research in alcoholism is estimated at $1,000,000 to
$2,000,000.

COMPREHENSIVE HEALTH CARE BY A
FEDERAL AGENCY

The provision of comprehensive health care by pri-
vately operated Health Maintenance Organizations
(HMOs) is now well studied in the United States. No
Federal agency has established an analogous system, and
no research has been done on the special problems that
may arise. It is not even clear what research procedures
should be used in the scientific investigation of such an
extensive organization. Establishment and validation of
the methodology requires basic health services research.

The Veterans Administration has a large and varieJ
health care system divided into districts, and it is pos-
sible to change the manner of delivering health care in
one district and compare the results with those in another
district. The current method of episodic care of veterans
for specific illnesses could be replaced in one district by
a health care delivery scheme similar to an HMO, with
total and continuing care being provided to a more re-
stricted group of veterans or to veterans and their de-
pendents. Comparison of the HMO-like system with the
episodic one would require development of criteria and
a practicable method of accumulating relevant data to
judge effectiveness of health care delivery. Annual fund-
ing for health services research, exclusive of the cost of
clinical care, is estimated to be $250,000 to $750,000.

TISSUE REPLACEMENT BY TRANSPLANTATION
AND REGENERATION

Although transplantation has replaced internal organs,
notably the kidney, there has never been a satisfactory
method to replace such other body parts as extremities
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or central nervous tissue. Successful reimplantatior of
severed limbs and the body's ability to regenerate some
tissues suggest that replacement or regeneration may be
possible for limbs or other parts. The possibility depe; ids
upon the solution of numerous basic biological problems
concerning the control of tissue structure and function.

Grafting of a part from one individual to another pro-
vokes a set of complicated reactions that lead to the
rejection of the part by the recipient. These reactions are
becoming increasingly well understood and better con-
trolled. This leads to the hope that it may be possible to
transplant limbs; a useful limb, however, requires func-
tional nerve connections with the recipient's body, and
this in turn depends upon appropriate nerve re;neration.
Transplantation and regeneration thus share common
problems that will have to be attacked through basic
research. The details of how one cell changes into an-
other specific cell type, either generalized or specialized,
and control of these changes must be investigated before
attempts can bt made to induce them. Basic problems
include L . to initiate, direct, and suppress cell growth,
division, and function. Although clues to the solutions
of these problems have appeared, no quick answers can
be expected. Annual funding is expected to be $1,000,000
to $2,500,000.

MONITORING OF SPINAL CORD FUNCTIONS

Injury and disease destroy tissue of the spinal cord,
the connection and waystation between the brain and
most of the body. Interruption in the continuity of the
cord results in loss of sensation and of voluntary control
over the body below the damage. The results are most
evident in the extensive paralysis seen after injuries such
as a broken neck. In order to understand exactly how
such interruptions affect function, and to treat them more
effectively, scientists and physicians must be able to ac-
curately and specifically measure the changes that are
occurring in the damaged cord. This is not yet possible.

The spinal cord contains elements that transmit im-
pulses between the brain and most of the body, as well
as nerve cells that modify or control many reactions.
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come the impulse; are, in large part, electrical in nature,
electronic techniques should disclose the extent of trans-
mission by nerve cells within the cord. Injury and dis-
ease often destroy only a part of the spinal cord, im-
pairing, but not completely blocking, transmission.
Accurate measurement of the extent of injury is essential
to improve the evaluation of defects and to judge the
success of attempts to correct them. The development
of practicable methodology is thus an essential step.
Annual expenditure on spinal cord monitoring is esti-
mated to be $500,000 to $2,000,000.

RESEARCH CONSTRAINTS

The extent of research in the above areas is currently
constrained by restrictions on funds and personnel. To
exploit the areas fully, the Veterans Administration
would require more research space than is currently
available. The Veterans Administration has other re-
search commitments that must be met to fulfill the
agency's mission of providing health care for eligible
veterans. Diversion of present funds and personnel into
the identified areas would impair efficiency in other im-
portant fields.

AI TERNATIVES

Most of the research identified here could be con-
ducted by other agencies, under contract, or by a system
of grants to academic institutions, rather than being con-
ducted as an intramural function of the Veterans Admin-
istration. The value of the intramural method lies, how-
ever, in the proximity of the clinicians, who often are
the principal investigators, to the laboratory scientists.
Even basic research under this arrangement tends to be
directed to yard useful ends because of the obvious needs
of the patients. In the later stages of research and de-
velopment, the availability of patients under the care of
clinician-scientists provides voinnteers to test the results
of the research. Being involve.' in suet testing is quite
likely to benefit the collaboratini: patient as well.
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1 Science., and Technology Policy and the
1 Democratic Process

by Dorothy Nel kW'

SUMMARY

This paper reviews the issues involved in the demands
for greater public participation in science and technology
policy. Numerous controversies suggest that the sources
of "participatory politics" lie in the changing public
image of science and technology and especially in the
changing attitudes toward expertise as a source of polit-
ical legitimacy. The paper analyzes these sources of con-
flict and the various "publics" involved, describing di-
verse fears about science and technology that lead to
participatory demands. While surveys indicate that most
people perceive science and technology as instrumental
in achieving important social goals, specific concerns
persist. The central and pervasive issuethe source of
many conflictsis the iuestion of who controls crucial
policy decisions.

A;, various groups seek greater participation in science
and technology policy, governments have expanded par-
ticipatory channels both within he representative system
tine through administrative reforms In addition, partic-
ipatory experiments outside of official administrative
channels have proliferated. Describing experiments in
i,ie U.S. and Western Europe, the paper suggests the
range of options available to accommodate participatory
demands. It also analyzes some of their difficulties, as
the complexity of science and technology and the ex-

Professor, Program on Science, Technology and Society and De-
partzr.ent of Sociology, Cornell University.

pectations of efficiency associated with technical plan-
ning obstruct efforts to develop participatory procedures.

The demands for participation can affect the applica-
tion of resources to iesearch, the strength of research
institutions and the way scientists choose their topics ar,:i
conduct their work. And participation can influence the
general climatepolitical, social and intellectualin
which research takes place. Thus its implications warrant
special attention in the coming years.

INTRODUCTION

Everywhere symbols of progress are under public
scrutiny. Technologies of speed and powerairports,
t 3hways, nuclear plantsprovoke antagonism as local
c%nmunities protest against noise and disruption. Sci-
ence-based programs such as genetic screening are a
source of public debate. And important areas of research
face persistent opposition: note, for example, disputes
over fetal research, recombinant DNA, and studies of
the genetic origins of human behavior. Technical prob-
lems that were once considered the preserve of experts
are increasingly forced into the political arena as many
interests seek greater control over the direction of sci-
ence and technology.'

Until recently, most questions of public control fo-
cused on technological applications, but public scrutiny
has come to rest on science as well. Given the policy
importance of many areas of scientific research and the
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growing concern in the biological sciences with basic
life processes, such scrutiny is inevitable. Indeed the
relationship between science and the public appears to
be in the process of significant renegotiation.

Despite the intensity of some disputes, few people
seek to impose major restrictions on science and its ap-
plications; most areas of science and technology are val-
ued as instrumental in achieving important social goals.
Rather, the negotiation is over who should participate in
establishing policies and controls, how these controls
wili be organized, and how much they should influence
decisions concerning the direction and conduct of re-
search. Reflected in these questions is a troublesome
feature of contemp.;ary societythe impact of in-
creased complexity and specialization on the decision-
making process. The power afforded to those who con-
trol technical information reduces public control over
many public policy choices, and technical complexity
appears to limit effective political choice. This conccrn
is ubiquitous in the controversies over science and tech-
nology. The key slogans in these disputes are "public
accountability of scientists," "demystification of exper-
tise" and "lay participation." 1.1cal groups demand a
voice in the location and design of nuclear power plants.
Patients seek greater control over their medication. Par-
ents insist on influencing the science textbooks used in
schools. Consumers raise questions about the validity of
the data that back government regulation of drugs such
as cyclamates, saccharin and laetrile. Citizens seek to
participate in shaping the rules and standards that control
science and technology or the conditions of work in the
laboratory.

Participatory demands have focused both on the con-
duct of research (the recombinant DNA and fetal re-
search disputes) and on its public consequences (research
on genetic manipulation or on the sources of criminal
violence). Indeed, a new field. "the social assessment
of science," is emerging to examine "the involvement
of non-scientists in the ass: ,,ment, judgment and criti-
cism of science.'

While the concern in this review is more with policies
that affect the conduct of research than with the man-
agement of technology, it includes examples of the lat-
ter. It is often hard to distinguish science from its ap-
plications. and public concern about technology extends
to science, especially in those areas perceived to have
eventual application. People are clear.y more concern .d
about.technology than about science, but when asked in
a public opinion survey whether it is more important for
society to control science or technology, 59 percent re-
sponded that both must be controlled equally (20 percent
that neither should be controlled at all).3

This paper, then, analyzes the politics of participation
in both science and technology policy. It describes ti,r

sources of participatory demands, the existing proce-
dures and some recent experiments in accommodating
those who wish to participate, some of the obstacles to
greater participation, and, finally, some of the potential
implications of greater public involvement.

SOURCES OF PARTICIPATORY POLITICS

Demands for greater public involvement ii
and technology reflect the convergence of a heig,
sensitivity to the environmental and social implications
of science and technology with a changing view of ex-
pertise. These are the pre-conditions for participatory
politics as people seek greater control over decisions that
affect their lives.

CHANGING IMAGES OF SCIENCE AND TECHNOLOGY

Attitudes toward science and technology are ambiva-
lent: Optimistic expectations about potential social good
are mixed with concern about undesirable consequences.
Surveys indicate that most people view science as in-
strumental in achieving important social goals, yet only
a small majority (52 percent) of respondents in a 1976
survey said they believed that science and technology
have produced more good than harm. By far the greatest
perceived benefits were in the field of medicine (81 per-
cent); in other areasimproved living conditions, en-
vironmental conservation, energy programs aild im-
proved communicationscience and technology were
reported as beneficial only 10-14 percent of the time. A
review of longitudinal data on the pubfc's confidence
in people who run institutions found that the proportion
of respondents express:lig "a deal of confidence"
in the scientific cow' it elet.li:ted from 56 percent to
43 percent betwcev te. !976.4 However, in gaug-
ing the public's es'. 'rt r science relative to other oc-
cupations in 1976, :it- 2nce ranked second (behind med-
icine) and engineering third. Public regard for scientists
has declined in absolute tear's, but this reflects the de-
clining trust in most major institutions. Between 1966
and 1976 those expressing a great deal of confidence in
Congress de6;ned from 42 percent to 14 percent, the
head of rit,...jor corporations from 55 percent to 22 per-
cent, tt).c U.S. Suprcate Court from 51 percent to 35
percent, ..,nd educators frc. s 61 percent to 37 percent.
In this context scientists have fared rather well.

But opposition to sp. u is projects persists. Science
and technology are often blamed for environmental pol-
lution, loss oc privacy and civil liberties, the impersonal
character of medical care, the routine character of work.
and the threat of greater social control.

Concerns about s!..:i-nc.t and technology extend beyond
the fear of risk. Som. Li itics (e.g., those opposing fetal
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research or the teaching of evolution) feel that science
has ethical implications that threaten deeply held per-
sonal beliefs. Others worry about the potential misuse
of scientific findings: for example, critics of research on
recombinant DNA, on the XYY chromosome and on the
relationship between genetics and intelligence question
the implications of relating genetically mediated char-
acteristics to human behavior. Biology, they claim, is
"a social weapon." Can future generations cope with
the possibilities science opens up today?" Still others
are concerned about equity both in the allocation of-re-
sources to science and technology and in the distribution
of social and environmental costs.

It is often argued that changing attitudes toward sci-
ence reflect disappointed expectations. Atomic energy
and the space program brought science from the obscu-
rity of the university laboratory to the forefront of Amer-
ican consciousness, creating optimistic expectations
the so-called "Moon-Ghetto syndrome": Given enough
support, science and technology can solve all problems."
Yet the 1960s also brought the realization that science
and technology not only failed to solve social problems
but often contributed to them.

The changing image of science and technology also
reflects reaction to the increased role of the Federal Gov-
ernment in this sector. The rate of technological change,
the scale of scientific and technical projects, the rapid
diffusion of technology to new areas, and the high costs
associated with R&D have necessitated increasing Fed-
eral commitment to develop and regulate many tcchnol-
ogles and some areas or scientific research as well.
These have essentially moved from the private to :he
public sector.

This has happened at a time when public interest in
playing a role in major policy decisions at all levels has
reached a high point. Science and technology, of course,
have not been immune. Demands fk.r public account:t-
bility and questions about the appropriate focus of au-
thority in science and technology policy reflect a more
general loss of confidence in established institutions and
a concomitant concern with public or consumer influ-
enc,:.

CHANGING IMAGES OF EXPERTISE

As technical knowledge assumes growing policy im-
portance, scientists and engineers are increasingly active
in public policy decisions through advisory 1ioards, spe
cial commissions, staffs, :aid consultant groups.' Federal
Government expenditures for consultants have been es-
timated at over $1.8 billion a year. Moreover, there has
been a general evolution from ad hoc advisory activity
to the institutionalization of an "intellectual techno-
cracy." Federal Government employment of scientists

grew by 49 percent from 1960 to 19-'0: for social sci-
entists the increase was an even greater 52 percent. (To-
tal Federal Government employment grew by only 30
percent during the same period.)

The implications of the growing policy role of exper-
tise are not clear. Some perceive evidence of a growing
technocratic elitea new source of power with decisive
influence o% cr both politicians and the public.' Political
power, it is argued, has shifted significantly from polit-
ical and corporate decirionmakers to "knowledge elites"
who derive their authority from the cultural emphasis on
rationality, efficiency and technological progress, and
from the specialization inherent in bureaucratic organi-
zation.

An alternative view sees the technical elite essentially
as a "mandarin" class, beholden to the existing estab-
lishment and commanding little or no independent
power.' Experts, it is claimed, use their specialized
knowledge to serve the established institutions in indus-
trial society. They are said to be effective only insofar
as politicians and entrepreneurs allow them to be, and
they pose no real threat to entrenched forms of power.
It is further argued that existing institutions legitimize
themselves by enlisting technical expertise and using it
selectively to give the appearance of objectivity, to sup-
port predetermined decisions, to maintain secrecy, or to
"buy time" when opposition is anticipated.'

Both views of the experts' role have increased appre-
hension about an erosion of democratic values. Meta-
phors of the priesthood" or the new Brahmans" are
used to describe the function of the "knowledge elite"
in a social system where authority is based on infor-
mation, and many policy choices are reduced to tech-
nical decisions.'" The power afforded to those who con-
trol technical information reduces public influence.
T1 .1S, just as people are more aware of the potential
harm associated with science and technology, they also
feel they have fewer ways to directly influence them.
This structural dilemma creates demands for greater pub-
lic involvement.

THE "PUBLIC" AND THE PARTICIPATORY
IMPULSE

Controversies over science and technology involve a
variety of groups concerned with greater influence over
the direction and control of science and its applications..
As they organize, their concerns are translated into par-
ticipatory demands.

WHO IS INVOLVED?

The most obvious "public" concerned about science
and technology are those persons who are directly af-
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fected by land expropriation, immediate risk, or rapid
local economic, environmental or social change. Resi-
dents of urban neighborhoods often claim that techno-
logical developments neglect their needs. They question
the justice of the anticipated distribution of costs and
benefits from a techne,logy: Can any reduction in some
citizens' welfare be justified by greater advantage to oth-
ers? Can the magnitude or intensity of harm borne by
neighbors of a noxious facility be reasonably incorpo-
rated into cost-benefit calculations? These questions are
expressed is organized opposition to the expansion of
airports and the siting of highways or power plants. Re-
cently similar arguments have confronted plans for siting
biology laboratories to host recombinant DNA research.
Indeed, most participatory demands come from the
"neighbors" of science and technology, those directly
affected bv a planned project and unable to avoid its
present impact or potential risks."

In addition, a well-defined "concerned public" in-
cludes direct recipients of such professional services as
health care. Mental or medical patients are directly af-
fected by the availability of new drugs, new biomedical
technologies, and trends in the use of health care tech-
niques.'2 They may also be subjects of clinical research.
Here the demands for participation. based on the rights
of individuals to have some voice in their own treatment,
are often expressed in proposals for changes in profes-
sional-client relationships.

A far more vaguely defined public is made up of the
consumers of the products. of science and technology.
Here the participatory impulse is often reflected in pro-
test against government regulation of technology. The
laetrile dispute and the debates over regulation of sac-
charin and cyclamates raise questions about government
intrusion and the limits of individual choice. In such
cases, the opportunities opened up by science and tech-
nology and the potential risks involved in innovation
exacerbate this classic political dilemma.

Other groups critical of science and technology share
rather globs) concerns based on ideological or moral
principles. These include members of major environ-
mental and public interest associations who seek to in-
fluence national policy.

Finally, an important source of criticism has come
from the scientific community itself. Many scientists
became politicized during the 1960s. At that time, they
focused on anti-war activities and the issue of military
research in universities. More recently, their attention
has turned to the environment, nuclear power or biorned-
ical research. These scientists question the potential risks
in areas often obscured from public knowledge.'

As di''',..:trences between experts rise to public visibil-
ity, science no longer appears as aa objective and com-
pelling basis for policy. Disputes among experts, en-
couraged by the intrinsic uncertainty concerning the

impact of science and technology, call attention to this
limited ability to predict potential risks. Controversy
thus demystifies expertise, exposing the non-technical
and political assumptions that influence technical advice
and encouraging :he transfer of problems from the tech-
nical to the political arena.

FROM PUBLIC CONCERN TO PARTICIPATORY DEMANDS

Technological controversies are marked by the prolif-
eration of citizen groups. Most are temporary coalitions
formed to challenge specific decisions, often disbanding
once the issue is resolved. But some groups maintain
themselves with a core of activists who remain interested
in other projects affecting the community and who can
mobilize a larger constituency when specific issues arise.

Sustaining these local groups are the large national
associations such as th- Sierra Club and Friends of the
Earth, whose membership has more than tripled since
the 1960s. Their relatively stable constituency can be
mobilized to intervene in diverse technical areas, and
they seek to increase public participation in areas of sci-
ence and technology that present potential risk. They
were, for example, among the active participants in the
recombinant DNA dispute.

Consumer protection and public interest science groups
have also proliferated: Such organizations as the Center
for Science and the Public Interest, the Center for Con-
cerned Engineers, the Coalition for Responsible Genetic
Research, the Clearinghouse for Professional Responsi-
bility, and Science for the People call attention to the
social impacts and political dimensions of science and
technology," and they try to provide citizen groups with
the technical expertise necessary to challenge policy de-
cisions.

The interest of these various groups extends beyond
specific policies to the broader issue of decisionmaking
power. Controversies are pervaded by onestions of re-
sponsibility and control; "expert accountability" is a
central theme. The demands of local community groups
often resemble a kind of "mini-nationalism," as they
seek to protect themselves by greater local control
against the intrusions of technology. Expertise, they
claim, should rest with those affected: "We need no
experts"; it is an "arrogant assumption" to leave deci-
sions to scientists. Thus citizen groups call for better
information, provisions for "counter-expertise" and
greater opportunities for participation.

PARTICIPATORY MECHANISMS AND
ADMINISTRATIVE REFORMS IN SCIENCE AND
TECHNOLOGY POLICY

Demands for greater participation have coincided with
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congressional qualms about the increasing power of ad-
ministrative agencies. To sustain the authority of the
representative system over decisions in technical areas,
the Congress has built up its own technical competence,
and it has also imposed legislative requirements on agen-
cies to involve citizens more directly in the formulation
and implementation of science and technology policies.

PARTICIPATION AND THE REPRESENTATIVE SYSTE,1

Increasingly involved in decisions concerning science
and technolo,,.y, Congress has greatly expanded its tech-
nical si:iff: ilween 1947 and 1976 the combined staffs
of the Senate and House increased from 2,513 to 13,272.
Staff appointments have included specialized science-
trained consultants who gather technical information and
select technical witnesses for public hearings. The many
hearings on recombinant DNA, for example, were
largely structured by professional staff through the se-
lection of key witnesses. A number of these hearings
were specifically organized as a means to brief special
congressional committees on various technical and po-
litical aspects of this controversial issue.

To improve its technical competence, Congress has
also established several research services.' The
Congressional Research Service was created in 1970 to
provide information on special issues. The Office of
Technology Assessment (OTA) was established in 1972
to assist Congress in evaluating and planning specific
technologies. These technical services allow Congress
to re-assert legislative control and oversight over issues
that have previously been delegated to administrative
agencies.

The primary congressional response to anxiety about
democratic representation has been through legislation.
The Airport and Airways Development Act, the Federal
Water Pollution Control Act, the Coastal Zone Manage-
ment Act, the Highway Safety Act, the National Envi-
ronmental Policy Act, and the Energy Re-organization
Act all contain requirements for greater direct partici-
pation in administrative agency decisions.

ADMINISTRATIVE CHANNELS OF PARTICIPATION

Administrative agencies are a major arena for political
action, often replacing legislative bodies in defining pol-
icy problems and devising their solutions." Yet agency
commitment to rgional, efficient decisionmaking usu-
ally precludes significant public involvement, except in
a few highly politicized proceedings such as the power
plant siting hearings of the Nuclear Regulatory Com-
mission.17 Participatory reforms are mostly i-'ended to
expand the information available to the public and to
channel information about public preferences to deci-
sionmaking agencies. However, some procedural re-

forms seek to open the administrative process to nego-
tiation and compromise, allowing public representatives
to take part in the development of policies. I will briefly
review some of these procedures, suggesting why critics
often dismiss them as inadequate and seek participation
through other means.

Participatory reforms have provided greater public ac-
cess to data and reports that underlie the decisionmaking
process. The Administrative Procedures Act requires ad-
ministrative agencies to publish proposed rulemaking in
the Federal Register and invite public comment. ;se
comments are then taken into account when final regu-
lations are developed. The Register contains drafts of
controversial proposals; for example, HEW published
early drafts of proposed regulatory guidelines for the use
of human subjects in research in order to solicit public
comments and to test public acceptability of HEW pro-
cedures. The National Research Act of 1974 extended
this use of the Federal Register, as a forum as well as
a bulletin board, by creating the National Commission
for the Protection of Human Subjects of Biomedical and
Behavioral Research to advise HEW. It required the Sec-
retary of HEW to publish the Commission's reports and
recommendations prior to announcing his proposed rules
and to respond if he failc0. to follow them.

The Freedom of Information Act further extended
public access to government reports, as did the require-
ments for Environmental Impact Statements (EIS). Un-
der the EIS requirements, agencies must publicize the
existence of documents and actively disseminate them.
This model has generated proposals for "Scientific Im-
pact Statements" that would similarly evaluate the po-
tential effects of research and solicit public review,

These participatory channels can provide useful in-
formation and also inform decisionmakers of citizen con-
cerns, but critics contend that considerable initiative,
money and access to expertise are necessary to seek out
and to utilize useful material. The Federal Register is
available in libraries and is indexed, but with 60,000
three-column pages per year it is a cumbersome docu-
ment. Agencies must disclose information on request,
but sometimes charge search and copy fees. Citizens
unfamiliar with what is available or lacking access to
expertise are often unable to request material with suf-
ficient specificity, and crucial material on controversial
topics is often withheld as proprietary information.'"
Thus, it is argued, while legislative reforms provide
greater legal access to information, they are intended
more to reduce conflict than to devolve power. More
collaborative modes of participation include having cit-.
izen representatives, not simply as informants, but as
partners with some power to exercise direct influence.

Advisory boards are a frequent channel for such col-
laborative participation. In 1975, 45 agencies employed
1,267 advisory committees with 22,246 members. How-
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ever, a 1976 survey of 16 Federal energy agency advi-
sory boards reported that nearly 50 percent of the board
members were industry representatives, while consumer
and environmental representation comprised 4 percent
and 3 percent respectively.'9 Agencies justified this bal-
ance by arguing that citizens" groups were not interested,
lacked technical qualifications, or were simply inappro-
priate; citizens' groups, however, charged agencies with
trying to close their deliberations to "outsiders." Their
arguments have had increasing effect on increasing cit-
izen representation on advisory boards.

For example, the Federal Energy Administration ad-
visory committees doubled their consumer and environ-
mental representation to 10.8 percent and 7 percent re-
spectively. The FDA has paid consumer representatives
elected by consumer groups on its advisory p anels. Of
the 18 members of the National Council on Health Care
Technology appointed to assess the safety, the effec-
tiveness and the social impacts of health technologies,
two must be from law, one from the field of ethics and
three from "members of the general public who repre-
sent the interests of consumers of health care..' The
National Institutes of Health (NIH) has experimented
with consumer representation on advisory panels that are
responsible for reviewing research proposals. NIH uses
two stages of review: the first by study sections com-
posed of scientists who judge the technical competence
of proposals, the second by advisory councils composed
of scientists and informed laymen who decide the allo-
cation of funds on the basis of NIH priorities and social
considerations.

Disputes over controversial areas of biomedical re-
search have brought expanded public participation in the
NIH advisory groups. The 25 people composing NIH's
Recombinant DNA Advisory Committee, for example,
include several lawyers and ethicists, a scientist from a
public interest organization, and several non-scientists
who have been actively critical of existing controls over
this research. Similarly, the National Commission for
the Protection of Human Subjects of Biomedical and
Behavioral Research includes five scientists, three law-
yers, two ethicists, and one public representative. It has
sought to enhance public involvement through open
meetings where public comment was encouraged, through
surveys of national opinion to evaluate its own effec-
,,,eness as perceived by the public and through the cre-
ation of five independent public information centers. In
addition, NIH and NSF require that institutions seeking
Federal funds form Institutional Review Boards (IRBs)
to monitor all research proposals involving human ex-
perimentation. These IRBs include lay participants: A
recent study found that most members (50 percent) were
biomedical scientists, 21 percent were social scientists,
and the rest included administrators, lawyers, clergy-
men and other non-scientists.29 New policy proposals

call for including more lay members on the IRBs and
opening IRB meetings to the public.

Some see this form of participation as a desirable way
to forestall potentially harmful consequences of research
and to ensure scientific work of greater social utility.
But others fear that participation will lead to administra-
tive delays, excessive constraint based on short-sighted
goals and, ultimately, to dangerous social control over
scientific inquiry. Thus, the response to legislative man-
dates for greater participation proceeds with caution.

OTHER CHANNELS OF PUBLIC INFLUENCE
OVER SCIENCE AND TECHNOLOGY POLICY

The structure and responsibilities of government in-
stitutions place important constraints on meaningful pub-
lic participation through administrative procedures. Thus
critics of science and technology have developed their
own channels of participation through the courts and
special referenda, and this in turn has inspired a number
of participatory experiments, outside the usual govern-
ment channels but intended to increase public influence
over government policy.

LITIGATION AND REFERENDA

Litigation has been a major means for citizens to
restrict and direct technological change.' The courts
may define responsibilities for damages caused by tech-
nology; they can improve injunctions against proposed
technologies that may be harmful, and they can galvan-
ize administrative agencies and regulatory commissions
into more effective action by re-affirming standards.

The ability of citizens to use the courts has expanded
with the extension of the legal doctrine of standing which
determines who has a right to be heard. "Standing" to
sue varies from state to state, but the rules of standing
have generally been liberalized to allow a private citizen
without an alleged personal economic injury to present
a grievance as an advocate of the public interest. More-
over, in environmental litigation, the courts have ac-
cepted as cause for standing not only damage to property
rights but some of the more subtle health and aesthetic
impacts of technology.

Citizen litigation as a means of policy influence has
focused mostly on technological applications, but oc-
casional casese.g., the Boston "grave-robbing" trial
of medical researchers studying aborted fetusesfocus
on science as well. Medical malpractice suits may be
extended to clinical research or genetic experimentation.
And the growing concern over the adequacy of safety
precautions in the laboratory opens possibilities for legal
action.

The role of the courts in cases associated with science

4
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and technology poses considerable problems. Despite a
well-developed system of using expert witnesses, the
courts cannot easily deal with esoteric scientific infor-
mation that involves uncertainty. Many of the problems
of science and technology require evaluation of potential
risk a'r some future date. Weighing cancer risks, for ex-
ample, requires judgments based on statistical evidence.
Yet judges are accustomed to ruling on the basis of prec-
edent. Moreover, developments in science and technol-
ogy raise problems that require re-analysis of legal prin-
ciples. What, for example, is the appropriate role of law
in controlling genetic experimentation? How can the
courts deal with new questions that arise in the wake of
expanded clinical research without stiffing scientific
progress? These are some of the issues confronting the
courts as they are increasingly used to influence deci-
sions about science and technology.

The referendum is a prominent and growing feature
of the United States political landscape and, signifi-
cantly, technological decisions such as airport expan-
sion, nuclear plant siting and nuclear waste disposal
plans are appearing on ballots. The direct citizen vote
is a form of participatory democracy within representa-
tive governments, and it is intended to preempt admin-
istrative authority. While u- ing referenda for technical
issues poses problems of representation, adequate infor-
mation and co-optation, its growing popularity suggests
an interest in shifting technical decisions to a more par-
ticipatory framework.

PARTICIPATORY EXPERIMENTS

The current surge of participatory demands reflects
the decline in public confidence in decir'onmaking au-
thorities. Concern with this trend has shaped a number
of experimental efforts to establish the procedural con-
ditions that would encourage public acceptance of tech-
nology and restore trust. For example, agencies search
for ways to gain informatiOn about actual public pref-
erences. Opinion polls are the most common technique,
but in 1970 the U.S. Forest Service employed an instru-
ment called "code-involve" to uncover public attitudes
about its proposed use of DDT to protect Douglas Firs.22
Code-involve is an applied content analysis system de-
signed to transfer large quantities of information from
written statements in diverse sources (e.g., editorials,
petitions, letters) into a condensed form for pt.:icy re-
view. Condensing scattered statements into clusters of
opinions, the system offers a wider spectrum of attitudes
than may emerge from other procedures such as i'ublic
hearings, and the frequency of a given view as it appears
in written statemcrts provides a measure of its preva-
lence.

Some "quasi-experiments" attempt to use systematic

observations of the actual behavior of individuals as evi-
dence of policy choices. For example, to assess the so-
cial impact of power plants, investigators measure actual
reactions to siting policies as an indicator of public pref-
erences." Participation in such experiments is random
and mediated by the procedure: The only questions an-
sered are those that are raised by the researchers and
their sponsors. Nevertheless, social research techniques
are increasingly exploited as a surrogate for direct in-
volvementas-a 'way to increase public influence while
avoiding the problems rf representation inherent in many
participatory procedures.

A number of experiments employ mediat;on proce-
dures. Modeled after industrial-labor negotiations, they
are intended to promote constructive dialogue among
contesting parties to a controversy. The process is based
on the voluntary participation of groups concerned about
a project; they meet to debate the issues with a third
party who facilitates arbitration of the dispute. Mediation
procedures have helped to reach settlement in several
environmental cases.24

Another participatory procedure emerged from the re-
combinant DNA dispute when citizen review boards
formed to advise the city councils in several communi-
ties on policies for allowing the research to go on. The
first of these, in Cambridge, Massachusetts, was orga-
nized on the principle that decisions about risks and ben-
efits are questions not for scientists but for laymen, and
that laymen are able to face technical matters, educate
themselves, and reach just decisions.' This review
board, composed entirely of non-scientists, discussed
complex questions about the risks of DNA research for
four months and, with a modification requiring local
monitoring, approved the research under the Federal
guidelines set down by the National Institutes of Health.
A similar citizen review structure has been proposed by
a study group at the Oak Ridge National Laboiztr,:-y to
resolve nuclear siting disputes.

SOME EUROPEAN MODELS`'

Several European experiments are worth noting. In
the Netherlands. an elaborate public inquiry system was
developed on the principle that the public must be con-
sulted on all decisions affecting the environment. Gov-
ernment plans are preceded by the publication of "policy
intentions" dealing with political and philosophical
questions: the objectives of growth, the goals of partic-
ular technological projects and their likely impacts.
These are widely distributed for public comment. Local
governments organize discussion groups, information
evenings, and photo and sound shows on the plan. Tele-
vision programs present alternatives and encourage peo-
ple to send in their written comments. Reactions are
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analyzed by a representative advisory group, and the
appropriate minister must answer criticism and either
reformulate or justify his policy. The entire dossier de-
veloped through this process serves as a basis for par-
liamentary decisionmaking.

The Austrian government set up a series of structured
public debates between scientists with opposing views
on nuclear policy. The purpose was to highlight contro-
versial dimensions of the nuclear program and to clarify
the aim of persistent disagreement. This was mainly
intended to inform parliament but also to engage
reaction.

In 1974, disturbed by the growing anti-nuclear movt-
ment, the Swedish government initiated an experiment
in public education. Using an existing system of study
groups managed by the principal popular organizations
and political parties, the government financed a program
to inform broad segments of the public about energy and
nuclear power. The program involved some 8,000 study
circles, each with about 10 members who met together
to discuss those energy-related questions they felt to be
most important.

The Burgerdialog in Germany, first organized in
1974, represents a similar effort to involve broad sectors
of the public in an information program. Organizations
such as churches, unions, and adult education groups
have been funded to organize discussion groups and
meetings which include speakers both for and against
nuclear power. The goal is to strengthen confidence in
the democratic pro.4ss and to restore public confidence
in the administrative authorities.

These information efforts are for the most part in-
tended less to ascertain public opinion than to inform
citizens about the value of specific technology policies
and to convince them that risk is minimal. Informing the
public is equated with participation, even though its aim
is to create more favorable attitudes. While in most cases
opposition persists, such experiments are important to
observe for the insights they provide into diverse ways
of accommodating greater public involvement.

SPECIAL PROBLEMS OF PARTICIPATION IN
SCIENCE AND TECHNOLOGY POLICY

Democratic ideology requires participation in deci-
sionmaking by affected interests. But in the arena of
science and technology there are special problems in
expanding political choicefor citizens seeking to in-
fluence policies involving complex technical material,
for bureaucracies responsible for efficient technological
development, and for scientists concerned abo'it the
progress of research.

PROBLEMS OF CITIZEN INFLUENCE

Citizen involvement in science and technology policy
depends on many of the same factors that affect political
participation: leadership, community organization, ac-
cess to the media, and the visibility and urgency of the
immediate issue. However, other factors, such as the
availability of information and the distribution of exper-
tise, assume special importance in this policy area. In
order to have any real influence in the process, citizen
groups must cope with complex and often uncertain tech-
nical material. And they must have access to experts
who can help to analyze the material and maintain con-
trol of the information and grasp of the policy choices.
Thus access to technic 4i resources is a key problem for
citizen groups.

A related problem lies in the complex network of de-
cisions that contribute to technical policies. Citizens
seeking to inlluence nuclear energy policy, for example,
must focus thy;, ::;sources on very diverse areas: Federal
research policy, licensing procedures, fuel supply, and
waste management decisions. But also they must try to
influence state regulations on utility rates, permit pro-
cedures, Federal and state environmental legislation, and
local government land use regulations. Participation on
all these fronts is costly, especially since those who in-
tervene must be able to present an informed and tech-
nically valid case.

The fuzzy boundaries between the technical and po-
litical dimensions of science policy compound the dif-
ficulties of expanding public choice. Too often political
issues, such as the tradeoffs between risks and benefits,
are defined as technical, and technical questions of feas-
ibility becOme confused with political acceptability.

Finally, administrative ambivalence may limit public
choice. Agencies control the agenda of hearings and se-
lect the members of committees. The timing of public
involvementoften late in the decision processputs
citizens at a disadvantage where they can only react to
proposals already accepted and even already underway.

ADMINISTRATIVE CONCERNS

Participation presents administrative authorities with
a dilemma. They have likely judged the propriety of
their policies according to their contribution to general
economic growth, only to discover that their activities
are perceived as allied to special interests. They have
likely :assumed that legitimacy would .flow from their
technical competence, only to find critics insisting that
legitimacy must rest on public consent. Expertise re-
mains central to insuring the efficiency of administrative
and legislative procedures, yet deeply rooted democratic
values hold that public consent is a "right," and that
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procedures including more direct citizen involvement are
intrinsically "better."

Administrative agency:3 try to avoid political conflict
by following procedures that are limited to those who
share common assumptions. Demands for involvement
by citizens' groups with different assumptions disrupt
procedures, preclude accommodation, and raise political
dilemmas. Participatory measures, it is feared, will en-
courage endless demands from private interests or from
self-appointed public representatives who lack the tech-
nical knowledge necessary to assess decisions.27 This
will lead, they fear, to impossible expectations for risk
free technologies and unresolvable polarization: "envi-
ronment vs. jobs," "local costs vs. regional benefits,"
"individual choice vs. public interest." There is concern
that such participants will seriously obstruct the deci-
sionmaking process, causing costly delays and preclud-
ing the long-range perspectives necessary for effective
technical planning. Indeed, those who manage the sci-
entific and technological enterprise feel constant tension
between the ideal of participation as a source of legiti-
macy and its practical consequences.

THE IMPLICATIONS OF PARTICIPATORY
POLITICS

Scientist, regulator, lawyer, and layman must work
together to reconcile the sometimes conflicting val-
ues that underlie their respective interests, perspec-
tives, and goals."

As governments tumble to accommodate participatory
demands in different political and administrative situa-
tions, difficult questions remain. What form can lay par-
ticipation take in complex technical areas? Who should
be involved? What are its implications for the repre-
sentative process? And, of particular concern to this re-
port, what are the implications of greater lay involve-
ment for the application of resources to research, for the
strength of the research institutions, for the way scien-
tists choose their topics and conduct t'leir work, and for
the general climatepolitical, social and intellectual
in which research takes place?

Perceptions of the consequences of greater participa-
tion reflect quite different political perspectives on the
nature of the scientific enterprise and the appropriate
relationship between science and the citizen. Some argue
that the layman, unable to deal with the complex tech-
nical material necessary to evaluate science and tech-
nology, must leave responsibility to the scientists. Oth-
ers claim that the political and moral implications of
science and technology are matters of central public con-
cern that require political, not technical, competence:
hence the citizen must be involved.

Many scientists have interpreted demands for partic-
ipation as an indication of anti-science attitudes. They
fear that lay involvement would threaten their autonomy
and bring external controls that would infringe on free-
dom of inquiry and virtually paralyze the research pro-
cess." However, experience suggests that even the crit-
ical public does not want to stop either science or
technology, although particular projects may be under
attack. Lay involvement in the NIH advisory review
boards has not destroyed the grant review system; study
sections continue to review the scientific merit of indi-
vidual proposals and control the quality of research.
Although the existence of institutional review boards to
monitor human experimentation is still viewed by many
scientists as an "unwarranted intrusion" that impedes
research, lay participation in these boards has not sig-
nificantly obstructed research. Indeed, non-scientists
have been generally less active and less influential than
scientists." Even the Cambridge Review Board sup-
ported the continuation of recombinant DNA research
under the NIH guidelines, clearly accepting the premises
of the scientific community about the value of research.
And, in the end, the intense public concern over this
issue abated, while control remained with the NIH as
before.

Attitudes toward participation also remain ambivalent
among those with political concerns. Some criticize par-
ticipatory procedures as simply another means to main-
tain the existing structure of influence. Participatory pro-
cedures are easily co-opted; token participation can
simply reinforcz the status quo, providing means for in-
formed consent rather than expanding democratic choice.
Others suggest that participation provides a means to
protect minority interests and to include a wider range
of issues in the policy agenda. These arguments develop
in all policy areasand as science and technology as-
sume growing social and political importance, they are
no exception. Democratic ideals imply that science pol-
icy be subject to greater public scrutiny and political
control. Indeed, a fundamental source of public concern
about science and technology is their implication for po-
litical choice. Accommodating these demands of de-
mocracy while maintaining the best of scientific learning
is a key and growing challenge that will warrant careful
attention over the coming years.
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informAtion Resources and the New
inforthation Technologies: implications for
Public Policy
by Donald A. Dunn*

SUMMARY

This paper is concerned with policy issues in the infor-
mation sector of the world economy. Changes in infor-
mation and telecommunication technologies have led to
growth of the information sector from about a quarter to
a half of the U.S. economy in the last three decades..3
These technologies are among the most rapidly changing
technologies in use today. Television and the computer
occupy our time and attention at home and at work in
ways and to an extent that would have been difficult to
imagine 30 years ago. And the telephone has become
much more intensively used as the cost of long distance
calls has dropped.

One of the driving forces for change in information
technology has been the evolutionary, steady reduction
in cost in the computer and communication industries.
As the cost of a computation has dropped, new infor-
mation products, such as the pocket calculator, have
come into being and have become almost universal tools
in business and the home. Although we are now reaching
some fundamt...m1 physical limitations in such fields as
VLSI (Very Large Scale Integration), cost reductions are
expected to continue.

Information specialists expect a wide range of new
applications for information technology because the

.
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hardware and software costs for these applications are
already below the values necessary to make them eco-
nomically viable. In these new applications, delays in
implementation are a result of institutional and regula-
tory obstacles rather than hardware and software costs.
Examples of new industry-oriented systems are EFT
(Electronic Funds Transfer), EMS (Electronic Message
Systems), POS (Point-of-Sale fund transfer and inven-
tory control systems), and office automation. Systems
tailored to the home market also are evolving, parallel
with the industry-oriented systems. Home computers are
now widely available at prices below $1,000, and de-
vices to permit these computers to link with each other
through the telephone network (as business computers
have done for many years) are available at prices below
$200. Video recording technology, scrambler systems
for pay -by- :program television, and several new forms
of information storage-and-retrieval systems that will use
the home television set as a display terminal are available
today at modest cost.

New "stand-alone" systems, such as the pocket cal-
culator, raise few new policy issues. The markets that
supply these systems in the United States are unregulated
and competitive. The United States has produced a large
fraction of the world supply of these systems up to this
time, but Japan and Western Europe are now gaining
market share in this field, and the development of a
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national competitive strategy for the future has become
a significant concern.45

Information systems combining computer power with
communication offer a vaiety of services that stand-
alone systems cannot provide. One category of su;h sys-
tems is person-to-person communication sjste!ns that
transmit messages, store them in a computer-controlled
storage medium, and offer random access to any mes-
sage from a list of messages arranged and displayed by
sender name or some other indexing arrangement. Such
electronic message systems can transmit messages
through the telephone network or a broad-band network
such as a satellite communication system. Input termi-
nals can be conventional computer terminals with al-
phanumeric keyboards or communicating, H pro-
cessing typewriters. Voice message systems of this type
are not yet available commercially, except in the simple
form of a voice recording unit that does not offer random
access or a displayed list of messages. The other broad
category of computer-communication system is storage-
and-retrieval systems that make use of common, contin-
uously updated data bases. Examples are airline or hotel
reservation systems, EFT, and POS systems. These net-
work-based systems do typically raise national policy
issues, partly because the telecommunication networks
that they use traditionally have been provided 1-ly firms
or governmental entities that operate in markets in which
the government has imposed limits on entry and con-
trolled prices.

As the use of the telephone network in providing new
information services becomes more widespread in the
coming decades, its economic significance will increase,
and high quality telephone service will become an even
more significant national resource than it is today. In
many countries of the world, the telephone network is
managed by the same governmental entity that manages
the postal service. In these countries, the telephone in-
dustry often has been used as a source of funds to sub-
sidize postal service, and the quality of telephone service
has deteriorated. The United States is therefore fortunate
that it has subsidized its postal service from general rev-
enues rather than telephone revenues. The United States
is also fortunate that it enters the coming decades with
a strong position in the world market for information
services and information products, because every indi-
cation is that this will be a major growth sector of the
world economy in the 1980s and 1990s, just as it was
in the 1960s and 1970s.

Two broad classes of policy issues arise from the in-
creasingly widespread use of new information technol-
ogies. One has to do primarily with business interest in
using such information services as office automation,
POS, and EFT in the production of other goods and
services. The other has to do with consumer interests,

both in the use of information services such as EFT that
are an adjunct to the consumption of various noninfor-
mation services, and in the use of home information
services such as EMS. The policy issues in managing
new information services for business use primarily in-
volve establishing national management systems that
will allow industry to grasp new opportunities in this
field. Policy concerns with respect to consumer interests
involve both new opportunities and protection for con-
sumers against the potential misuse of information and
new information services.

In order to see these issues clearly, it will be helpful
to examine the structure and operation of the information
industries, starting with the creation of new information,
proceeding through communication and the storage and
retrieval of information in libraries and related institu-
tions, and then considering the use of stored information
in creating new products and services supplied through
the marketplace. Note that this process of information
creation, communication, storage and retrieval, and use
in further creation is an integrated process in which all
the steps are closely linked to each other. It is therefore
essential to an understanding of information policy to
examine this entire process, even though new informa-
tion technology has greater direct impact in some points
of the process than others.

Many information policy issues arise out of the pe-
culiar nature of information, when it is viewed as an
economic good. Information has many of the properties
of a "public good," i.e., a good that one user can con-
sume without diminishing its availability or usefulness
to another user. Information products or services typi-
cally involve a high fixed cost of creation and a low
marginal cost to make the service available to each ad-
ditional user. Because it is possible to copy information
at a much lower cost than to create it, investors who
might hope to profit from the sale of information will
tend to underinvest in this type of activity, relative to
their investment in other activities not subject to copy-
ing. It is this economic argument that underlies patent
and copyright policy. Patents and copyrights create prop-
erty rights in information and ideas with the objective
of making investments in the creation of intellectual
property more attractive, relative to investment in goods
not subject to copying. Patents and copyrights not only
protect the creator of new information from "piracy"
by others seeking to make copies, but a:so create trans-
ferable pieces of property that can be sold in the market,
thus enhancing the value of new information by making
it more like other goods.

The same property rights in new information that pro-
vide incentives to create it also operate to encourage the
wide distrib:ition of this information. Publishers and
manufacturers seeking to maximize profits will attempt
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to sell their products widely, although they will set prices
higher and hence sell a smaller quantity than organiza-
tions that maximize sales. Property rights also play a
role in privacy and access to information. An individ-
ual's rights to protect himself from intrusion and from
misuse of personal information are appropriately viewed
as property rights, and the scope and extent of these
rights are the basic policy issues in privacy and access.

It is useful to view the people and institutions dealing
with the creation, distribution, storage and retrieval, and
application of information as making up the national in-
formation infrastructure. It is important to note that this
infrastructure is mostly people who can use information
effectively and only secondarily is it a set of retrievable
facts. To take an example, U.S. investment in the ex-
ploration of space has yielded two things: (I) an enor-
mous set of data, reports, and facts that relate to space
and space technology; and (2) a set of people and facil-
ities in universities, private firms, and NASA spaceflight
centers who are capable of applying space technology
to new problems. This combination of people, facilities,
knowhow, and retrievable facts makes up the national
information infrastructure in the space technology area.
The retrievable facts represent one of the tools that the
people working in this area make use of in designing
new systems. These facts also can be valuable to people
in other fields. It should be emphasized, however, that
these facts and the information storage-and-retrieval sys-
tems in which they are stored represent only a small
fragment of the total information and capability that is
available in this field. A comprehensive approach to the
production and use of knowledge in space-related fields
would be concerned with the management of the entire
set of people and facilities.6

The focus here is much more limited. We first deal
with some of the policy issues that arise in connection
with the creation of new information, primarily scientific
and technical information. Then, rather than dealing
with the national information infrastructure as a whole,
we deal with the narrower policy issues stemming from
communications and information storage-and-retrieval
services and their use. A broader, integrative view of
this field could help develop a national information pol-
icy for the future. This integrative work remains to be
done. Some suggestions for future work in this area are
given in the concluding section on a national information
policy. Viewed as a national resource, the information
infrastructure is clearly the most imrrtant resource we
have. However, managing it is more like managing the
entire economy than managing a more conventional re-
source such as oil. Therefore, it remains to be seen
whether a national information policy can be put together
and, if it can, whether it will be a I elpful way of thinking
about this broad set of issues.

THE CREATION OF NEW INFORMATION

Policy options regarding the creation of new infor-
mation are discussed here in relation to: (I) patents and
copyrights; (2) public investment in artistic activities,
basic research, and applied research and development;
(3) encouragement of industrial investment in these ac-
tivities through tax incentives and other approaches; and
(4) consumer interests in the rate and direction of re-
search and development. While a wide variety of cultural
factors affect a society's orientation toward art, science,
and technological change, economic factors play a cen-
tral role in determining the rate and direction of change.
The following discussion will consider only economic
factors, emphasizing changes in science and technology.

Patents and Copyrights

When we think of the individual inventor or creator
of a new work of art, it is easy to see the economic
effects of granting a patent or copyright to this individ-
ual. The patented invention or copyrighted work is pro-
tected against copying for some period of years and is
thus made more valuable and more readily sold. This
increased value creates an incentive for further invest-
ment in innovation and invention.

There is an apparent tension between the polity ob-
jectives of obtaining a high national level of creativity
and the policy objective of obtaining rapid dissemination
of the results of the creative process. The policy instru-
ments, such as copyright laws, that have been used to
encourage creativity do so by creating barriers to copy-
ing and apparently act as obstacles to rapid dissemina-
tion. However, the tension is primarily a tension be-
tween short- and long-run objectives. In the short run,
an innovation can perhaps be most rapidly disseminated
by allowing free access to it. But in the long run, it is
necessary to be concerned not only with dissemination
of known ideas, but also with the continued creation of
new ideas, so there will be something to disseminate.
Patents and copyrights encourage both innovation and
the disclosure of innovation. The alternative, allowing
free dissemination, results in almost total secrecy about
innovations, which obviously does not promote dissem-
ination. Even under a property right system many in-
novations such as computer software are not protected,
and innovators often go to considerable lengths to keep
their ideas secret.

The effects of patent laws on the operation of a mod-
ern, competitive industrial market can be rather different
from the effects on individual inventors. In modern in-
dustry, the invention process has been commercialized.
Inventors are hired and organized to create new ideas
that will be most beneficial to the firms that employ
them. In some markets the innovation process has been
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accelerated to a very high pace. The computer industry,
for example, has a rapid development cycle, typically
less than five years for a major innovation. A rapid ob-
solescence of products naturally accompanies this rapid
introduction of new products. Five-year-old computers
may work very well, but their value is only a small
fraction of their purchase price.

An important distinction needs to be made between
the invention process that may be involved in creating
a new product and the innovation process that is con-
cerned with selecting the specific characteristics and
technology of the new product and bringing it to the
marketplace. Many innovations are not patentable, but
innovation is protected by trade secret law and by the
length of time it takes to copy a new product. In a high
technology field, the time to copy may be more than a
year. A firm that is a year or two behind its competitors
may find that its competitors have written off the costs
of creation by the time its product reaches the market,
so it does not gain a price advantage through copying.
In such a market, copying would not be a successful
strategy. The role cf patents in such a market is unclear.
Patents on basic inventions that will be used in several
cycles of innovation have long-term value. Patents on
obsolete products are obviously not of value. The usual
argument that firms will underinvest in innovation does
not seem to apply to rapidly changing, high technology
markets. Firms in these markets must innovate in order
to survive.

Firms can effectively nullify the effects of patents by
entering into cross-licensing agreements. Firms, in ef-
fect, give up the potential rewards from occasional basic
patents in order to avoid the risk of competitors' inven-
tions blocking their access to the market. There is a risk
that cross-licensing and patent pools can violate the anti-
trust laws, but if all new entrants to an industry can join
the licensing agreements, the effects are not anticom-
petitive.

The economics of invention and innovation in markets
with rapidly changing technology appears to be an im-
portant field for research."' Neither the operation of such
markets without government intervention nor the effects
of patents and cross-licensing agreements in such mar-
kets is now well understood.

Public Investment in the Creation of New Thformation

As an alternative to creating property rights in new
information through patents and copyrights, direct public
investment can be made in the creation of new infor-
mation and works of art In areas in which the govern-
ment has a mission responsibility, as in defense and
space, it can be expected to support the research that it
believes will be most beneficial to its missions in the
long run. In areas in which the private sector is respon-

sible for providing products and services to consumers,
there is also a potential role for government-supported
research, especially basic research. The economic ar-
gument that firms will underinvest in research that leads
to inventions subject to copying is even more applicable
to basic research aimed at understanding nature, because
patents do not cover theories or laws of nature. Thus,
the discoveries that come from basic research will ben-
efit a firm's competitors as much as the firm itself (ex-
cept for public relations benefits), so the amount of basic
research done in the private sector will tend to be less
than is socially optimal. "12 Some form of governmental
intervention in the market to create increased incentives
for carrying out basic research is therefore appropriate,
and direct government funding is a straightforward way
to support basic research.

Once government funding of research is adopted as
a national policy, a question arises with respect to the
ownership of patents and copyrights on innovations
made in this research. Presumably, the national interest
is best served by a government patent policy that will
maximize innovation. Government ownership of patents
results in disclosure, but it does not create incentives for
firms to make the necessary investments to bring these
patented innovations to the market. Granting exclusive
rights to firms that do make such investments would
enhance the incentives to develop these innovations,
much as homestead rights have been used to encourage
the development of government land.

Another important policy issue in this area is that of
the allocation of funds. What areas of research should
receive funding, and at what levels? A balance of many
diverse interests is somehow achieved in the present sys-
tem. However, there may he opportunities for improving
the present system: for example, by creating more in-
dependent sources of research funding likely to support
research leading in new directions. Both industry and
mission-oriented agencies could strengthen their posi-
tions in the long term by supporting basic research proj-
ects of special interest to them, rather than relying on
others to provide this support.

Industrial Investment in the Creation of New
Information

Indusnial investment in research can be increased
through tax incentives. However, there is the risk t iat
the amount of new research may be small in relation to
the amount of tax subsidy, because firms have an incen-
tive to reclassify existing activities to qualify for favor-
able tax treatment as well as to initiate new research.

Also important is the possibility of more industry-
sponsored research, on an industry-wide basis, in uni-
versities, industrial research labs, or research institutes.
There are likely to be more cases like VLSI arising in
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sumer interests, an evaluation would have to be carried
out entirely under consumer control.'"

Current moves toward deregulation in many industries
offer significant opportunities for benefits to consumers
from the more rapid introduction of new products and
services. Regulation often has had the effect of slowing
technological change, sometimes with the intention of
benefiting consumers through reduced prices. But by
keeping prices low, regulators have limited the rate at
wt-,:n new technologies could be introduced. The tele-
ph 11; industry provides a good example of this effect.
The rate of introduction of digital switching technology
into the U.S. telephone plant is still extremely slow.''
It is not clear that the consumer benefits more from this
policy than would be the case if prices today were higher
and the newer technology were made available sooner.
Similar effects have been caused by restrictions on entry
into regulated markets by firms that would force a more
rapid pace of technological change." .17 Again, the tele-
phone industry provides a good example. Since 1968,
the interconnection of customer-provided terminals,
PBXs, and on-premises wiring to the telephone network
has been allowed under FCC and state rules.' The pace
of innovation in this market has dramatically increased
since this policy was adopted in 1968, and American
business now has a much wider range of options for
telephone service open to it than could reasonably have
been expected if pre-1968 policy had been continued.
Many of the innovations in this field have been intro-
duced by the new, unregulated interconnect industry, but
many innovations are a result of telephone company re-
sponse to competition.

It is not difficult to find examples of large-scale sys-
tems that seem to be evolving in ways that are not ben-
eficial to consumers. The suggestion from economic the-
ory is that the firms responsible for these systems tend
to adopt "inappropriate" technologies because their
economic incentives are distorted by the influence of
nonmarket forces. For example, the choice of new tech-
nology in hospitals is not based on consideration of eco-
nomic ericiency. Cost-reimbursement systems of pay-
ment combined with a lack of effective competition
result not only in high costs but in inappropriate choices
of technology.'" The study of the economics of inno-
vation in such systems could help in the development of
deregulation plans and other approaches to the manage-
ment of these systems that could bring about a closer
alignment of producer and consumer interests.

the future, in which it is important for an entire industry
to develop a new set of techniques that will be used
throughout the industry in the future. Projects to develop
these techniques could appropriately be funded and man-
aged by the concerned industries themselves, without
governmental intervention. Industry cooperation in such
research programs could, however, have antitrust impli-
cations, and it is possible that new legislation would be
helpful in encouraging this type of industry-wide re-
search activity. Most of the precedents for industry-wide
research occur in regulated industries, and even then the
precedents are mixed. For example, Bell Laboratories
serves the operating companies of the Bell System, but
it does not directly serve independept telephone com-
panies. The Electric Power Research Institute (EPRI) is
an industry-wide organization in the electric utility in-
dustry. Until recently, the electric utilities relied pri-
marily on General Electric and Westinghouse to do the
research and development in electric power, with only
a small industry-wide research program. Now EPRI re-
ceives 1 percent of the revenues of the electric utilities
to use for research.

The most important feature of industry sponsorship of
research, in my opinion, is that industry would inject its
own ideas and interests into research that it sponsors.
Development and design engineers from industry have
a significant contribution to make to the direction of
basic research that could most effectively be expressed
in an organizational context in which industry is paying
the bill.

Consumer Interests in the Creation of New Information

The principal consumer interest in research and de-
velopment is selection of projects that will lead to prod-
ucts and services of the greatest value to the consumer.
When the market is functioning properly, no special at-
tention to this problem is required. But the market often
fails to function properly, as a result of governmental
intervention or some other cause. In such cases, research
and development can come to emphasize the interests of
producers rather than consumers. Examples can be found
in nuclear energy, military hardware, and medical tech-
nology, all of which rely on nonmarket forces to deter-
mine project selection.

Two approaches to this distortion of the market are
possible. First, an attempt can be made to increase com-
petition and to allow producers a wider latitude in their
choices of the approach to be taken in meeting consumer
needs. Second, increased participation of consumers in
the project selection process can be encouraged. For ex-
ample, consumers can influence future project selection
by evaluating the results of previous projects or existing
services. In order to be effective in representing con-

COMMUNICATION SERVICES

Communication, information storage and retrieval,
and computation can be regarded as the three main func-
tions of computer-based information services. A typical
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transaction service, such as credit card verification, will
employ all three functions. Here we discuss communi-
cation both as a component function of other systems
and as a type of end service. The most significant in-
novations in communication services in recent years
have been in person-to-person services rather than broad-
casting, and many of these innovative services are data
communication services: i.e., the data being transmitted
are characters rather than voice or video signals. Of
course, any type of signal, whether characters, voice, or
video, can be put into digital form and transmitted as
digital data.

Most of the data communication services now avail-
able, and most of the future computer-based information
services, such as EFT, POS, and electronic message
service (EMS), will use the telephone network as part
of their communication networks, because the telephone
network already interconnects most homes and offices
in the United States. Because the telephone companies
are regulated in the United States, which implies restric-
tions on entry of new firms into their markets, a number
of policy issues arise regarding which firms can or
should be allowed to offer which services. Difficulties
arise principally because telephone service is not priced
in proportion to its costs. Therefore, telephone compa-
nies object to competitors that might compete only in
services that the telephone companies now price well
above cost. The competitors object to telephone com-
pany competition where the telephone companies are
pricing the service below cost.

There are several additional issues concerning the use
of transmission and switching systems that are not part
of the telephone network, but that could compete with
the telephone companies for business, especially voice
traffic. The telephone network can be thought of in sim-
plified form as consisting of two parts: (1) local distri-
bution, including switching; and (2) interexchange, or
long haul plant. Communication satellites, coaxial cable,
and microwave relay systems are the present long haul
technologies. Optical fibers are beginning to be used.
The cost of local distribution has changed very little in
the last 30 years, while the cost of long haul plant has
decreased steadily over the same period and the pros-
pects are good for a continuation of this trend. These
cost trends have been reflected to some extent in reduc-
tions in the price of long-distance calls, but local calls
are heavily subsidized from long-distance revenues.

Competition exists in the provisions of interexchange
service between AT&T's Long Lines Department-and a
number of competing firms, none of which yet has a
significant market share. Local distribution is now ex-
clusively by wire pair, and there is no significant com-
petition in the local distribution market. However, the
possibility exists of using radio communication for local
distribution. Proposals to use portions of the FM radio

band and portion.; of the band near 10 GHz for digital
radio transmission are now being considered.' Bands in
the 2 to 3 GHz region have already been allocated to
Multipoint Distribution Service (MDS) that could be
used for local distribution of digital radio signals in com-
petition with the local telephone plant. Current trends in
U.S. communication policy favor the introduction of
competition and will probably result in a growing num-
ber of choices for users, both among technologies for
local and interexchange service and among firms capable
of providing basic communication services. These com-
peting firms are now called specialized carriers, but in
the longer term, it may well be that they are allowed to
operate on an essentially unregulated basis because they
will be operating in a competitive market. Legislation
now before the Senate would essentially deregulate these
interexchange carriers, although they would still be
called carriers.'

Electronic Message Service

AT&T's Long Lines Department and the specialized
carriers can be viewed as "underlying" carriers, because
they offer the basic transmission facilities that must un-
derlie any data communication system. Packet-switched
data networks, such as those provided by Tymnet and
Telenet, make use of lines provided by underlying car-
riers and connect these lines to computers at the network
nodes that do the switching. Users can connect directly
to such a network at a node or go through a local tele-
phone line to the nearest node. Access to a variety of
information services, such as time-shared computing or
bibliographic search service, can be obtained through

I data networks of this type.
A particular class of information service, electronic

message service (EMS), is of particular interest because
of the policy issues it raises. EMS is a form of message
service in which a user types a message on his terminal,
edits it, and transmits it to one or more addressees. The
message is then stored in a computer. When an addressee
is ready to receive messages, he indicates this to the
computer and a list of messages waiting for him is pro-
vided. The texts of individual messages may be re-
quested, read, and filed if desired for future reference.
EMS has been available as an adjunct to time-shared
computing service for a number of years, on both Tym-
net and Telenet, and also on Arpanet. As much as half
of the traffic on these networks can be attributed to EMS.
The user group that uses these networks is a relatively
homogeneous group with many shared interests in com-
puter-related topics. Such users have found that being
able to send each other short, typed messages is a valu-
able adjunct to the telephone and regular mail service.
It now seems likely that this type of service will grow
very rapidly in the next few years and that businesses
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that are not otherwise computer users will use it widely.
Studies of offices suggest that the most important op-
portunities in office automation lie in improving exec-
utive communication through such techniques as EMS
and facsimile.'

The policy issues raised by EMS stern from the form
of the 1934 Communications Act and its interpretation
to the effect that communication services must be reg-
ulated, while noncommunication services must not be
regulated."' Thus, the issue arises whether EMS is a
communication service within the meaning of the act or
whether it is some form of data processing. If it is a
communication service, all providers of this type of serv-
ice must be regulated and existing carriers will be able
to offer it. This result is not desirable, because it requires
regulation of services for which the usuai justifications
for regulation are missing. Except for the threat of reg-
ulation, this type of service utouldsbe available today
from a wide range of unregulated airnpetitive firms.
New legislation may be necessary to deal with this issue,
and pending legislation before the House and Senate
would deregulate this class of service (see note 21).

This class of EMS message services, EFT, POS, and
facsimile together provide a capability to transact much
cf the world's business electronically, on a terminal to
terminal basis, without the need for the use of any hand-
carried mail. For some years to come it will be more
economical to use hand-carried mail for transmitting
long documents rather than facsimile. But it is evident
that over the next decade or two we will see'a shift from
the use of hand-carried mail to electronic mail for a large
fraction of mail carrying short, transaction-oriented mes-
sages. The need for a postal service, as we now know
it, will undoubtedly diminish. However, as has been the
case with many other new media, the coming of elec-
tronic mail will undoubtedly only partially replace hand-
carried mail. Some hand-carried :frarlil will be originated
as electronic mail. Mail can be sera by Oectronic means
to the post office nearest the recipient an hand-delivered
from that office to recipients that do not have appropriate
electronic mail terminals. Mailgram is an existing serv-
ice of this type.

The policy issues suggested by this shift from hand-
carried to electronic mail will strongly affect the future
of the U.S. Postal Service.' The private express statutes
give the postal service a monopoly over some kinds of
mail service, but presumably not electronic mail. Clearly
the postal service is free to use electronic mall internally.
It is also free to offer various forms of hybrid service,
analogous to Malign:--1, in which messages are trans-
mitted to the postal service electronically or in the form
of computer tape and converted to hand-delivered letters.
However, the postal service could also, potentially, es-
tablish a new national electronic communication network
and seek to provide EMS on both a terminal-to-terminal

basis and otherwise. The EMS industry views this pos-
sibility with alarm, because the post office could easily
engage in a type of cross-subsidy of which the telephone
companies have been accused, and offer EMS at prices
below cost.'

TELECONFERENCING AND THE OFFICE OF THE FUTURE

Teleconferencing can be defined as any telecommun-
ication system that allows three or more persons to C'DITI-
municate. Computer teleconferencing is a straigfttfor-
ward extension of EMS that allows a group of persons
working on a common project to send messages to each
other and to the group th-ai canbe read at the convenience
of each user rather than in real time. There have been
several studies of this type of conferencing, and it ap-
pears that there often are situations in which this type of
conferencinican be extremely useful.27 -.-

The usual forms of teleconferencing occur in real
time, with some of the participants in remote locations.
Telephone teleconferences are the cheapest and simplest
type. A simple extension is audio teleconferencing, in
which a conference room is equipped with microphones
and loudspeakers that allow the group of conferees in
the conference room to speak naturally, yet have their
voices carried to remote users and allow remote users to
speak to the conferees in the conference room. A useful
addition to audio teleconferencing is high-speed facsim-
ile, so documents can be exchanged during the confer-
ence. A further addition that remains to be invented is
an electronic blackboard that would allow conferees at
two or more locations to share the same writing space.
Various devices are now in existence that approximate
a shared writing space, but they are still poor substitutes
for what is needed.

The extension of audio to video teleconferencing is
straightforward but expensive in terms of long-distance
line costs. It is doubtful that it is worth the cost. If an
adequate way of exchanging still visuals can be made
available to audio conferees, audio teleconferencing may
turn out to be adequate for most applications. One es-
timate from the research is that audio and computer tele-
conferencing can substitute for about 45 percent of all
business trips to meetings, whereas video adds only
about 8 percent more substitution possibilities.'

Whatever forms of teleconferencing eventually
come accepted, it is evident that teleconferencing
when combined with EMS, facsimile, and improved
computer-based information storage-and-retrieval sys-
temswill provide a major increase in the communi-
cation capabilities available to the modern office worker.
Some jobs probably can be done perfectly well by work-
ers in decentralized locations. For example, workers
c lug with the public probably can do just as well in
locations easy for the public to reach as in large central
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city office buildings. The possibility that workers will
go to work in small office complexes within biking dis-
tance of their homes or will work at home has been
widely discussed and studied in the context of the office
of the future.29 Improved telecommunications could,
therefore, result in new settlement patterns in which the
Qt;ntral city plays a reduced role as a means fot facili-
tating person-to-person communication.

('{O55-SUBSIDIES AND BARRIERS TO ENTRY

The basic idea of subsidizing some types of services,
either thmugh cross-subsidies from other services or
through the erection of -7:lathers to entry to certain classes
of protected businesses, i a familiar element of national
telecommunications and information policy, worldwide.
The economic consequences of this type of policy rarely
have been examined in detail. It is clear that there are
costs, and that the costs are borne by the nation's busi-
nesses, and ultimately. .by consumers generally. in the
form of increased communications costs. But the effects
also can appear in the form of service quality deterio-
ration. ;n some ccluntries telephones are not available
except on payment of a substantial sum, comparable to
the full capital cost of a line (about $1,000), and then
only after a long wait. Such countries are likely to view
electronic mail as a new luxury item to be taxed, rather
than as a new service that can make tt.:ea businesses
better able to compete in world markets. Generally
speaking, consumer and business interests ;Dther than
the interest of the subsidized industry) coincide and favor
an open market in information services with as few
cross-subsidies as possible.3"

One type of cross-subsidy in communication services
can be beneficial to most users. This subsidy is one from
heavy users to light users of the service. It is beneficial
to all users to have as many users on the system as
possible, in order to increase the number of users with
whom communication is possible. In order :' induce
marginal users to join the system, the fixed cost of join-
ing may appropriately be set somewhat below cost and
the difference made up by charging higher prices per
unit of usage. This policy helps to achieve universal
service, often stated as an objective of the U.S. tele-
phone industry. This pricing policy can be advantageous
to providers of service, when the new marginal subscri-
bers use additional optional services, such as long-dis-
tance ';ervicc, and make a net positive contribution to
costs. Countries that set-the price of obtaining service
initially at a price higher than cost are losing this benefit.

INTERCONNECTION

Another major issue in communication systems policy
is interconne.:iton. Interconnection can arise between

networks, such as competing EMS networks or local
telephone networks in adjoining areas, and it can also
arise with respect to terminal equipment. Interconnection
of networks enhances the value of service for users on
both networks. so the consumer's interest is ordinarily
enhanced by interconnection. At first glance. it appears
that interconnection also would benefit network pro-
viders, who would be able to extract some of the benefits
of interconnection in the form of higher prices. How-
ever, network providers often are engaged in a form of
competition in which each hopes to become the domi-
nant network provider. In such cases, providers will re-
sist interconnection. Providers who are already dominant
can use refusal to intertonnect as a weapon against new
entrants. Historical studies of the evolution of the U.S.
telephone network provide examples of both types of
behavior.3132

Within the next few years the interconnection issue
can be expected to arise with respect to EMS. It will be
in the users' interest to have a basic capability to send
messages to users in any EMS network from any other
EMS network. It may be possible to provide a minimum
form of interconnection that will allow this capability
while allowing each provider of service to offer special
features that add to the basic capability. New, small
EMS providers will favor interconnection, and large
EMS providers seeking to achieve a dominant market
position will resist it.

INFORMATION STORAGE AND RETRIEVAL

Some information can he expressed in print form;
other information requires photographs, motion video,
audio, or the physical presence of a particular person.
If information can be expressed in a medium subject to
storage and retrieval, it can be made accessible to users
at times and places of their own choosing.

A reduction in the cost of videorecording technology
has made television into a medium, similar to books.
that can be used on demand. Although the cost of profes-
sional television programming is so high that a program
must oe shared widely in order to reduce the cost per
user to an acceptable level, this sharing need not take
place through broadcasting, now that videorecording is
available. A shift from broadcast viewing to individual
viewing on demand, and various intermediate forms of
"narrowcasting," is now beginning.

In the print media, the use of copying machines to
produce copies of books and journals on demand has or
may soon become sufficiently low in cost to permit a
new approach to libraries. Rather than being a source of
items to be loaned, a library is likely to become a source
of items to be copied. Various storage media, such as
microfilm and the optical disk, are adaptahle to the au-
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tomated production of low-cost copies. Once the cost of
production of a single copy of a book or article on de-
mand becomes sufficiently low, it will be more efficient
to use the library as a storage and production center
rather than as a storage and loan center. When this oc-
curs, a reorganization of the publishing industry can be
expected, especially in connection with the publication
of low circulation items such as professional journals.
From the standpoint of the user, such a change is likely
to result in greatly enhanced access to the print media.
increased use of the literature, and substantially in-
creased expenditure on printed media and library serv-
ices. Particularly interesting is that the critical cost at
which it will become economically efficient to produce
documents at the library is not just the library's cost of
doing so. Rather, it is the user's cost: i.e., the sum of
the price charged by the library plus the user's time cost.
Obviously, the user will be willing to pay something to
get a copy of a document immediately rather than later.
Therefore, the library's price for producing a copy on
demand can be substantially higher than the price that
could be charged for future delivery from a publisher's
stock of mass-produced copies that might cost less per
copy to produce.

Perhaps the most significant changes are taking place
as a result of reduction in the cost of computer memory.
Computer memory costs are being reduced both (1) in
very rapid access time systems that use magnetic and
semiconductor memory and are suitable for heavily used
files; and (2) in longer access time systems that are much
less costly and will use the random access optical disk
for less often used information. The optical disk appears
to be the technology that this field has been looking for
for many years.33

The storage and retrieval of information from com-
puterized data bases is now one of thz most pervasive
forms of computer usage. For many purposes, it is ex-
tremely useful to have a single, continuously updated,
master file of information. This file need not be located
in a single location. Pieces of it can be distributed among
a number of locations, but it is essential that the com-
bined set of pieces of information form a single data
base. This type of system is widely used in two rather
different applications: (1) files of information on trans-
actions that typically include data on individual users,
such as the amounts of their purchases, their bank bal-
ances, etc.; (2) files of less heavily used information on
subject matters of importance, such as company corre-
spondence or published information of the sort found in
libraries.

LIBRARIES OF THE FUTURE

Once information has been put into a medium subject
to storage and retrieval, it can be stored in some form

of library, and bibliographic entries that describe it in
terms of its author and subject matter can be entered into
one of the computer-based bibliographic search systems
now widely available. The library of the future probably
will include: (1) a single bibliographic search system
that can be used to search nearly the entire collection of
the world's literature; (2) immediate access to the full
text of all heavily used references on the same computer
system that is used to store bibliographic data; (3) access
within less than an hour, by facsimile, to the full text of
most other references that are indexed in the biblio-
graphic data base. Certainly a user would appreciate
these features. The technology for such systems is avail-
able now, but full text systems are still expensive. The
present limitation on bibliographic search systems is the
cost of manual indexing and data base maintenance, not
the cost of hardware or software.

A single, standardized, bibliographic search system
will probably not occur without governmental interven-
tion in the market. Three approaches are possible: (1)
subsidizing the process of reclassifying data entries not
now in standard format or in standardized search sys-
tems; (2) making sure that, starting sometime soon, all
new entries are made in a standardized system, leaving
older entries in whatever nonstandard classification sys-
tem was used when they were entered; (3) developing
new computer techniques that will allow a user, in ef-
fect, to translate nonstandard search systems into a
standard language.

The consumer stands to benefit from moves toward
standardization, both of the format used for entries and
of the software used to gain access to computer-based
library systems.34 There is a real possibility that a
standardized system could be developed that would al-
low supplementary features to be added by specialized
service providers, but that could be used without these
features for general searches. Such a system would per-
mit growth and improvement to take place, while main-
taining simplified access to the bulk of the world's lit-
erature.

It is, of course, evident that once a library system of
this type becomes available, it will reduce the incentive
for individuals to have subscriptions to journals. At this
point, the present system of publication of scientific pa-
pers may become obsolete. Users will prefer a system
that allows them to seek out specific papers on specific
topics of interest rather than browsing through journals,
which mostly contain papers of little immediate interest.
Of course, computer-based systems also will allow users
to browse through the most recent papers in any speci-
fied field of interest when this is desired.

The mechanism for financing the library of the future
is built into its structure. Computer-based bibliographic
search obviously can be charged for in proportion to its
use. Document retrieval can be charged for in proportion
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to the cost of locating the document and of providing a
facsimile copy. Presumably there will be a national or
international network of libraries that store documents
and offer document retrieval service.

This type of library is protected against copying and
reselling of both its full text documents and its biblio-
graphic search file on a large scale by copyright law.
Small-scale copying and sharing cannot reasonably be
prevented. But such sharing will not be worth the trouble
in most cases, because few users (other than students)
will want copies of documents that their friends have at
the same time as their friends do. In the long run, the
cost per document will probably be too low to make
sharing worthwhile.

In addition to these core services, most occasional
library users will want personalized librarian service to
provide assistance in using the computerized biblio-
graphic search service. And a few users will want access
to persons with specialized knowledge of the field being
searched. A good library should be able to provide these
additional services to users willing to pay their costs.

PRESTEL

One version of the library of the future is available in
London today as Preste1.35 Prestel is a system that uses
a television set as a display terminal and uses a low-cost
interface box that transforms digital signals from the
telephone network into display signals. The user can use
any one of several types of keyboards to transmit signals
through the telephone network to a central computer that
has a wide range of information available for use in its
memory. The user is led through various index pages to
the information of interest. Current news, stock and
commodity market information, updated transportation
schedules, and regularly updated white and yellow pages
will probably be among the offerings. The importance
of Prestel and other similar systems being planned and
tested in the U.S. and Europe lies in their potentially
very, rapid growth and high ultimate market penetration. i

Because they are based on the use of the television set
and either the television broadcasting network or the
telephone network, they can be made available in most
homes and businesses in the U.S. at very modest cost,
and consequently in a relatively short time. The systems
like Prestel that use the telephone network will be able
to offer a very large number of different pages of infor-
mation to their users. Prestel plans to offer 170,000
pages.36 Broadcast systems like Ceefax (a derivative of
Sec-Facts), also an English system, are limited to a much
smaller number of pages, such as 100. Experiments us-
ing the broadcast network are in various stages of de-
velopment in the United States: in Salt Lake City, St.
Louis, and Philadelphia. The U.S. Department of Ag-
riculture is sponsoring an experiment in Kentucky that

7

will provide farmers access to weather, crop, and market
information.

The crucial question in all of these systems is the
extent to which people will want these services and be
willing to pay for them. Only fairly large-scale market
trials that allow time for producers to adapt to user in-
terests will give reliable answers. The most interesting
feature of Prestel is its adaptive, open market approach
to the question of what information should be included.
Instead of trying to decide this question by administra-
tive decision, it is left to suppliers of information, who
pay so much a page to have their information stored.
Suppliers receive payment on a per page per use basis,
and can set their own price per use, but they must pay
the Prestel system a minimum price per page per use.
Suppliers anticipating relatively low usage of their in-
formation by users willing to pay a substantial price
would set their price at perhaps 20 cents per page pri-
use. Higher usage pages might be priced at 2 cents per
page per use.

One policy issue raised by such technologies is, are
there regulatory obstacles to the offering of such services
in the United States? If so, what action is necessary to
permit systems of these types to develop? The pure tele-
vision systems would require the cooperation and inter-
est of the broadcasting industry plus some minor regu-
latory changes. Systems that use the telephone network,
like Prestel, could be designed to use the local telephone
network only or, if it were desired to establish a single
national system, they could use packet-switched net-
works, such as Tympet or Telenet. In any case, no spe-
cial regulatory issues are involved in a strictly storage-
and-retrieval system. However, once a system of this
sort is available, a very low-cost additional option is to
allow users to send typed messages to each other which
are stored in the central computer and made available to
the recipient on request. This electronic message service
(EMS) does raise regulatory issues discussed previously.
It is probably unrealistic to think of a Prestel-like system
without an EMS capability, and in fact Prestel is already
being used for communication among information pro-
viders in England.

Other policy issues arise in connection with the lia-
bility of information providers for false or inaccurate
information. Libel laws will cover this situation, but the
potential for very small firms or individuals incurring
very large liabilities appears to exist in a way that is not
possible in television broadcasting.

THE MARKET IN INFORMATION STORAGE-AND-

RETRIEVAL SERVICES

There is a basic national interest in having high quality
information storage-and-retrieval services available.
Governments can contribute to the achievement of this

c-) Lp
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objective either through direct government action or
through policies that encourage the operation of the mar-
ket. For example, government actions that might lead to
standardization of bibliographic search systems would
improve the operation of the market in bibliographic
search services. The government directly affects this
market by its approach to the funding and operation of
libraries and similar institutions. Libraries are not like
research. There is no intrinsic difficulty in charging users
for library services, so the private sector will not under-
invest in library services, and private sector underin-
vestment is therefore not a reason for governments to
subsidize or operate libraries. However, historically,
governments have been the principal funding sources
and operators of libraries, partly on equity grounds and
partly because libraries, like schools, have been seen as
providing beneficial externalities: i.e., beneficial effects
received by members of the community other than li-
brary or school users as a result of the use of the library
or schools.

The main difficulty with government operation of li-
braries i is the pricing policy that has usually been
adopted. Users pay nothing for service, and both users
and nonusers pay for the libraries through taxation.
Users are thus subsidized by nonusers, but going with
this subsidy is the inability of users to influence the
services they receive, either by refusing to pay or by
otherwise expressing their preferences. When legisla-
tures make grants to libraries or schools, the libraries
and schools naturally seek to satisfy the legislatures
rather than the users. When the consumer pays directly,
assuming there is no governmentally induced monopoly,
the consumer can exercise a choice and patronize the
library or school that offers the best service.

If there is a concern that some low income users may
receive no service, under a user-pay system of libraries,
low income users can be given the subsidies rather than
giving the subsidy to the libraries. Users could be given
aid in the form of "library stamps" or scholarships.'
Low income and other nonusers would obviously be bet-
ter off with a user-pay system of libraries than with a
tax-supported system that provides only services they
don't want, because their taxes would be lower.

A further difficulty with tax-supported libraries is that
they drive most private-sector library services out of the
market, because the price to users is zero. Only private
library services offering quite different services can co-
exist with a public library offering zero-price service.
The scientific and technical user, as well as most other
users, probably would be best served by libraries that
charged prices to users proportional to cost. Government
policies that provide payments to libraries through users
and that encourage the operation of a market in library
services would be beneficial to users, because a greater
diversity of service offerings would be expected. Ex-

perimental programs designed to test these ideas could
be implemented at very low cost.

PRIVACY

Many of the most significant information policy issues
arise in connection with data bases that contain infor-
mation on specific individuals. The principal dangers in
this area involve misuse of data on an individual either
by an individual or by an organization that is either not
authorized to have access to the data or that may have
a right of access to the data for one purpose but uses the
data for another purpose.

Various legal safegilards are already in existence in
the United States to protect individuals' files from un-
authorized access by others and to provide individuals
access to data concerning themselves, and further leg-
islation is under consideration.' A number of foreign
governments recently have passed new privacy legisla-
tion. Some of this legislation is concerned with data
bases containing personal data on a nation's citizens that
may be located in a foreign country.' Transborder data
flows associated with such data bases are subjected to
constraints intended to force international data service
providers to maintain data bases in each country where
they have customers. It is by no means clear that the
result of such legislation is increased privacy for the
customers, since dick own governments will have easier
access to their files.

Service providers have not yet offered many innova-
tive services intended to increase privacy. However, as
more financial services are automated, the market can
be expected to present a range of privacy options to its
users. The principal obstacle to the offering of privacy
in the market will probably be governmental regulations,
some of which probably will have been enacted to pro-
tect consumers' privacy. An important policy issue will
soon arise as to the right of an individual to conduct his
or her financial affairs in s -cret. A related issue will be
the right of an individual to communicate by means of
encrypted data flows. The issue will not be acute, as
between individuals, but rather as between an individual
and the government. The way this issue can be expected
to arise became clear in connection with discussions con-
cerning the adoption of a U.S. data encryption standard
recently." The proposed standard is believed to yield
encrypted data that can be decoded with a computer that
would cost in the tens of millions of dollars in 1980 and
that would be readily available only to very large orga-
nizations. If system providers ignore this standard and
offer encryption that cannot be decoded with even the
largest computers available today, users will be able to
achieve more privacy than some governments may wish.
Similar secure data base services will also probably soon
be available. Thus, this policy issue may soon be
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whether or not the market in privacy will be allowed to
function.

A somewhat different privacy issue arises in relation
to advertisers who wish to use various information media
to reach potential customers. Some users of these media
may wish to use the capability of the media to reject all
advertisements. For example, the post office could offer
a service to customers that wished it to dispose of all
junk mail rather than delivering it. Similar services could
be made available to users of electronic mail services of
the future. The most critical area today for consumers
is the telephone, because its use for advertising is po-
tentially so much more intrusive and disturbing than the
use of mail systems or even television. Telephone users
would now almost certainly be subjected to electroni-
cally automated advertising messages on a large scale,
if it were not for the intervention before Federal and
state utility commissions of a few consumer-oriented in-
dividuals. Even though the issue is unresolved, a number
of firms are already transmitting automated messages to
homes.'" The policy issue presented by automated tele-
phone advertising is whether or not users have a right
to choose whether they will receive such ads or not.

Privacy policy can be viewed as a piece-by-piece
building up of the definition of an individual's property
rights in his or her own personal data, communications,
and connections to the national communication net-
works. A continuing examination of this set of issues
will be required, as the new media become more wide-
spread.

ACCESS

The other side of the privacy issue is access. Under
what conditions shall the govemment, a corporation, or
an individual have the right to unauthorized access to
stored information about another person, corporation, or
governmental activity? This issue is quite clearly delin-
eated when it arises within the purview of a court, as a
part of a legal proceeding. For example, the rights of
the parties in an antitrust suit to gain access to each
other's internal memos and other private documents have
been litigated many times and are fairly well defined.
Similarly, the government's right to access to private
information when it obtains a search warrant is fairly
clear. However, when the government collects infor-
mation without a warrant and without notice to the in-
dividual, such as the telephone numbers called from a
particular telephone or the names of payees and the
amounts of checks written by an individual, the issue is
less clear.42

A rather different kind of access issue arises in con-
nection with access to new information created through
investments in research and development. Such infor-

t.,

mation may, of course, be classified in a military sense,
but assuming it is not, should restrictions be put on ac-
cess to such information by foreign nationals? In the
United States, the transfer of some unclassified defense-
oriented technology and information is made more dif-
ficult through the operation of the Trading with the En-
emy Act. However, if information does not fall within
the scope of this act and is unclassified, should it be
made available to foreign competitors on the same basis
that it is made available to U.S. industry? Should infor-
mation only be made available to nations that adopt re-
cipiocal policies?

Three alternative policies could be followed in this
area: (I) attempt to impede the flow of new U.S.-orig-
inated information in science :end technology to foreign
nationals while not impeding the flow of information to
U.S. industry: (2) seek to give U.S. industry special help
in making use of new information of this type, wherever
it originates; or (3) make no distinctions between users
on the basis of their citizenship or their home country.

The first option is likely to work poorly in preventing
determined seekers of information from getting access
to whatever is avairable to U.S. industry. U.S. industry
is now highly internationalized, both at home and
abroad, and it is difficult to distinguish, in many cases,
between U.S. and foreign companies. The first option
will almost certainly impede the flow of information to
U.S. industry, even though it would be intended to avoid
this result. The costs associated with this option could
turn out to be greater than the benefits.

The second option is worth exploring, and there may
be some practical actions that could be taken. As noted,
however, often the special skills and knowhow of in-
dustrial groups are more valuable than the facts filed in
libraries. Recognizing this fact, foreign firms have ac-
quired blocks of stock in U.S. high technology firms in
recent years, at least partly in order to increase their
access to this more subtle type of information. 43.44,45.46
Research and the development of specific proposals to
enhance the quality of science- and technology-related
information services for U.S. firms could be under-
taken,' In addition, studies of foreign firms and their
approaches to the use of research information might
yield some new insights and ways to improve U.S. in-
dustry's use of information.

A further factor in preferring the second or third op-
tion to the first is that U.S. relations with countries that
are not now competitive with the United States might be
set back by the first option. The second option could be
expanded to encompass the facilitation of transfers of
information to developing countries as well as transfers
to engineers within the United States.

In summary, the transfer and exchange of science and
technology information on an international basis is a sub-

4 3
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ject that requires a national choice. The President's re-
cent science and technology policy message indicates a

. concern for this issue and an interest in providing assis-
tance to developing countries.'" Further research and
analysis of these issues would be helpful in arriving at
a national policy.

COMMERCIAL LAW

As we move away from the use of checks and other
pieces of "commercial paper" and move toward elec-
tronically maintained financial records, a whole new set
of legal rules will have to be adopted with respect to the
responsibility of the parties for losses incurred in a trans-
action.49 An important element of computer data bases
is that all parties to a transaction will be able to gain
access to the same data at the same time. Transactions
will be completed without any waiting period during
which pieces of paper are moved physically from place
to place.

A wide range of new business opportunities will be
created when users in most homes and offices have the
ability to commit funds from terminals located in the
home or office. Many transactions that are now simply
too cumbersome will become easy. In particular, the
possibility of a great many more auction sales will exist.
Some new opportunities for the sale of perishable com-
modities will arise. For example, hotels with empty
rooms may be willing to rent some of them at greatly
reduced prices, and auctions of rooms at hotels through-
out the world may be held on a continuous basis. The
opportunity to make or lose a great deal of money in a
short time will undoubtedly become more readily avail-
able.

The policy issues in this area will not be greatly dif-
ferent from those in other areas of business law, but it
will be necessary to adopt new rules to deal with the
new ways transactions will be made.

NATIONAL INFORMATION POLICY

The scope of national information policy has been
suggested by the topics treated above, but many related
topics also could have been included: education, radio
and television broadcasting, newspapers, mobile radio,
freedom of information, international treatment of the
news, and consumer information. The proper scope of
national information policy has not yet been delineated.
However, there are good reasons for drawing the boun-
daries around at least the topics treated here. The crea-
tion of new information is closely connected with the
use of existing information and the ways that existing
information is stored and retrieved. And storage and re-
trieval are closely connected with business transactions

* ,

and personal communication, because much of the same
hardware and software is used by the same people in all
of these types of service. Once the field has been defined
to include these areas, we see that we have included
what we know as a people, what we are doing to learn
more, and the tools that we use to conduct individual
transactions and to communicate on a person-to-person
basis.

There is a value in bringing together the ideas and
issues involved in this set of national activities, because
doing so calls to our attention their interrelatedness and
importance in our lives. There are opportunities for im-
proving the operation of the systems that provide infor-
mation services in ways that will lower prices and in-
crease the number of users served, the quality of service,
and the privacy and security offered to users. Many of
these opportunities will be enhanced by taking an inte-
grated view of this area. Only a beginning has been
made in this report toward providing this type of inte-
grated view.

The perspective that has been emphasized has been
economic. The policy option that has been suggested in
most situations is to limit governmental action to the
definition of property rights designed to encourage the
operation of the market. This same approach has been
suggested in patent and copyright, privacy, interconnec-
tion, and the management of communication systems
generally. Certain situations in which government reg-
ulation or government provision of services traditionally
have been operative offer opportunities for improved
service to consumers through deregulation or the adop-
tion of user-pay pricing policies. In some cases, the op-
timum policy is unclear, and research is needed to for-
mulate a new policy. The principal types of new
legislation suggested are laws aimed at deregulation of
markets. These suggestions are in the saw, spirit as the
legislation now pending before the House and Senate
subcommittees on communication.

Three broad policy objectives for national information
policy that probably would achieve wide acceptance are:
(1) to enable public and private organizations to make
full use of available information resources; (2) to en-
coarage innovation in the application of technological
information resources to the solution of nation& prob-
lems; and (3) to encourage establishment of demonstra-
tion user networks: The intention of this paper has been
to call attention to the possibility of achieving these ob-
jectives through increased reliance on the private sector
and the operation of the market. In most situations, re-
search and analysis are required before definitive policy
proposals can be put forward. I believe that it is impor-
tant that any such analysis give adequate consideration
to the possibilities suggested here, in addition to the
more traditional approaches that have been taken in the
United States, and most other countries to date.

S9
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Communication of Scientific and Technical
j Information: Implications for Federal

Policies and Research
by Melvin Kranzberg*

SUMMARY

The explosive growth of scientific publication following
World War II led to information "overload"; scientists
and engineers complained of difficulty in keeping up
with the latest developments. But they also complained
of information "underload," the inability to find the
specific information they needed.

To meet this "overload-underload" paradox, the field
of information science emerged. Attention became fo-
cused on the literature-machine interface and the man-
machine interface as new technologies, especially com-
puters, were introduced. But an informal information
network exists outside of, while supplementing and com-
plementing, the formal network. Interpersonal commu-
nicationthrough "invisible colleges" and "technolog-
ical gatekeepers"remains a major channel for
dissemination of information.

To meet the above and other problems, it has been
proposed that a national coordinating body be created to
develop and implement policy in information services,
That proposal is neither feasible, desirable, nor neces-
sary, Technical elements of the information system have
advanced rapidly in the private sector, so there is little
need for governmental direction or subsidy.

* Callaway Professor of the History of Technology, Georgia Institute
of Technology.

Various measures might be taken to extend and im-
prove the formal communications system, such as: basic
research on modelling the information system; strength-
ening of storage-and-retrieval systems (formation of dis-
aggregated information subsystems); development of a
comprehensive catalog of available data bases; and gov-
ernment funding of translation of abstracts.

Also, utilization of NTIS by all Federal agencies; re-
search to assess the impact on information flow of se-
crecy versus patenting decisions; and the requirement of
an "Information Assessment" statement in connection
with any proposed changes in patent policies should be
considered.

Further, government research should be encouraged
on how such computer-communications combinations
will affect the informational system as should regulatory
agency review of impacts on science-technology of cor-
porate actions on information-communication develop-
ments.

Meanwhile, progress in informational technology
opens new capabilities for scientific-technical research.
There should be further investigation of (I) real-time
information systems which allow a user to engage the
data directly; (2) the implications for scientific research
and information systems of computerized communica-
tion devices for solving scientific problems directly; (3)
increased utilization of informational capabilities in serv-

A n
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is s; and (4) wider usage and participation in information
systems by social scientists and the public.

THE INFORMATION "OVERLOAD" AND
"UNDERLOAD" PARADOX

"Water, water everywhere, but not a drop to drink."
The plaint of Coleridge's Ancient Mariner expresses the
information supply-and-demand dilemma which faced
scientists and engineers during the quarter century fol-
lowing World War II. The exponential growth of pub-
lications so deluged practicing scientists and engineers
that even a well-informed scientist or engineer experi-
enced great difficulty in keeping up with the latest de-
velopments.

Paradoxically, in the midst of this surfeit of infor-
mation, the working scientist or engineer complained of
difficulty in obtaining the specific information needed
for his research. In brief, he suffered from "information
overload."

THE IMPLICATIONS

The publication flood which inundated the scientific-
technical community became a matter of vital national
concern with the recognition that scientific and techno-
logical advances depended, in large measure, on the
flow and dissemination of useful information. Empirical
evidence demonstrated a positive relationship between
the innovativeness of firms and their openness to outside
information.' Furthermore, those fields exhibiting the
greatest degree of innovativenesssuch as pharmaceut-
icals, chemicals, instrumentation, electronicswere
precisely those which exploited the new information
technologies most successfully.

THE RESPONSES

There were three responses to the paradox of too much
inform" ion but not the right information at the tight
time or place. One was the development of a new field:
information science. This field is to be distinguished
from science information, which is the product of every
scientific discipline; information science is concerned
with how that information is produced, organized, ,:om-
municated, and used.

A second response was the development of secondary
information devices: abstracting and indexing services
to reduce the vast number of publications to digestible
form. Third was the computerization of information sys-
tems. This new hardware technology proved marvel-
ously efficient and rapid in storing, locating, and retriev-
ing information.

However, these new elements added two new problem

areas :o the information-flow process: the literature-ma-
chine interface, and the man-machine interface. Al-
though more sophisticated methods of abstracting and
coding lubricated the literature-machine interface, sci-
entists still complained of difficulties in the information
flow. Perhaps that was because these improvements re-
sponded to the needs of the storage-and-retrieval spe-
cialists but not to those of the; information users. This
last point was crucial, because the end of an information
system is not simply the accum t3tion of information,
but its use.

THE SYSTEMS APPROACH

In their zeal to cope with the publication flood, in-
formation scientists sometimes forgot that the problem
is not so much scientific publication as scientific com-
munication. Scientific communication is a systems prob-
lem, involving both the generators of the information
and its users.

Scientific communication is not confined solely to the
printed word (or formula); informal, person-to-person
communication networks allow for easier and quicker
communication. These formal and infornis networks
complement one another, for example, the scientist/en-
gineer seeking information rust informally consults an-
other individual, who refers him to a bibliographical ref-
erence that brings him into direct contact with the most
useful part of the formal system.

Failure to adopt a systems approach led to neglect of
the informal network and its relationship with the formal
system. As a result, inidequate attention was given to
systemic elements external to the problem of incorpo-
rating information in electronic devices where it would
be quickly accessible if the seeker knew where and how
to search for it. a

The last proviso hints at a number of systemic ele-
ments that militate against the most effective use of cur-
rent information systems. First, the sheer bulk of the
information intimidates potential users. Second, there is
the "translation" 'problem; that is, structnring the infor-
mation along lines familiar and meaningful to the users.
Other external problems concern proprietary information
and its security when it is encoded in a computerized
network.

Sti'l another shortcoming of the existing information
system deriver; from the fractionated structure of 20th-
century science. Specialists seldom e familiar with the
literature of neighboring fields, ant, their vocabulary
often is incomprehensible to them. These disciplinary
"blinders" hinder the flow of useful knowledge between
fields.

Another factor is that much of the scientific research
reported in foreign-language periodicals remains closed
to American scientists and engineers.

3
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These shortcomings represent only a few of the sys-
temic elements affecting the generation, transmission,
and use of scientific-technical information. Neverthe-
less, informational systems have made great strides dur-
ing the past two decades.

RECENT PROGRESSAND PROBLEMS

TECHNICAL INNOVATIONS

Only two decades ago, an electronic computer cost
$200,000, weighed three tons, had some 2,000 vacuum
tubes, and required ten tons of air conditioning to keep
it operable. Today the same work can be done by a
three-chip, nine-ounce, programmable calculator, cost-
ing less than $300. The number of memory elements per
semiconductor chip has doubled every year for the past
few years, and the semiconductor industry expects to
continue that rate of improvement. Such rapid progress
in microelectronics has not only enlarged the capacities
of information-processing devices but also has lowered
their cost. It is now within the realm of probability to
conceive of computer terminals so inexpensive that one
could be located at every deskleading to the possibility
of a totally machine-readablz information technology.
Indeed, individual on-line computer terminals for infor-
mation applications grew from 500,000 units in 1972 to
more than 1,500,000 by 1977a 33 percent annual in-
crease.2

Secondary information services, such as abstracting
and indexing, also have become increasingly sophisti-
cated. The electronic hardware enables these services to
handle larger quantities of scientific literature and to ac-
cess, organize, identify, and locate literature very quickly.

In sore cases, professional societies (e.g., the Amer-
ican Chemical Society) are systematically organizing
knowledge in their domains, offering abstracting and
other information services to members. Private industry
also has entered into the information business (e.g.,
Lockheed's DIALOG), and government agencies have
developed large-scale information systems (e.g., NTIS,
SSIE, NASA, and the National Library of Medicine).
In addition, some universities and firms main' lin infor-
mation sen"ces and are tied into national data systems.

There b. been technical progress along other lines,
too. Telecommunications widens the scope for dissem-
inating and networking science information; micrograph-
ics arnw the printed record to be duplicated in compact
form and distributed very inexpensively. New informa-
tion technologies, such as View-data and Teletext sys-
tems, are also emerging.

Sach rapid technical progress should make furthering
the dissemination of scientific-technical information

simple. It doesbut another major element must be con-
sidered in the system: the human factor.

THE HUMAN LINK

All studies of the flow of information in scientific
research and technological innovation highlight the crit-
ical importance of person-to-person communication.
Within the scientific community this task is performed
by "invisible colleges"; that is, small groups of highly
productive scientists train students, set research priori-
ties, and monitor the rapidly changing knowledge in
their fields. Not surprisingly, these scientists are aware
of the latest advances long before printed publications
reach those scientists who have not yet "matriculated"
at their "college."

Interpersonal communication also remains foremost
in technology, but somewhat different arrangements pre-
vail. "Technological gatekeepers" act as channels for
bringing external knowledge into the industrial research
and development (R&D) laboratory. Other informal
means by which individi..as acquire and transfer essen-
tial information for innovation are the movement of peo-
ple from firm to firm, from government to academia, to
industrial laboratory, and back and forth; and attendance
at professional meetings and trade shows.

These informal networks do not function separately
from the formal information networks of publication and
storage-and-retrieval systems; rather, they are interde-
pendent, with the informal system frequently diffusing
the formal system's information. How does one effect
optimal interaction of the systems?

The question is difficult because elements of both the
formal and the informal systems are being rapidly trans-
formed. For example, Garrett Hardin ("Will Xerox Kill
Gutenberg?" Science, December 2, 1977) predicted that
copying devices would put an end to the five-century
domination of printed publications. Of course, the copy-
ing machine is not the only villain. Computer-linked
reproduction systems, microfilms, teletype systems, and
the like also are contributing to the demise of the book
and journal. Though journals and books may disappear,
the printed word, even though it may take computerized
or microfiche form, will remain the essential vehicle for
information transmission for a long time to come. Partly
this is because the reward system of the scientific com-
munity measures a scientist's contribution in terms of
published research papers. Thus, the obsolescence of the
book and journal does not mean the end of the printed
publication, but only its transformation into electronic
modes.

The withering away of the traditional printed mode of
information dissemination is offset by the flowering of
other means. Despite its shortcomings, the machine-man
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interface is growing stronger, as indicated by increasing
use of computerized systems. Lower cost contributes to
this increased use, but it is also a result of the increasing
familiarity of the scientific and technical community
with the new information technology. Younger scientists
are more accustomed to the computer as an everyday
tool than are their older counterparts. Thus one of the
human barriers to the use of computerized scientific and
technical information services will soon disappear.

Most attention has been focused on improvements in
the hardware elements of the information network, and
little thought has been given to the informal person-to-
person network. Can it be made more effective in dis-
seminating information?

Here the news is both good and bad. There has been
great growth in the number of meetings, conferences,
trade shows, and other gatherings which facilitate face-
to-face communication. However, this phenomenon
might be short-lived. Inflation and transportation (en-
ergy) difficulties might discourage attendance at such
gatherings. Because of financial problems besetting
universities, academicians would be the first affected,
but the mobility of those in industry and government
also would be constricted.

To keep the "invisible college" in session and the
"technological gate" open, there would have to be more
Federal travel grants for attendance at scientific and tech-
nical meetings, both domestic and foreign.

Electronic substitutes for face-to-face communication
offer some hope for maintaining the informal network.
Still in the demonstration stage is teleconferencing (also
called "computerized conferencing"). Using computer
terminals to provide written discussions for meetings, it
also includes conferencing by means of television. Al-
though demonstration projects have shown teleconfer-
encing to be less exnnsive than mail or long-distance
telephone communications,' its development has lagged,
largely because human beings apparently prefer face-to-
face meetings. Teleconferencing simply does not offer
the amenities and background of companionship pro-
vided by informal arrangements at professional meet-
ings. Nevertheless, rising transportation costs and time
savings might ultimately force wider use of this adjunct
to the informal network.

Although it is technologically feasible, teleconferenc-
ing thus faces the problem of user reluctance. If that
were overcomeand increased familiarity, might help
teleconferencing would have other consequences besides
facilitating information exchange. It could have dramatic
impact on the degree of centralization and decentrali-
zation in organizations: allow han'' -apped and disad-
vantaged individuals to participate raore fully; and fa-
cilitate the formation of new information networks
without large expenditures of time, money, and energy.
Continued funding of demonstration projects would fa-

miliarize individuals with this new communications
technology and the requisite behavioral changes prepa-
ratory to its extended future use.

INSTITUTIONAL LINKAGES

Other linkage problems affecting the flow of scien-
tific/technical information involve the tri-cornered rela-
tionships among academia, government, and industry.
That between academia and industry rests upon a divi-
sion of labor: the university carries on long-term, curi-
osity-oriented basic research, and industry applies the
knowledge thus derived.

But innovation is not a unilinear progression from
basic research through development to application, as
the classical model would have it. Instead, it is an eco-
logical system wherein basic research often is an integral
part of development and application.'

The changing role of R&D in innovation dictates
changes in industry-university relations, with concomi-
tant changes in their information exchange. One sug-
gestion for more fruitful interaction is that government
encourage industry to support longer term, continuing
research in universities, covering all states of research
short of actual proprietary commercialization. Different
universities would be devoted to different industrial sec-
tors, facilitating information exchange among scientists
and technologists concerned with the same problems,
and revolutionizing institutional relationshps.5

Government-industry linkages are equally important.
Sticky problems arise concerning the ownershipand
hence the disseminationof information produced in the
private sector under government contract, as well as
questions about the role of patents in encouraging or
inhibiting information flow.'

Disseminating the results of R&D carried on in gov-
ernment laboratories also poses problems. Government
agencies provide little useful information in generating
or applying innovations, perhaps because Federal R&D
is usually so mission-oriented that it ignores possible
uses outside the original purpose. The lukewarm suc-
cess, at least in its early stages, of NASA's technology
utilization program has been attributed to the fact that
the needs of those not involved in the aerospace industry
were not considered in developing the innovations.' On
the other hand, the model of the National Advisory Com-
mittee on Aeronautics and of the agricultural extension
services indicates that when the information is user-ori-
ented (and often user-generated), technology can be
transferred successfully.

This list by no means exhausts the institutional linkage
problems. There are communication difficulties within
industrial laboratories' and even among scientists and
engineers in different departments within the same uni-
versity. Interestingly enough, computerized information
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systems sometimes can surmount these institutional and
personal hurdles, allowing the formal network to be
more effective than the informal communication system.

POLICY OPTIONS

Many different government policies, even those not
specifically related to science and technology, affect the
flow of scientific and technical information. They in-
clude such items as support for scientific research and
education, patent laws, regulations regarding advertising
and disclosure of product information, programs for in-
formation exchange, antitrust and tax laws, and the like.
Obviously it is impossible to analyze every government
action, present or projected, in terms of its implications
for scientific and technical communications. Attention
therefore must be focused on those policy options that
impinge most directly on information flow.

The impact of government policies on information
flow differs from one industrial sector to another, de-
pending on such items as the technological level ("high"
or "low"), the extent and nature of past government
regulations, and the size of the business units involved.9
As a result, the policy options discussed below are those
tending to have the broadest bearing upon scientific and
technical communications, irrespective of the specific
industries involved.

Finally, the National Science Foundation (NSF) itself
had commissioned two reports dealing with policy op-
tions: Joseph Becker, "A National Approach to Scien-
tific and Technical Information in the United States"
(NSF Contract C963); and Bruce G. Whalen (Mitre Cor-
poration), "Scientific and Technical Information: Op-
tions for National Action" (NSF Contract 3-76-SP-
1002). The options and recommendations embodied in
those documents also must be considered.

The policy options and recommendations discussed
below are those (1) expected to have the most powerful
influence on scientific and technical communication; (2)
covering the broadest spectrum of economic, political,
and cultural interests; and/or (3) specifically recom-
mended for science/technology communication policies.

National Coordination

The Becker and Whalen reports, submitted to the Na-
tional Science Foundation in 1976, recommended the
creation of a national policymaking body for science
information. Its duties would include coordination of
national science/technology information activities, de-
veloping policy for the disposal of scientific/technical
information developed by the government, developing
strategy for international information exchanges, setting

1 -

priorities for science information programs, and estab-
lishing funding levels.

In thr. few years since these reports were prepared, it
has been asked whether a new organizational mechanism
for establishing and coordinating Federal policy regard-
ing science/technology information is necessary, feasi-
ble, or desirable. The public mood is opposed to the
creation of still another Federal body. In addition, the
Office of Science and Technology Policy (OSTP) has
taken on the task of guiding the scientific/technical en-
terprise to meet national objectives of innovation and
productivity, including responsibility for scientific and
technical information policy. It is questionable whether
an additional bureaucratic apparatus is necessary for the
informational subset of scientific activities.

Also, the technical components of the information
systemspeedy storage-and-retrieval mechanisms,
computer terminals, national networks, and the like
have been progressing apace under the aegis of the pri-
vate sector, without direction or subsidy from the gov-
ernment. In other words, the technical means for ration-
alization of the system are falling into place without the
formation of a national policy or coordinating body.

Within the NSF, the Division of Information Science
and Technology encourages research in the field of in-
formation science itself, and the Division of Policy Re-
search and Analysis (created since the Becker and
Whalen reports) is available to analyze its policy impli-
cations. Although not aimed directly at all aspects of the
information system, these and other government pro-
grains seem adequate to cope with the problems without
creating still another coordinating panel or policy board.

Finally, there is the danger of "overcoordination"
which might lead to the exclusion of promising alter-
natives. In such a fast-moving field, which offers so
many exciting and different potentials (as does scientific/
technological communications), there is need for plur-
alistic approaches and even some redundancy. As Martin
Landau has stated, "If there is no duplication, if there
is no overlap, if there is no ambiguity, an organization
will neither be able to suppress error nor generate alter-
native routes of action."10 Coordination is desirable to
prevent unnecessary and costly duplication, but not at
the expense of a healthy pluralism.

Extending Formal Systems

Computerization of information storage-and-retrieval
mechanisms has led to "faster and faster librarians."
Now attention must be paid to the entire information
system, including the man-machine linkages and the be-
havioral problems involved therein, as well as the pro-
ducer-user linkages.

Employing a systems perspective, Russell Ackoff and

4 6
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his colleagues at the Wharton School developed a plan-
ning methodology in SCATT (Scientific Communication
and Technology Transfer Systems)." Identifying differ-
ent "stakeholders" in the science/technology informa-
tion community, SCATT places them within the context
of a national system. This approach marks a first step
in a systems analysis of the informational organism.

Because of the many variables in the science/technol-
ogy information system and because information pro-
cessing and dissemination are evolving, it is essential to
detect changes in the system and to chart possible weak-
r,esses in the linkages. Hence the NSF should continue
.o support basic and applied research on dynamic models
of the science/technology information system.

Any such research should give particular attention to
the behavioral aspects, for the "human node" in the
information transfer process has been somewhat ne-
glected. Although there is a body of knowledge regard-
ing the processes of human cognition, memory, and
learning, we need information directed at specific prob-
lems encountered at the interface with machine infor-
mation systems. Models of the system can indicate
where further research and action might be necessary.

STORAGE-AND-RETRIEVAL SYSTEMS

Technical progress in storage-and-retrieval and ab-
stracting and indexing services has outstripped advances
in the informal network. The problem then becomes one
of matching the capabilities of the formal system with
the needs of the informal network, thereby making the
information system more effective.

As in all other fields, scientific and technical com-
munication is stimulated when those possessing common
interests get together to share their information. Such
informal networks can be strengthened if they are or-
ganized to take advantage of integrated computer-com-
munication networks.

However, information needs differ from field to field.
and even at different steps in the research and innovation
processes. So instead of "coordinating" information
systems to provide "standard" information reports, it is
important to make the system correspond to the different
structures of scientific fields and also to the different
mind-sets and informational habits of their practitioners.
Overzealous standardization might impose the mind-set
of information science specialists on scientific and tech-
nical fields where such habits of thought might not be
applicable.

The sophisticated hardware of today's computerized
information networks allows great flexibility. All elec-
trical networks, especially computer/information net-
works, can be a force for unifying control and/or dis-
persal for little systems comprehended within bigger
systems. Instead of demanding uniformity, the hardware

allows diversity with reasonable consistency. These di-
versities should be fostered because they correspond
more to the varying habits of work and thought of dif-
ferent scientific and technical communities.

The government should encourage segments of the
scientific/technical community that have not yet taken
advantage of the latest technical devices and research in
science information to develop the structure, forms, and
means for more effective information dissemination
within their respective communities. This superstructure
could then be linked to larger systems in order to take
advantage of useful external information, to effect econ-
omies of scale, and to employ the most appropriate tech-
nology for indexing. storage and retrieval, and dissem-
ination on a national scale.

SOFTWARE PROBLEMS

By definition, the software system is "mushier" than
that of the hardware. It is also costlier. Handling the
increased volume of information has escalated infor-
mation costs' despite decreases in hardware costs. Al-
though the cost picture could change as we move toward
a machine-readable system, there still remain problems
in improving software operations.

One of these problems is the lack of coordinated in-
formation regarding data bases. Once a Scientist knows
which body of literature to consult, it is relatively easy
to conduct a search; however, the problem is first to find
which data base to use. Although the National Technical
Information Service (NTIS) makes available data bases
of Federal scientific and technical information sources,
and the commercial services have catalogs available to
their subscribers, no complete catalog of data bases ex-
ists at present. In order to reduce duplicated efforts and
save time, a national catalog of available data bases is
necessary for on-line machine-readable systems. The
Federal Government should fund development of such
a data base catalog. It is important to note, however,
that the mere existence of a national data base catalog
guarantees neither accessibility nor use; concomitant ad-
justments must be made in the hardware, software, and
behavioral elements in the system.

There is not only the man-machine problem, but there
is also the problem of transferring information from one
field of science-engineering to another. Cross-disciplin-
ary references are important because studies of the in-
novation process indicate that the "invasion of ideas"
stimulates creative research. This problem is partially
correctable through the expansion of indexing and cross-
referencing, making certain that, in the process, the in-
formation from one field is cataloged in terms employed
by other fields. Software programs must henceforth take
fuller account of cross-field referencing.

Categorization problems also occur within fields. For
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example, searching for literature about a specific chem-
ical presents difficulties because the same substance can
be known under different names. The drug chlorpryom-
azine goes under about 100 designations. Chemical Ab-
stracts resolves this problem by listing a substance under
one entry and cross-referencing other names to this one
agreed-upon name. Other fields can be encouragedby
rr,xlest government fundingto establish standardizti
nomenclature and cross-referencing for computerized in-
dexing systems.

VOICE COMPUTERIZATION

The ability to communicate with computers by voice
responds to a genuine user need. Speech is a more nat-
ural and efficient means of communication than an ar-
tificial computer language punched on a keyboard mech -..
anism.

Advances in microelectronics make possible speech
recognition by computers and limited man-machile
voice communication. Although human-computer voice-
to-voice communication still seems far away in terms of
technical capability, it is not too early to begin studying
its possible impact on the science information system.
Modest funding of research in this area, including the
development of software systems, would be worthwhile
for charting future potential.

TRANSLATING ENGLISH

A subset of the man-machine communication task in-
volves easier access to data bases through framing ques-
tions to the computer in standard English rather than in
code. Such a system would be particularly useful for
those who might be deterred from using the retrieval
system if they could do so only by learning a special
computer language. Philips Research (The Netherlands)
already has an experimental system which attempts to
answer questions posed in uncoded language.

Because of the "market-pull" for such a device, the
private sector should not require government subsidies
for demonstration projects and commercial application.
However, the NSF is funding basic and applied research
on cognitive problems, symbol recognition, and the like
which would assist in the technical development of this
user aid.

FOREIGN TRANSLATIONS

In addition te problems in "translating" the literature
into computerized forms so that users can recognize it,
there is also a translation problem in the more traditional
sense: translating foreign literature into English. Until
recently, American scientific and technological primacy
was so overwhelming that foreign scientists and engi-

neers eagerly sought American publication: there seemed
little need to keep up with the literature from abroad.
This is no longer the case. Scientists in other countries
have always done respectable researchwhich we ne-
glect at our peril. They are now making outstanding
contributions to fields that once were the "property" of
American science and technology. In 1960, roughly 34
percent of the world's scientific and technical periodicals
were published in this country; by 1975, the figure was
only i7 percent.'3 Obviously, we can no longer afford
to ignore the foreign literature.

Translation of foreign scientific and technical peri-
odicals and reports would be valuable, not only for our
country's scientific/technical enterprise but also for in-
ternational and military strategic purposes. For the pri-
vate sector to undertake the translation of foreign works
would be too expensive; the audience for such material
is limited. Thus, major governmental support is needed,
so that our scientists and engineers can keep abreast of
the leading edge of worldwide research. At the least,
abstracts of foreign items translated into English should
be incorporated into our data systems.

DISSEMINATING FEDERAL R&D

Only a few years ago the National Technical Infor-
mation Service (NTIS) was heavily criticized for its
shortcomings in disseminating scientific/technical infor-
mation emanating from the government. Since then,
there has been remarkable improvement. The NTIS now
sends out about 20,000 items daily from its collection
of more than a million titles, and it supplies about 4
million documents or microforms annually. NTIS adds
about 70,000 new summaries or reports, available in
paper or microfiche, to its on-line computer research
service (NTISearch) every year.

Furthermore, NTIS has been aggressively merchan-
dising its services by publishing about 26 weekly news-
letters, giving current summaries of new research reports
and other specialized information, and through a bi-
weekly journal directed at librarians and technical infor-
mation specialists.

Although NTIS is improving its dissemination oper-
ation, it still does not incorporate materials from all gov-
ernment agencies. Legislation or executive guidance
could require all Federal agencies to use NTIS for col-
lecting. cataloging. packaging, and disseminating infor-
mation." But such a requirement would raise a number
of questions.

Should NTIS widen its net to include technical ma-
terials other than those from government agencies? Cer-
tainly it should not restrict itself to such materials, but
it is doubtful if it should become the omnibus collector
and disseminator of all technical information. Although
a single all-embracing system might seem desirable to
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information scientists, such a system would pose prob-
lems of government competition with the private sector,
possibly stifle the formation of smaller specialized net-
works, and detract from the benefits of healthy plural-
istic endeavors. And even if NTIS restricted itself solely
to government materials, should existing Office of Man-
agement and Budget (OMB) Circulars on cost recovery
apply, or could it be demonstrated that the dissemination
of scientific and technical information is so valuable to
the commonweal that the general public should support
it?

THE PATENT QUESTION

The growing number of U.S. patents granted to for-
eign applicants has given rise to fears that America's
technological primacy is endangered by foreign com-
petition. Of the 70,292 patents issued by the U.S. Patent
Office last year, some 37 percent were granted to per-
sons living abroad. This number has been rising in recent
years, and there is argument as to the cause:15 Is foreign
work outstripping American innovativeness, or does the
increase in foreign patents simply reflect the need of
foreign firms for patent protection as they seek to invade
the vast American market? And does the number of pat-
ents tell us anything about technical quality or economic
value? Not surprisingly, the discussion has called into:
question the role of patents in the innovative process.

The chief justification for patents is to stimulate in-
novation by providing legal protection for inventors, and
to provide for disclosure of inventions. Because patent-
ing involves disclosure of proprietary information, there
is some ambivalence in the business community between
the desire for legal protection and the benefits of secrecy.
There are also questions involving the ownership and
patenting of inventions made through government con-
tractsthat is, with public funds. Without a proprietary
position, few firms are willing to .nvest the sums nec-
essary for successful commercialization.

The U.S. Patent Office contains a wealth of techno-
logical information. That information is indexed and
cross-referenced into a comprehensive retrieval system,
although there are frequent demands that a more efficient.
omputerized information system be employed. These

demands arise in connection with searches regarding
proprietary rights, rather than from those seeking infor-
mation for scientific and technological research. To in-
dustry, the main problem involving patents is their re-
liabilityand that is a legal question. It would seem that
the present search system, even though antiquated in
some respects, is scarcely a barrier to information flow
for innovative purposes.

In order to make patent literature contribute to further
innovation it has been recommended that the patent
"abstract" (made by the patentee) contain more infor-

mation describing potential applications of the patent.
But it is not clear that the abstract would provide infor-
mation that might stimulate others to explore different
applications of the patent.

Because patents remain a means for public dissemi-
nation of the results of technology, changes in the patent
system are bound to affect scientific and technical in-
formation. Thus patent policies which cause industrial
corporations to rely upon secrecy to protect their tech-
nical advances rather than on the legal protection af-
forded by a patent demonstrate that decisions made on
legal-economic grounds can affect information transfer.

This situation would call (1) for research to assess the
impact of secrecy as opposed to patenting decisions on
the flow of information among industrial firms and
among different sectors of the economy, and (2) for an
information assessment in connection with any proposed
changes in the patent laws.

COMMUNICATION-INFORMATION SYSTEMS

Another problem involving government policy is de-
veloping as the communication and information func-
tions join, especially through computerized information
carried over long distances for communication purposes.
An already complicated situation in regard to commu-
nications regulatory policies will become even more
complicated as three giants of American business
IBM, AT&T and Xeroxget more deeply committed to
activities combining communication and information
functions. Government policies regarding monopolies
and public utilities regulation are involved, as well as
the legal status of common carriers.

Although legal, financial and communication policies
will occupy the forefront of public discussion on these
developments, the fact is that this combination of pow-
erful technologies, especially when employed by pow-
erful corporations, will have major impact on the com-
munication of scientific and technical information. Yet
little thought has been given to these implications.

Two policy recommendations are in order: (1) support
for research on how the computer-communication com-
bination will affect scientific/technical information; and
(2) the Department of Justice. Federal Communications
Commission. Securities and Exchange Commission,
Federal Trade Commission, and other regulatory agen-
cies should be required to inform and consult with the
Office of Science and Technology Policy regarding the
possible impacts on science and technology of their pro-
posed actions on computer-communications develop-
ments.

Extending Informal Systems

Although we have suggested means whereby the hu-
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man "nodes" in information systems can be made more
effective through improvement in the man-machine in-
terface and .through user-oriented software, how can we
make the informal network more effective?

ENCOURAGEMENT OF PERSONAL CONTACTS

In Managing the Flow of Technology, Thomas J. Al-
len suggested that the government and industry pay more
attention to investment in person-to-person communi-
cation."' Such an investment could stimulate university-
government-industry interaction as well as communica-
tion among scientists within those institutions.

The Japanese experience reveals the importance of
personal communication. Although they have access to
the published literature, including American patents,
without ever leaving home, theJapanese do not rely
solely upon formal informational means.17 Instead, they
send delegations to attend American scientific meetings
and tour our industrial establishment. The Japanese suc-
cess in developing their scientific and technical enter-
prise demonstrates that person-to-person communication
remains the most effective means for information dis-
semination and transfer.

Because our government plays so important a role in
America's scientific and technological enterprise, gov-
ernment scientific/technical managers represent personal
embodiments of information systems. They should be
encouraged to attend professional meetings where their
information potential can be augmented, just as acade-
micians should be funded for that purpose.

A Federal program should send teams of American
scientists and engineers abroad to gather information and
to participate in interpersonal information networks. To
this end, language programs would have to be instituted
so that the Americans could communicate with their for-
eign colleagues.

ELECTRONIC "TRAVEL:.

The interpersonal network can now be augmented by
"teleconferencing." Although, demonstration projects
have shown the technical feasibility of teleconferences,
we have not yet made them truly operational by incor-
porating them into institutional frameworks. Perhaps this
is because teleconferencing has derived chiefly from sci-
ence-technology "push" rather than "need-pull." The
imaginative scientist has the "wouldn't-it-be-great"
syndrome: Wouldn't it be great if we established an elec-
tronic network so that people could exchange ideas with-
out having to leave home.

There might be some hidden dangers, which behav-
ioral scientists should investigate. For example, the in-
troduction of full telecommunications within a national
corporation might encourage its scientists and engineers

to work in isolation, obtaining data from the information
system and feeding new data into it without ever leaving
their laboratories, But because the high-density com-
munication group is the individual and his immediate
work group, the dispersion allowed by telecommunica-
tions might ultimately stifle the creativity of the individ-
ual who benefits from close contact with colleagues.

NEW AREAS FOR SCIENCE/TECHNOLOGY
INFORMATION SYSTEMS

Heretofore we have dealt mainly with the communi-
cation of traditional types and forms of scientific and
technical information for customary ust.., by the estab-
lished scientific/technical community. However, the sci-
ence and technology of communications are evolving
rapidly, providing the possibility of applying therir to
new uses within science and technology themselves. At
the same time, shifts are occurring in the social, eco-
nomic, and political patterns of nation which also
offer the opportunity of using scientific and technical
information devices and systems for broader purposes
and for a larger public.

Problem Solving

We are not yet taking full advantage of the capabilities
of the newer information technologies. Information pro-
cessing devices can perform many functions beyond
storage and retrieval and computations; they can, for
example, synthesize the knowledge in the data base and
present it to the researcher instead of a printout of sep-
arate research findings. The next step would be for the
computer to take this information synthesis and work out
the problem which the researcher is trying to solve.

Computers are already commonly programmed to an-
swer questions by processing the data in their memories
in accordance with specific programs. Now, however,
real-time information sytems are available that allow a
user, wbrking at a computer terminal, to engage the data
directly.

This combination of communications with computer-
ized technology has been particularly useful in satellites
employed for scientific purposes, such as NASA's earth
resources satellites (Landsat), as well as for monitoring
disarmament agreements between the United States and
Russia. Real-time information systems do not require
abstracting and indexing services or storage-and-re-
trieval mechanisms; instead, the work is directly with
the data itself, which can be stored in digital or pictorial
form for subsequent analysis and retrieval.

Combining data communication with scientific re-
search itself might be the wave of the future. We can
imagine a computer named "Norbert" being developed
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which would unite the information capacity of the com-
puter with its problem-solving capabilities. The diffi-
culties in developing "Norbert" might take several dec-
ades to resolve, but funding for "his" technical devel-
opment should be made available, as well as research on
possible implications for scientific research and infor-
mation systems.

Information Technology in the Service Sector

The shift in importance from the manufacturing to the
service sector of the American economy has been mir-
rored to only a small degree in information technologies.
The chief reflection has been the automation of the office
through computerized billing services and inventory-
control systems. The question must then be asked: Are
there no other ways in which the functional combination
of computer and communications can enhance service
productivity?

At a time when a great deal of attention is being paid
to increasing productivity, the productivity of the ever-
growing service sector languishes. Perhaps the dispersed
nature and small scale of service-sector units militate
against efficiency. Science/technology education and the
processing of science information form part of the serv-
ice sector, yet little attention is paid to applying science
and advanced technology to services.

Although we might not be able to improve the pro-
ductivity of, say, the barber, we might be able to use
informational technologies for managing the delivery of
services more effectively. The field of health services
has already begun to develop more effective manage-
ment techniques, employing some modern informational
technologies (e.g., multiphasic screening), but more
might be done. If nothing else, some thought should be
given to the possible "spinoffs" from hardware and soft-
ware advances in science/technology information sys-
tems to the service sector.

Social Problem Solving

Once there was a clear dividing lineor at least it
was perceived as suchbetween scientific and technical
matters and socioeconomic-political concerns. But the
public is gradually beginning to realize that many
(most?) social, economic, and political problems facing
us have a scientific and technical component. As a re-
sult, people are turning to scientists and engineers for
the amelioration of perplexing and complex problems,
including such concerns as environmental protection,
crime, urban blight, health services, consumer protec-
tion, and, indeed, many other items usually subsumed
under the rubric of "quality of life."

Although the public has a tendency to look to a "tech-
nological fix" for easy resolution of these problems,

there is increasing awareness that science and technology
are enmeshed within a social context. Hence, for effec-
tive problem solving, there must be further study of the
interface between science/technology and society. The
rising interest in technology assessment and rick/benefit
analysis reflects this reality.

There needs to be greater cooperation among the sci-
entific disciplines toward ameliorating problems of a so-
cietal nature, and social science information must enter
the scientific/technological information system. That in-
formation network will no longer be used only by the
scientific/technical community, but must also accom-
modate the needs of social scientists, including applied
social scientistsgovernment officials, administrators,
and, of course, the public. As a resiilt, a larger group
must be trained and educated in the use of informational
hardware and software.

Three major challenges emerge: (1) developing and
strengthening the social sciences informational system
as a necessary component of the science/technology in-
formation system; (2) making scientists and engineers
aware of the social, human, environmental, and eco-
nomic context of their work; and (3) educating a new
and wider public of information users, many of whom
do not have statistical, mathematical, and computer
knowledge.

The first task can be met by applying some of the
same measures to further social science information sys-
tems that were used to bring the science/technology in-
formation system to its present level. The last two prob-
lems require cooperation of educational groups and
institutions in a Sisyphean task. A good case can be
made for continuing funding of research and educational
ventures in such areas as the science-technology-society-
values interface and in the public understanding of sci-
ence.

Public Understanding of Science

There is a marked trend toward public participation
in science policy decisions, as evidenced by the devel-
opment of diagnostic and prognostic agencies in the gov-
ernment affecting science and technology (Occupational
Safety and Health Administration, Office of Technology
Assessment, Environmental Protective Agency, Nuclear
Regulatory Commission, and the like). If the public is
to participate in science policy decisions, it must be sci-
entifically literate.

Educating the public poses a new problem: How can
information technologies assist in rejuvenating education
in basic science and in invigorating the public under-
standing of science and technology?

This is part of a larger educational question, of course.
A decade ago there was great progress in developing
informational technologies for programmed instruction
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and various types of audiovisual aids. Yet the sophisti-
cation of the technology was not matched by sophisti-
cation in use-another example of the failure to take
account of the "human node" in informational sys-
tems-and it can scarcely be said that today's average
American is sufficiently schooled in basic scientific and
technical knowledge to make intelligent assessments of
public issues involving science and technology.

Nevertheless, the science/technology information sys-
tem represents a public asset. We must now begin anew
to figure out how this system can be employed for wider
service to the public.
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4 Privacy: Impact of New Technologies
by James B. Rule*

SUMMARY

Characteristic of modern, "advanced" societies is the
development of vast systems of dossiers, computer rec-
ords and other files on individuals. These systems are
created and used by organizationsbureaucracies, both
governmental and privateto guide their dealings with
the people depicted in the files. Computing and other
modern technologies have greatly accelerated the growth
of such systems, and multiplied their effects on individ-
uals. In the last fifteen years, both the existence of the
systems and their uses have become the subjects of sharp
public controversy.

In the wake of these controversies, an official ap-
proach to the protection of privacy has begun to emerge
in legislation and policy. This apprnach seeks to make
personal data systems, both computerized and conven-
tional, conform to rules of due process in the handling
of people's data. Specifically, systems are to be open in
their workings, receptive to individuals' attempts to as-
certain and correct their own files, responsible for the
accuracy and confidentiality of data held in them and
limited to "legitimate" uses of the files. These princi-
ples have formed the bulk of recent privacy protection
activity in America and abroad.

Clearly these principles, if iforcefully applied, can
make a considerable difference in ensuring fairness to
individuals in the uses of their data. But some commen-

* Professor of Sociology, State University of New York. Stony Brook.

tators, including the Privacy Protection Study Commis-
sion, have noted significant limits to this approach. For
one thing, the due process mechanisms created here may
be so complicated and time-consuming as to vitiate their
usefulness to most people. For another, this approach
does virtually nothing to limit the development of record.
systems which could, if political conditions permitted,
unduly constrain the exercise of constitutional rights.

Needed are innovations in privacy policy that seek
ways of circumventing the need for mammoth, sophis-
ticated personal record systems. A search for such less
"information-intensive" alternatives to the endless
growth of bureaucratic recordkeeping on persons may
be the only alternative, in the long run, to continued
erosion of privacy. Such alternatives do exist, but con-
siderable research and reflection are required before they
can be put into effect. Only when the investments in
making do with less personal information approximate
those now made in finding new uses for such data will
the most compelling needs for privacy protection be met.

INTRODUCTION

English is unusual in having a single word for all the
things covered by the term "privacy." For a home-
owner, "privacy" may mean a hedge around the back-
yard to block the looks of neighbors and passersby. For
a politician, it may mean the chance to think aloud,
without having remarks retained "on the record." For
a job-seeker, it may mean not having to divulge an ep-'

503
521



522 SCIENCE, TECHNOLOGY AND THE USES OF INFORMATION

isode from one's past to prospective employers. For a
celebrity, it may mean the chance to go out in public
unrecognized. For a pregnant woman, it may mean the
opportunity to secure an abortion anonymously and with-
out intrusive questioning.

Within the last 15 years in America, and more recently
in other "advanced" societies in the West, privacy has
become a political issue. But the controversies which
have created the issue have not involved all these dif-
ferent senses of privacy. The "privacy issue" as it has
arisen in the last few years has focused on personal
documentationdossiers, computer files, and other per-
sonal data as collected and used by organizations. The
debates have focused on the following questions: Who
has the right to collect information on members of the
public? What uses of such information should be con-
sidered legitimate? How can fairness be ensured in the
uses of personal data? When is the transfer of informa-
tion collected by one agency to other users justified?
How much say should any individual have in the treat-
ment of his or her dataand how should such a voice
be implemented? And how much personal data keeping
in general is good for the kind of society in which we
wish to live?

ORIGINS OF THE ISSUE

Any understanding of the privacy issue demands some
interpretation of its origin. How have the uses of per-
sonal information which are so controversial today been
singled out for public attention? What roles have science
and technology played in these changes, and how have
scientific and technological influences meshed with po-
litical and social forces?

For most casual observers, the answer to these ques-
tions is simple: The cause of today's privacy controver-
sies is technological change. Sophisticated microphones.
unavailable only a few decades ago, can record conver-
sations previously considered inviolate. Wiretaps can
monitor conversations for "key words" without anyone
present to listen to the whole conversation. Special cam-
eras can penetrate darkness to record scenes whose pri-
vacy would otherwise be absolute. Psychological tests
can plumb personal feelings and capacities once consid-
ered beyond the reach of investigationand to influence
those tested through the experience of such monitoring.
Electronic analysis of the human voice can fix the iden-
tity of a speaker nearly as reliably, it is said, as the
matching of fingerprints.

But among all technologies, computers take first place
among the iconography of modern anxieties about pri-
vacy invasion. People seem to believe that the computer,
more than anything else, invites, the collection and use
of personal information about individuals. Inscrutable,

authoritative, all-remembering, the compute- confers
unimagined powers upon usersor so the popular
image seems to have it. And the further perfection of
computer techniques, unfolding with the quiet inevita-
bility of scientific "progress," promises to press the
demands of technology on personal privacy further and
further.

There is considerable truth in this vision, but in the
final analysis it is both exaggerated and oversimplified
both with regard to computing and to technology in gen-
eral.

Technologies do not develop untouched by human
needs and social exigencies. Many fascinating and fea-
sible technologies remain indefinitely in the realm of
theoretical fancy, simply because no influential social
interest stands ready to underwrite their development.
We have rather sophisticated systems for retailers to run
credit checks on would-be customers, for example. But
we have no comparable intelligence systems to enable
customers to check on retailers or their products. For
new technologies to be born, both scientific understand-
ing and social sponsorship are required. To understand
the origins of the privacy controversy, we must examine
both the technologies which have made it possible to
collect and use more personal data and the new social
conditions which have nurtured the development of these
technologies.

It hardly takes a sociologist to identify the more ob-
vious of the social conditions. Present-day privacy con-
troversies have centered on the data management activ-
ities of organizations, that is, bureaucracies, public or
private. In modern societies virtually every basic social
relationship requires direct or indirect participation by
organizations. Key life juncturesfrom birth, christen-
ing and immunization through education, medical care,
marriage, home and automobile ownership, insurance
and, ultimately, deathrequire certification by organi-
zations. The regular need for such certification in turn
leads to creation of massive data files on the persons
concerned. These records may be manual or computer-
ized, centralized or dispersed; their effects on the lives
of those they depict may be helpful or coercive; but they
cannot but matter to the people depicted in them.

At the turn of the century, many present-day record-
keeping bureaucracies simply did not exist. Income tax-
ation, social security, credit reporting, most law enforce-
ment records systems, and many other of today's major
personal records systems were yet to be founded. Else-
whereass with birth and death registration, passport is-
suance, educational records and .welfare payments
some systems existed, but in very abbreviated forms.
The recourse to record' ....ping bureaucracies is such a
fundamental part of our lives today that we have all but
forgotten how recently they developed.
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What functions do detailed personal records have in
the workings of organizations? Why are bureaucracies
prepared to pay the considerable costs of developing and
using such data?

Data files are the key meansand often the only
meansby which organizations can determine how to
act toward individuals. Records enable organizations to
deal with people precisely, according to exact details of
their past histories or present circumstances. The data so
recorded, of course, may not be those which the people
concerned would consider important; instead they are
data which the organization holds essential for framing
bureaucratic action toward the people to whom they re-
fer. Sometimes such action entails holding people re-
sponsible for past misdeedsas in criminal recordkeep-
ing or in certain aspects of credit reporting. Sometimes
it means documenting circumstances of people's lives
which bear on their responsibilities to organizationsas
in income taxation or conscription. Sometimes it means
recording information bearing on organizations' respon-
sibilities to the people depictedas in social security,
medical records and certain aspects of insurance.

Whatever the nature of the relationship, however, per-
sonal data systems clearly represent a new social link
between institutions and the public. It is a link that mixes
the anonymity and impersonality of bureaucratic action
with the intimacy and discrimination of personal ac-
quaintance. Such fine-grained concern by organizations
toward individuals, as it has been called, represents a
distinctive social phenomenon of modern times.'

Thus modern organizations build up data files on peo-
ple as a kind of "information capital"as important to
their operations as capital in the usual sense. Without
such data resources, organizations would be unable to
discriminate in their dealings with the vast numbers of
otherwise anonymous persons whom they daily con-
front.

Individuals experience this dependence just as strongly
from the opposite direction. One's life is continually
shaped by the 'contents of one's record: the manner in
which such records are generated, stored, interpreted,
and transmitted affect one's life chances in countless
ways. Not only do we all have more personal records
about us written down here and there, these records also
matter more in the way in which we are treated. The
enormous social impact of the recorded wordboth for
individuals and the organizations that deal with them
has provided the ingredients of most of today) privacy
controversies. As the Privacy Protection Study Com-
mission recently noted,

in American society today records mediate relation-
ships between individuals and organizations and
thus affect an individual more easily, more broadly,

' e .
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and often more unfairly than was possible in the
past. This is true in spite of almost a decade of
effort to frame the objectives of a national policy
to protect personal privacy in an information-de-
pendent society.2

Nearly all writers on the subject have echoed this rec-
ognition of the sheer importance of records in affecting
people's lives.

Computing often plays a central part in managing
these record systems. No less important, however, are
other relatively modern technologies which, since they
have been with us for some time, we tend to take for
grantede.g., telecommunications, a modern postal
service, modern filing methods, and the like. Indeed,
modern management techniques are essential for the or-
derly operation of large personal record systems.

Among these technological and social conditions for
the emergence of bureaucratic personal recordkeeping,
computing may actually be the least urgently required.
Some very large record systems are in fact maintained
by hand, both in America and abroad. In this country,
for example, many of the most important personal rec-
ords used in insurance are still manually maintained.
Similarly, at least until recently, much of the central
recordkeeping for industrial security clearances was car-
ried out on literally millions of blue index cards; the
visitor to the site where they were stored saw them
stretching off into the distance like some inland sea.

Strictly speaking, then, computing is neither a nec-
essary nor a sufficient condition for sophisticated, large-
scale personal record systems, or for the public contro-
versies they generate. But if computing does not create
the bureaucratic appetite for data on people, it certainly
makes it possible to satisfy such cravings to an extent
otherwise unthinkable. Computerized storage and trans-
mission of large amounts of dataincluding personal
dataare among a very few major organizational activ-
ities which have actually become radically cheaper in
the last several decades. Under these conditions, it is
little wonder that organizations have developed the dis-
criminating, fine-grained relationships with their publics
which the use of large amounts of personal information
makes possible.

Indeed, these radical changes in the cost and feasibil-
ity of storing and using personal data demand the re-
shaping of our customary notions of "private" and
"public" information. A major protection of privacy has
been the unavoidable "waste" of much personal infor-
mation. We do not ordinarily consider the times and
frequency of our entering and leaving our places of res-
idence "private," in that we do not seek to conceal our
comings and goings from whoever may be passing at the
time. But if we find that someone is systematically not-
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ing such information over an extended period, we feel
that our privacy has been infringed upon. Such "public"
information is ordinarily "wasted," like an untapped
resource generated in the manufacture of some other
product. We rely on such "waste," and we do not gen-
erally welcome ingenious attempts to "recycle" wasted
data on ourselves, whether by a nosy neighbor or a bu-
reaucracy.

Privacy, as most people seem to use the term, means
the unavailability to others of information about one's
self. Most people probably do not seek absolute privacy;
a neighborhood where no one notices one's comings and
goings may seem rather cold, after all. But the loss of
privacy quickly becomes objectionable when informa-
tion about one's self is not only known, but also recorded
as a basis for unspecified future actions or judgments.
Thus the well-being that most of us seem to fed on
knowing that "our' data, though not actively concealed,
are normally "wasted." Many of the satisfactions of
privacy seem to come from not having to work too hard
to safeguard it. One likes the idea that information about
one's self, though in some sense "public," will not be
indefinitely available for others' use.

Computing, however, helps organizations wear away
at privacy in this sense, by making it possible to "save"
information which otherwise would be "wasted." To be
sure, the effects of such erosion of privacy on individuals
are mixed. Some such effects are almost wholly bene-
ficial--one wants one's physician, after all, to be able
to assemble the most comprehensive medical dossier
possible on one's self. Similarly, a "good" credit his-
tory does the subject no good unless it is recorded
something impossible unless collection systems are ca-
pable of counteracting the "waste" of useful credit in-
formation. Elsewhere, of course, effects on individuals
are unpleasant, as in encounters with law enforcement
agencies or IRS auditors. But however one may reckon
these advantages and disadvantages in particular situa-
tions, this decrease in "wasted" information certainly
has to be reckoned a loss for privacy in the usual sense
of that word. From certain points of view, this loss may
be warranted in light of compensating advantagessay,
in the strength of government or in access to convenient
services, such as credit. But the loss is felt nonetheless,
and one conse iuence is public controversy over, and
demands for, the protection of privacy.

Personal data systems, then, make demands on peo-
ple's privacy interests. But what, exactly, are these in-
terests? In what sense are people injured by systematic
collection of data about themselvesor are such injuries
purely the fancies of the people concerned?

One kind of privacy interest, obviously, is the interest
in avoiding the mishandling of one's own data files. One
does not want one's dossier to become the basis for

"unfair" discriminationwhatever one may mean by
this. Similarly, one wants to prevent arbitrary, inaccur-
ate or uninformed judgments from being made on the
basis of, or in the name of, one's own "file." Thus we
all have strong interests in preventing bad effects from
arising from the use of records on ourselvesjust as we
do, for that matter, in avoiding the effects of derogatory
word-of-mouth reputation.

In addition, most people probably also experience
what one might call an "aesthetic" interest in their own
privacy. People shield certain information about them-
selvessuch as the sight of excretion, sexual activity or
profound emotionsimply because there is something
inherently uncomfortable about others' having this in-
formation. Here the concern is not with the more distant
consequences of having such information used against
one's interests at some later point. Rather, this kind of
privacy interest is a desire to withhold information as an
end in itself.

A thiid category of privacy interest is more abstract,
but perhaps in the long run even more important for
policy considerations. This is what one might call peo-
ple's collective or holistic interest in the effects of data
systems on social relations throughout society. People
may suffer bad effects from data systems, after all, even
if no records of their own are involvel. If data systems
are used to create a climate of intimidation and fear,
everyone suffers, because public discussion and private
innovation are stifled. If the feeling becomes widespread
that anything we say or do might be held against us, the
quality of public life is diminished, even if these feelings
are exaggerated. Similarly, the potential use of a given
data system as an instrument of repression, even if its
present purposes are nothing of the kind, poses risks that
all members of a society implicitly share.

Before today's privacy controversies, however, these
and other privacy interests were often dimly perceived,
and often not noted at all. To the extent that they are
recognized today, they have emerged only gradually
from nearly fifteen years of public reflection and con-
troversy.

CONTROVERSY

"All historical events are inevitable," it has been ob-
served, "but some are more inevitable than others." In
retrospect, it is hard not to regard the controversies that
swirled up around these changes as more inevitable than
most. Beginning in the 1960s, the new demands by or-
ganizations for personal data set off intense public de-
bate. How much data on private persons did private and
government bureaucracies really have? How did the use
of such data affect the lives of those depicted in the
files? What rightful interests could ordinary people be
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considered to have in the treatment of "their" data?
How do trends of change in personal data management
affect such interests? And perhaps most importantly,
what P:e the proper avenues for asserting such interests?

To be sure, these questions did not arise fully for-
mulated. Instead, what appears in retrospect as the emer-
gence of the "privacy issue" came in a series of skir-
mishes over specific data-management schemes. One of
the first of these public controversies appeared in 1966
and 1967 over a proposed National Data Center. The
idea was to centralize personal data from many Federal
agencies, including the IRS, the Census, Social Security
and a number of others, in a single statistical clearing-
house. The data were supposedly to be held in strict
confidence and used for statistical purposes onlynot
for decisionmaking on the individuals involved. But the
idea aroused intense disapproval in Congress, prompting
remarks like the following from one particularly critical
representative:

Good ':omputermen know that one of the most prac-
tical of our present safeguards of privacy is the frag-
mented nature of present information. It is scattered
in little bits and pieces ae-oss geography and years
of our life. Retrieval is impractical and often im-
possible. A central data bank removes completely
this safeguard.

Reactions like this caused the Data Center idea to be
dropped from consideration in 1967.

Since then, privacy-related controversies have been a
staple of congressional concern. Specific practices to
come under congressional scrutiny have run the gamut
from credit reporting and psychological testing to plit-
ical surveillance and misuse of IRS files. The Watergate
period, of course, greatly sharpened these concerns, but
one must not forget that the issue was well established
before then. A partial listing of congressional hearings
and reports relating to privacy since 1967 shows more
than fifty such events, more than half of them occurring
before the Watergate period. Despite the wide range of
settings, the themes of these controversies were remark-.
ably consistent. They most often entailed disputes over
the propriety of the use of personal data files by powerful
organizations. The cumulative effect was a search for
principles which could guide and make publicly accept-
able the further development of such systems.

Some statements to the Congress envisaged 'sweeping
approaches to these dilemmas. Note the remarks of Jer-
ome Wiesner, then president-elect of MIT, to a congres-
sional committee in 1971:

I doubt that anyone is aware of the full extent of
the surveillance and information-collection activi-
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ties that go on in this nation. Many people, myself
included, have long operated on the assumption that
our activities are being monitored.

Then he continued,

We should be prepared- to accept the cost of con-
siderable inefficiency in our various social and gov-

' ernmental processes to safeguard our privacy, and,
as I judge it, our freedom, dignity, happiness and
self-respect. By costs, I mean both the financial
costs and the loss of a degree of control that the
state might otherwise have over genuinely threat-
ening individuals. . . .

The strong words by Wiesner were by no means unique
among the statements of those who participated in
congressional hearings in this period.

Nevertheless, the approach implied in Weisner's state-
ment has not predominated in the emergent policy re-
sponse to these controversies. Instead of seeking to limit
the growth of personal recordkeeping, the predominant
policy effort has been to find procedures to help people
live more comfortably with their records.

This response has developed slowly. Its first manifes-
tation was the Fair Credit Reporting Act, which went
into effect in 1971, regulating the collection, storageind
dissemination of personal information in consumer credit
and certain aspects of insurance and employment. Fur-
ther development of these principles came in Records,
Computers, and the Rights of Citizens, a report com-
missioned by the Secretary of Health, Education, and
Welfare in 1973. The principles set down in this report,
in turn, guided the second major Federal legislation on
the subject, the Privacy Act of 1974, which regulates
the treatment of personal data by federal agencies. Fi-
nally, the Privacy Protection Study Commission, created
by the Privacy Act of 1974, issued its report in 1977
setting forth an additional 162 recommendations for leg-
islation and policy affecting the treatment of personal
data by both government and private organizations.

To be sure, these four efforts hardly exhaust the list
of landmarks in the evolution of privacy protection pol-
icy. Other important contributions can be found, for ex-
ample, among the extensive body of state legislation and
in the guidelines offered by President Carter in 1979.
But one can view these four elements as central in es-
tablishing an approach to privacy protection which now
enjoys wide acceptance. While the details vary from case
to case, the approach does embody a core key of prin-
ciples:

First, that the existence and workings of personal
data systems ought to be open and publicly known;
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Second, that recordkeeping organizations ought to
be responsible for maintaining personal data in an
accurate,.timely and complete form;

Third, that data-keeping organizations be respon-
sible for ensuring that the contents of files ought to
be disseminated only for "legitimate" purposes;

Fourth, that means ought to be available to indi-
viduals to ascertain and, if necessary, correct the
contents of their files and the uses made of them.

The various legislation and policy applications of
these principles differ considerably in their force and
effectiveness. The Fair Credit Reporting Act, for ex-
ample, has been widely criticized as relatively weak in
its strictures upon credit bureaus. It prohibits virtually
none of the reporting practices current in the industry at
the time of its adoption, and its provisions for access to
and correction of files are cumbersome and disadvanta-
geous to consumers. Similarly, the recommendations of
the HEW report leave the recordkeeping practices of the
CIA and many law enforcement agencies virtually un-
touched. The Privacy Act of 1974 is likewise relatively
weak in its strictures upon these same recordkeepers;
moreover, disclosure of filed information is largely lim-
ited only to purposes "compatible with the purpose for
which it was collected"a vague and scarcely stringent
restriction. Finally, even the recommendations of the
Privacy Protection Study Commission, though they seek
to strengthen the provisions of the Privacy Act at a num-
ber of points, implicitly accept some highly privacy-in-
vading practices, such as the disclosure of IRS and So-
cial Security information to locate parents who abscond
leaving children on public support. Needless to say, such
disclosures fail even the vague test of compatibility with
the purposes for which the information was originally
provided.

Much could be written about the successes and fail-
ures of particular laws and recommendations in meeting
the promise of the four principles outlined above. But
for present purposes, the principles themselves hold
greater interest than specific applications. What promise
do these principles hold for protecting individuals' pri-
vacy interests, and what are their limitations? How fit-
tingly does this approach to privacy protection respond
to the public anxieties and demands that brought it
about? Then questions bear serious and reflective con-
sideration.

FAIRNESS IN PERSONAL DATA MANAGEMENT:
THE PROCEDURAL APPROACH

One might characterize the four principles noted
above as a procedural approach to privacy protection.

The aim is not to prevent collection and use of personal
data, but instead to create a body of standard, equitable
procedures"rules of lie game"through which in-
dividuals can influence the handling of their own data.
The report of the Privacy Protection Study Commission,
for example, characterizes its intent as that of establish-
ing for individuals "assertible interests" in their own
files. The language differs in other statements on the
subject, but the underlying idea is quite similar. The
goal is to create mechanisms for people to participate in
the creation and use of data files on themselves, and
thereby to secure fair, even-handed treatment.

Perhaps the most important question about these pro-
cedural measures is whether people actually use them.
Do people manage to assert the "assertible interests"
which they are accorded? Evidence on these points is
fragmentary, but worth considering. Since the Fair
Credit Reporting Act went into effect, one notes, credit
bureaus have reported a steady stream of inquiries from
consumers about their files. Similar indications are to be
found in the results of my study of some 291 Long Is-
land, New York, residents; some 18 percent of those
interviewed who reported having had difficulty with
credit also reported having gained access to their own
credit files.' This figure is almost certainly much greater
than it would have been before the Fair Credit Reporting
Act, when credit reporting firms generally sought to
keep their activities out of public attention. Thus, al-
though we have nothing like an exhaustive survey a the.
effects of this law, it appears that consumers have used
it to a significant extent to discover, and presumably to
correct, the contents of their credit files.

We have similar evidence of the use of the Privacy
Act of 1974. Appendix Four of the report of the Privacy
Commission notes the existence of some 6,700 systems
of personal records covered by the act throughout the
Federal Government as of 1976.4 When the act went into
effect, some Federal agencies experienced great influxes
of requests from people seeking access to their own rec-
ords. The Justice Department, for example, recordcd
some 35,000 such requests during 1976. People's access
to their own files has frequently resulted in requests for
changes in the files; most often these seem to have met
with compliance. The Department of Health, Education,
and Welfare, for example, reported receiving some
19,000 requests for changes in personal records in 1976,
of which only 79 were denied. Similarly, the Department
of Defense received some 11,000 such requests, of
which only about 150 were not fully granted.' Thus, the
act seems to have occasioned a flood of assertions of the
newly created assertible interests, and general agency
acquiescence with many of these assertions.

At the same time, these routine corrections may have
come about only where agencies felt no important inter-



ests of their own threatened by the sought-after changes.
While the Privacy Commission reports some 70 ongoing
legal actions by individuals to change their files as of
1976, they note that "No case seeking damages has yet
been decided against the government. . . ."6

Moreover, the seemingly large numbers of successful
requests for amendments must be seen in relation to the
literally billions of data files covered by the Privacy Act.
In this context, the rate of requests cited above is less
impressive. As the Privacy Commission authors them-
selves remark,

In part, this less than expected utilization of the Act
can be attributed to the difficulty of finding out how
to use the Federal Register. and of wending one's
way through the maze of Privacy Act procedures.'

In other words, though the procedures established in the
act to afford access to one's own file may be relatively
straightforward, considerable effort and inconvenience
may be necessary for people to establish the existence
of record systems which could contain files on them.

Such difficulties point to a fundamental limitation of
the procedural approach to privacy protection. At best,
it would seem, law and policy deriving from this ap-
proach can create significant openings for individuals to
monitor and influence the content and uses of their rec-
ords. But this requires active involvement from the in-
dividual and may entail considerable time and effort. As
the number of "assertible interests" which people enjoy
in various record systems multiplies, one's ability to
monitor any one relationship naturally decreases.

Thus, as personal recordkeeping becomes more com-
mon, the creation of assertible interests through proce-
dural reform clearly has its limits. People can keep up
on some assertible interests all of the time, it would
seem, or all of them some of the time. But we have
pasted the point where most people can realistically
monitor all data uses about themselves all of the time
any more than they can analyze all the available product
data about every item they buy at the supermarket.

Procedural guarantees to provide people some say in
the uses made of their own files are indispensable. But
procedural measures of the sort discussed above, it ap-
pears, scarcely offer a comprehensive answer to the need
to protect privacy interests. For one thing, as we have
seen, people simply may not hi, ..e the time and other
resources to exercise meaningfully all the rights ac-
corded them by such guarantees. For another, the pro-
cedural approach provides no guidance for determining
what forms of personal recordkeeping ought or ought
not to exist. This issue cannot readily be considered
purely in terms of the individual interest in fairness ad-

r:

Privacy: Impact of New Technologies 527

dressed by the procedural approach. It requires that we
consider other privacy interests.

THE INTERESTS OF PRIVACY PROTECTION

The question of how legal and other mechanisms can
assure fairness and discourage arbitrariness in the treat-
ment of individuals' data files is, for most people, what
the privacy debate has been all about. Yet this approach
is restrictive, and ultimately unsatisfactory if taken
alone. For one thing. people may simply be unable to
master the task of keeping abreast of all their "assertible
interests." For another, the public's interests in the
workings of personal data systems are not simply the
aggregate of individual interests in seeing one's own
records handled "correctly."

In addition to these individual interests, I have noted
collective or holistic interests in the effects of personal
data systems on social life in general. If the cumulative
effect of burgeoning personal data systems is to increase
the overall power of organizations vis a vis individuals,
then no one really escapes these effects. We live in a
world where increasingly sophisticated personal data
management is relentlessly reducing the "distance" be-
tween large organizations and individuals' private lives.
Whether or not our own names-happen to be in the files,
we cannot avoid experiencing the enhanced power of
government and private organizations to influence peo-
ple.

This distinction has been lost in most discussions of
the privacy issue. One reason for this may have been the
pervasive influence of the idea of "balancing" as a guid-
ing concept for privacy protection. Nearly every major
statement on the subject has characterized procedural
reform as a means of "redressing the balance" between
individual claims of privacy, on the one hand, and or-
g,a,m'zations , on the other. Thus in Privacy and Freedom,
probably the most influential of all books on the subject,
Alan Westin wrote,

If privacy is to receive its proper weight in any
process of balancing . . . what is needed is a struc-
tured and rational weighing process, with definite
criteria that public and private authorities can apply
in comparing the claims for disclosure or surveil-
lanCe through new devices with the claims to pri-
vacy'

Similarly, in the opening paragraph of the Privacy Pro-
tection Study Commission report, one reads that the in-
vasion of privacy will continue "unless steps are taken
soon to strike a proper balance between the individual's
personal privacy interests and society's information

. needs." One finds the same metaphorand, more im-
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portantly, the same logicin virtually every major state-
ment on the subject over the past fifteen years.

But the trouble with good metaphors is that they be-
guile us into forgetting that they are metaphors. We are
right to seek procedural measures against arbitrariness
and unfairness wherever organizations use personal data
systems. But the development of these systems itself
fundamentally alters relationships between powerful in-
stitutions and the public. Due process in the handling of
personal records can hardly restore these relationships
to their state before recordkeeping developed. Organi-
zations now can collect and use much more detailed
personal information than ever before. As a result, they
have the potential power to act much more forcefully
and discriminatingly in their dealings with peoplefor
purposes either benign or coercive. These facts are not
fundamentally altered by procedural measures to ensure
fairness and due process in information use.

A list of names and current addresses, a record of
people's recent expenditures, a log of their travels or a
list of their associatesthese things, mobilized by the
capabilities of modern information technologies, confer
upon organizations considerable power to influence peo-
ple, or indeed to coerce them. Procedural restraints pre-
vail only so long as the political and social conditions
endure in which the restraints are established. The Nixon
years, after all, saw the misuse of many of the Federal
Government's personal data resources despite earnest
efforts of officials in agencies such as the IRS to restrict
such breaches of procedure. Once the capabilities of sys-
tematic personal recordkeeping are in place, the possi-
bility of their misuse can never be completely elimi-
nated.

The risks posed by such possibilities might be more
acceptable, if only the situation were static. But this is
not the case. Indeed, if people agree on anything about
personal data systems, it is that such systems are in a
headlong process of change. The social and technolog-
ical forces which have brought ,these systems into exis-
tence continue to magnify their importance. Organiza-
tions continue to find more and more ingenious ways of
obtaining and using personal data; they readily use these
methods to sharpen the discriminating decisionmaking
characterizing their relations with their publics. Public
opinion, in turn, often demands the exercise of such
bureaucratic discriminationdiscrimination between the
creditworthy and the deadbeats; discrimination between

..tax cheaters and those justly entitled to reduced tax lia-
bility; or discrimination between those entitled to welfare
or other benefits and the unentitled. As the ability of
organizations to observe and act on such fine differences
grows, the power of organizations over people's lives
grows commensurately. And as the intensity of infor-
mation use rises, privacy, as most people know it, is
inevitably coded.

The holistic issues raised by these considerations are
disturbingno doubt because they appear much more
difficult to resolve than individual issues of fairness and
due process. It is not comforting to consider that the
treatment of personal information may be more open,
less arbitrary and fairer, yet at the same time more all-
encompassing and potentially more threatening. Yet
these risks cannot be denied. Procedural approaches to
privacy protection, if applied forcefully, do offer the
chance to the individual to deal more effectively with
his or her data. But they do not help us to decide when
a given personal data system must be counted too intru-
sive or too potentially repressive to be worth the risk.

Perhaps the most astute acknowledgement of these
points is found in the report of the Privacy Protection
Study Commission. These remarks about the Privacy
Act of 1974 apply as well to other procedural approaches
to privacy protection:

It was passed partially as a protection against pre-
meditated abuses of Federal agency records but,
more importantly, in recognition of the fact that
even normal uses of a record about an individual
can have harmful consequences for him and that
this potential harm can be greatly magnified by the
use of emerging computer and telecommunications
technology. Despite these antecedents, however,
there is little in the Privacy Act to prevent preme-
ditated abuses of power through the misuse of re-
corded information, particularly where internal
agency uses are concerned.`'

In other words, creating "rules of the game" for fair
and equitable use of personal information may not help
much if the data-keeping party loses its incentive to ad-
here to the rules. Nor, as the Commission authors note
a few paragraphs later, does such procedural reform have
much effect on the ever-shifting "imbalance" in pre-
rogatives in the direction of data-kerping organizations:

Actual or potential information abuses are much
more likely to result from continuing growth in the
government's appetite for information about indi-
viduals and in the use of that information for grow-
ing numbers and types of purposes. The real danger
is the gradual erosion of individual liberties through
the automation, integration, and interconnection of
many small, separate record-keeping .systems, each
of which alone may seem innocuous, even benev-
olent, and wholly justifiable.'"

The interests damaged by such trends are holistic ones.
That is, whether we are the victims of misuse of our
own records or not, what is damaged is a climate of
public life that we all share. For the protection of this
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kind of interest,
approach.

we must look beyond the procedural

ANOTHER APPROACH TO PRIVACY
PROTECTION

No one really likes the idea of a world where bureau-
cratic data-keeping on private individuals proliferates
without endeven if such activities were carried out
fairly and with scrupulous regard for due process. Yet
seeking alternatives to the ever-increasing growth of per-
sonal data systems requires us to question fundamental
assumptions about modern technologies and their social
setting.

One of the most influential of these unexamined as-
sumptions has been that of the "need" of organizations
for more and more personal recordkeeping. Nearly every
major writing on the subject has depicted such needs as
virtually a fixed and immutable feature of modern so-
cieties. The Privacy Protection Study Commission au-
thors no more than echoed a well sung theme when they
wrote, "We live, inescapably, in an 'information soci-
ety' and few of us have the option of avoiding relation-
ships with record-keeping organizations.""

But of course, some things are more "inescapable"
than others. The steady growth of organizational reliance
on personal data systems is not the simple product of a
fixed "need," but rather the result of organizations'
search for new ways to gather, maintain, and use such
data. An equally earnest search for alternatives could
well show that the bureaucratic need for personal infor-
mation is not as absolute as it has been considered to be.

The principle that might provide such alternatives is
hardly exotic. Organizations develop sophisticated per-
sonal information systems, it has been argued, to main-
tain discriminating decisionmaking and action vis a vis
the people concerned. Credit grantors seek detailed per-
sonal data in order to extend precisely the "appropriate"
credit privileges to each applicant. Insurance firms seek
background data on their applicants in order to adjust
rates for insurance precisely to the risks of insuring a
specific person. The IRS collects data to document the
precise tax obligations of each taxpayer, and to locate
that taxpayer if there should be a dispute about such
obligations. It is easy to see how sharpened discrimi-
nations like these can be advantageous for the organi-
zations involvedand, from many points of view, for
the public as well. But if we consider deliberate min-
imization of such discriminations as an investment in
protecting important privacy interests, we can grasp im-
aginative alternatives to the endless collection and use
of more and more personal data by organizations. We
need to take a hard look at what some analysts term.
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"less information-intensive" alternatiVes to reliance on
ever-increasing personal data management."'

To develop such alternatives, organizations would be
encouraged to invest in ways of doing without detailed
personal information, instead of investing in more inten-
sive use cf such data. The form taken by such efforts
would obviously vary according to institutional setting.
In credit, it might entail simply limiting the amount of
personal information which credit bureaus could collect
and use on individual applicants. In income taxation, it
might entail reducing the number of circumstances bear-
ing on tax liabilityin short, simplifying the determi-
nation of tax owing in any one case, so that fewer cir-
cumstances had to be documented. For welfare and other
benefits, a less information-intensive alternative would
be to establish a minimum floor of eligibility for all,
thus reducing the necessity of intrusive investigations
and detailed recordkeeping to distinguish fine degrees of
need and to exclude the ineligible. For insurance, it
might mean curtailing the amount of personal informa-
tionincluding particularly sensitive data about com-
munity reputeallowed to bear on deciding whether to
insure an applicant and at what rate.

The new direction being sought in these examples
hardly demands outright proscription of the use of per-
sonal data in settings like these. That would be as crude
and heavy-handed as the approach which now prevails
i.e., the assumption that any personal data which can be
shown to be useful to organizations must necessarily be
legitimate for them to collect. What I am suggesting is
simply the serious pursuit of ways for organizations to
use less personal information. Enormous resources are
currently invested in developing ways for public and
private organizations to observe finer and finer distinc-
tions in their treatment of members of the publicdis-
tinctions that can only be supported by collecting more
and more personal data. Only by seeking a new emphasis
in organizational planning can we hope to reverse the
steady trend toward erosion of privacy.

For all its simplicity, this idea inevitably brings a
strong riposte from spokesmen for data-using institu-
tions. Any slackening in the use of personal data, they
argue, would ill serve a public that demands the services
provided by these data systems. It is popular demind,
they claim, which requires exact determination of eli-
gibility for welfare, and hence the severe demands on
the privacy of welfare applicantis. Popular demand is
likewise said to underlie the collection of information on
applicants for credit, or Social Security benefits, or in-
surance coverage, or security clearances. The public
wants these services to be provided, it is said, and the
only feasible way of doing so is to distinguish between
the eligible and the ineligible.

There is a kernel of truth in these observations. Public
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opinion may applaud the use of personal data systems
against "welfare chiselers" or tax evadersparticularly
if people view the groups so targeted as standing at some
social distance from themselves. The public may also
acquiesce, albeit ambivalently, to demands for personal
data required for provision of services that they them-
selves need. But this hardly establishes that personal data
systems which today enjoy such acquiescence somehow
represent a response to "popular demand." The whole
truth on the matter is not nearly so clear-cut.

It would be hard to show any pattern of popular de-
mand for the institution of major personal data syltems
in America prior to their inception. The immediate
source of these innovations has ordinarily been organi-
zations themselves. Indeed, initial public reactions to
many requirements for personal data have often run from
uneasiness to outright hostility. Events surrounding the
inception of income taxation and Social Security, as well
as the responses to the periodic extensions of the U.S.
Census inquiries, are cases in point. Public opinion may
have become inured to the demands of these systems
with the passing of time. But such acquiescence hardly
attests to a deep resolution of the issues they pose. The
attitudes of Americans toward personal data collection
remain ambivalent and contradictory.

Since these issues first gained salience in the mid-
1960s, there have been a number of studies of public
opinion on privacy matters. One of the most recent and
most comprehensive is the study commissioned by Sen-
try Insurance, and designed and carried out by Professor
Alan Westin and the Louis Harris organization in 1978.
Published in early 1979, this entailed interviews with a
representative selection of some 1,500 members of the
general public, as well as some 600 top-level officials
in public and private organizations. The study holds
most interest heije for the mixture of support and dis-
approval it demonstrates among the general public to-
ward prevailing personal data practices.

Regarding inquiries made by employers of job appli-
cants, for example, the great majority of respondents
approved of such standard inquiries as those into edu-
cational and employment background. Also widely ap-
proved were employer access to results of tests of job
skills and reports on applicants' past medical histories.
Similarly, large majorities of the public approve insur-
ance companies' inquiries into applicants' age, health
and medical history in screening applications for life or
medical insurance. Nearly two-thirds of the respondents
felt that physicians and hospitals were "doing enough"
to maintain the confidentiality of personal information.

On the other hand, other results of this same study
show public disapproval of common uses of personal
data. Some 62 percent of the respondents from the gen-
eral public, for example, disapproved of employers' in-
quiries into job applicants' record of arrests where there

have been no convictions. Yet such inquiries are by no
means rare. About half the sample held it improper to
ask job applicants to take psychological tests. Some 24
percent reported that they had been asked to provide
information which they considered improper when ap-
plying for consumer credit. About three-quarters of the
applicants held it improper for insurance companies to
inquire into the "lifestyle" or "moral character" of ap-
plicants for life or medical insurancethough such in-
quiries are routine among many, if not most, insurance
companies. Similarly, some 81 percent of these respon-
dents disapproved of police access to personal bank ac-
count information without a court order: yet many banks
provide such information to police, FBI and public pros-
ecutors virtually on demand.

Perhaps the most striking findings of the Sentry-Har-
ris-Westin study relate to public attitudes about privacy
in general, more than about specific practices. Certainly
the results betray serious, though diffuse, distrust and
discontent with the overall state of privacy in America.
More than 80 percent of the general public sampled, for
example, agreed with the statement, "Some people are
prevented from getting fair treatment because of past
mistakes kept too long on their record." Some 63 per-
cent agreed with the item, "If privacy is to be preserved,
the use of computers must be sharply restricted in the
future." And only 27 percent agreed that, "In general,
the privacy of personal information in computers is ad-.
equately safeguarded."

Perhaps most remarkable of all in these respects is the
comparison of some of these responses with those in
earlier polls. The Sentry study included one item which
the Harris organization had used several times before in
similar national samplings. The shift in opinion over
time is marked, as the following table shows:

1974 1976 1977 1978
Item % % % Si

Americans begin
surrendering their
personal privacy the
day they open their
first charge account,
take out a loan, buy
something on the
installment plan, or
apply for a credit card.

Agree 48 47 67 76
Disagree 43 47 24 21

Not sure 9 6 9 3

Clearly, Americans believe that privacy is on the wane
in their country, diverse as their ideas may be on what
to do about it.

In the final analysis, it would be unreasonable to look
to public opinion for a formula for resolving the dilem-
mas of privacy policy. The fact is that Americans es-
pouse conflicting and even contradictory views on these
mattersas of course they do on many matters. People
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deplore the loss of privacy, but they want all the facts
in their favor marshalled to support their credit appli-
cations. They feel that computing should be restricted
in the interests of privacy, but they expect quick pro-
cessing of their income tax refunds and tough govern-
ment action against welfare cheaters. Or, as the results
of my own study of Long Island residents show, people
readily cite common items of personal data which they
feel they ought not to be required to provide to organi-
zations; but they rarely refuse to provide such data when
actually seeking services from such organizations.

The one point on which my own analysis of these
issues is unambiguous is the following: Continued or-
ganizational and technological "progress" along present
lines can only increase the pressures against personal
privacy which have fueled the controversy thus far. Thus
what I have termed the procedural approach to privacy
protection can hardly provide a comprehensive solution.
For that approach seeks to protect privacy by limiting
collection and use of personal data to that which is
"necessary" for organizational purposes. And modern
organizations, both public and private, promise to dis-
cover more and more efficient and hence "necessary"
uses for personal information. The only hope of avoiding

Iendless growth in pressure against personal privacy lies
in the active pursuit of less information-intensive alter-
natives to present bureaucratic practices.

One sometimes hears that reducing the personal in-
formation available to organizations would cripple their
operations. But this generalization is so sweeping as to
be prima facie unconvincing. Doing without personal
information would impose costs, to be sure, both on the
organizations involved and on the public itself. The na-
ture and extent of these costs, as well as their accepta-
bility, would vary with the setting.

In selling auto insurance, for example, firms have tra-
ditionally investigated the moral repute of insurance ap-
plicants. The reason is that drivers considered disreput-
able by their peers are believed to fare poorly if involved
in litigation over claims, regardless of the merits of their
case. Thus insurance companies have sought either to
avoid insuring such persons, or to impose higher rates
in these cases. But these distasteful and privacy-invading
investigations could be avoided if consideration of these
"reputational risks" were simply proscribed in writing
insurance. The effect would be to transfer the costs of
community prejudice from the victims of such prejudice
to the community of policyholders as a whole. It is en-
couraging to note that some insurance companies are
indeed de-emphasizing use of these forms of personal
data.

Elsewhere the costs of reducing the amount of per-
sonal data used by organizations would take different
forms. In consumer credit, meaningful reductions in the
amount and kinds of personal data allowed to bear on
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credit decisions would clearly reduce the efficiency of
credit operations, and raise the costs. Inevitably, such
reductions would mean that some persons who, right-
fully or wrongly, would otherwise be denied credit
would receive it. The costs of raising the numbers of
"bad credit risks" accorded credit would presumably
have to be borne both by credit grantors, in the form of
higher operating costs, and by other credit users, in the
form of more expensive and less convenient credit.

Another setting in which requirements for personal
information are now particularly heavy is income taxa-
tion. Here the less information-intensive alternative
would be to simplify tax regulations, so that fewer de- .
tailed personal data would need to be taken into account
to determine liability. The costs in this case would not
necessarily be felt in higher operating expenditures; in-
deed, these might be reduced by such simplifications.
Rather, the costsif they are to be reckoned as such
would be in the form of reduced ability of the taxation
system to render precise justice to taxpayers b.., taking
fine variations in circumstances into account.

People will obviously differ in their views of the ac-
ceptability of such alternatives. Some, for example,
might accept restriction of the kinds of data bearing on
credit or insurance applications, while opposing any re-
striction on the personal data available to criminal rec-
ordkeeping agencies. Or, others might be willing to con-
sider a "baseline" of entitlement to public support for
low-income people as a less information-intensive alter-
native to welfare investigations, yet be unwilling to con-
sider simplifying income tax laws to reduce the require-
ment for personal data there. These contending values
can only be weighed in the thinking of informed, re-
flective citizens.

Nor, in any of these settings, ao we face a stark either-
or choice between use of personal data and total re-
nunciation. What we face, rather, is a dialectical tension
between demanding more information in the interests of
organizational efficiency and reducing such demands to
reduce risks to privacy and individual autonomy." The
more relevant information credit-granting organizations
can develop on individuals, the more profitable will be
their efforts to discriminate among credit applicants.
Reducing information available for such discrimination
will make credit processes more "forgiving" to those
who, for good reasons or bad, have failed to meet those
obligations in the past. It will also reduce the coliection
of personal information in ways which could, under cer-
tain social conditions, make such data usable for repres-
sive purposes. The worth of such advantages must be
considered, in each case, against the resulting costs.

CONCLUSION

In confronting these choices, and indeed all the
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choices posed by privacy protection policy, good re-
search can play a significant role. Regarding procedural
reforms of personal data systems, we need studies to
show how readily people can become informed of the
"assertible interests" which legislation and policy may
afford them. Further studies are needed to help us un-
derstand who actually tries to take advantage of such
possibilities, who fails to do so, and how the attempts
turn out.

Concerning less information-intensive alternatives to
privacy-invading practices, the need for research is even
more urgent. We need detailed studies of the costs and
benefits of reducing the collection, storage and use of
personal data by large bureaucracies. This means both
the dollars-and-cents costs to data-keeping organiza-
tions, as in the losses that would result from relaxed
discrimination in credit. But it would also mean sym-
bolic costs, as in the public indignation which might
result if relaxed discrimination in welfare appeared to
increase "welfare chiseling." Along with such assess-
ments, we need shrewd, imaginative ideas for alternative
bureaucratic techniques to provide needed services with-
out such heavy reliance on personal data. Only when the
investments in exploring such alternatives begin to ap-
proximate the investments now being made in using
more personal data will we have an accurate grasp of
the possibilities for privacy protection.

But it would be wrong to think that research alone can
dictate "solutions" to any of these issues. Research can
help assess the gains and losses to various privacy in-
terests through application of different policies. It can
help us understand how effective procedural measures

really are in defending interests of fairness, or what the
costs of doing with less personal information might be
in a particular setting. But the insights of such studies
become meaningful only in terms of the values of re-
flective participants in public debate. How much impor-
tance do we really ascribe to various privacy interests?
What sacrifices are we prepared to make for such inter-
ests when they are opposed, let us say, to those of ef-
ficiency? Research can inform choice, but only informed
individuals can choose. And the only real certainty we
have in making these choices is that the values of effi-
ciency and technological progress will sometimes run
counter to those of privacy.
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< Information Privacy: A Legal and Policy
-> Analysis

by Robert R. Be lair*

SUMMARY

The paper presents a legal and policy analysis of infor-
mation privacy. Information privacy is defined as those
standards that give the data subject control over his per-
sonal information so that such data are collected, main-
tained, used and disseminated in a fair mannbr.

The paper assumes that information privacy contrib-
utes to the democratic functioning of a society and pro-
motes personal freedom. The paper suggests that at least
five major developments affect the preservation and de-
velopment of information privacy rights: (1) increased
societal complexity and attendant increases in the col-
lection, maintenance and use of personal information;
(2) growth of government; (3) increased importance of
personal credentials; (4) increased need for careful rec-
ordkeeping processe's in a society where institutional au-
thority is suspect; and (5) revolutionary advances in sur-
veillance and computer and telecommunications
technology.

The paper describes historical as well as recent efforts
by the courts, the Congress and the executive branch to
fashion law and policy for information privacy. The pa-
per concludes that constitutional protections for infor-
mation privacy are vague and that common law protec-
tions also have inadequacies. The paper examines in
detail the content and implementation of recent statutory

* Attorney at Law, Hill, Christopher, and Phillips, P. C., Washington,
D.C.

protections such as those found in the Federal Privacy
Act of 1974.

The last section of the paper examines the adequacy
of existing information privacy concepts in light of so-
cietal, and technological changes. This section also ana-
lyzes alternate privacy protection models. The paper em-
phasizes that the nation has not yet and may never
develop a consensus as to the optimum level of infor-
mation privacy. The paper concludes that policymakers
in the 1980s will have to look closely at several infor-
mation privacy protection conytpts including: the role
of the data subject; confidentiality i.-,:ntections; restric-
tions on the use of data; standards for record system
management; strategies for monitoring future advances
in surveillance and computer information technologies;
and strategies for implementing and enforcing informa-
tion privacy standards.

INTRODUCTION

This paper presents a legal and policy analysis of in-
formation privacy by identifying the personal and socie-
tal interests served by the information privacy doctrine;
summarizing the effect of recent cultural, economic,
technological and legal developments upon information
privacy; and identifying information privacy mecha-
nisms and concepts that require further development or
refinement in the next few years.

The paper comprises four parts: an identification of
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the interests served by information privacy; a historical
discussion of the emergence of information privacy as
an issue of public importance with particular emphasis
on technological developments; an analysis of informa-
tion privacy law; and a critique of policy mechanisms
or strategies that can be used to safeguard information
privacy.

The term "information privacy" does not have a uni-
versally accepted, exact definition. However, the term
is used in this paper (and is most commonly used) to
refer to the standards for the collection, maintenance,
use and disclosure of information about individuals. In
a normative sense information privacy means the use of
personal information in a manner that gives the individ-
ual maximum control over his information so that it is
used in a manner that promotes fairness.

The framework for a comprehensive information pri-
vacy code was first expressed in a 1973 study conducted
by the Department of Health, Education, and Welfare's
Advisory Committee on Automated Personal Data Sys-
tems. Its report identified five information principles
(dubbed "fair information practice principles") intended
to insure that information about individuals is used fairly
and in a way that protects confidentiality:

There must be no personal data recordkeeping
systems whose very existence is secret.

There must be a way for an individual to find
out what information about him is in a record
and how it is used.

There must be a way- for an individual to prevent
information about him that was obtained for one
purpose from being used or made available for
other purposes without his consent (confidential-
ity).

There must be a way for an individual to correct
or amend a record of identifiable information
about him.

Any organization creating, maintaining, using,
or disseminating records of identifiable personal
data must assure the reliability of the data for
their intended use and must take precautions to
prevent misuse of the data.'

Information privacy should be distinguished from that
type of privacy that refers to the individual's right to
engage in certain types of privacy behavior free from
surveillance, intrusion, or regulation by third parties
(usually the government). This type of privacy interest
is sometimes labeled "behavioral" or "volitional" pri-
vacy.2

Privacy law is relatively insensitive to the truth or
falsehood of the sufject information. This paper does
not develop concepts of the use of false information,
often covered by the term "defamation." Nor does the
paper concern itself with the many kinds of information
disclosure,that are considered highly beneficial to soci-
ety, Information about individuals may lead to voting
redistribution, design of more equitable public service
delivery, affirmative action to compensate for historical
inequities, better health care treatment, expanded fi-
nance and credit opportunities for reliable lower-income
persons, the grounding of airplane pilots who have poor
responses or performance, and a host of other benefits.

The 'analysis in this paper begins with a basic as-
sumption that information privacy is essential to a so-
ciety's ability to function in a democratic and fair man-
ner and, in addition, contributes to the attainment of
personal freedom and autonomy.

According to many observers the recent rapid growth
in our society's size and complexity, coupled with rev-
olutionary advances in information and communication
technology as well as surveillance technology, has
eroded information privacy and created a need for new
safeguards on the collection, management, use and dis-
closure of personal information.

By the mid-1970s, a new set of safeguards modeled
after the Health, Education, and Welfare Code of fair
information practice had been developed and partially
implemented. The paper examines the effectiveness and
implications of these safeguards. It suggests that a con-
sensus has yet to emerge regarding the optimum level
of information privacy. Furthermore, the paper suggests
that existing mechanisms to safeguard information pri-
vacy may not prove adequate or may have undesirable
costs. It examines other potential mechanisms or policies
that could be used to safeguard information privacy.

INTERESTS SERVED BY THE INFORMATION
PRIVACY DOCTRINE

It is possible to conceptualize and categorize the in-
terests served by the information privacy doctrine in
many different ways. However, for the sake of concep-
tual clarity this paper posits that the information privacy
doctrine protects and serves two fundamental political
interests: (1) an interest in insuring that our society func-
tions in a democratic manner; and (2) an interest in in-
suring that personal freedom is maximized.

The way in which personal information is used often
has a critical impact upon an individual's ability to ob-
tain employment, credit, insurance, licenses and other
valucu benefits. In other words, decisionmakers, both
public and private, use personal information to make
decisions about entitlement to benefits and other valued
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resources. If a decisionmaker has obtained inaccurate or
inappropriate information; or if sensitive, stigmatizing
information is improperly or indiscriminately disclosed;
or if a subject is not aware of the existence of a record
about himself or cannot obtain the record to challenge
its accuracy, timeliness or completeness, then the subject
individual may be harmed significantly.

Thus, in a very real sense the interest protected by the
information privacy concept is the interest in insuring
that society uses a fair decisionmaking process. It is an
interest in due process and equitable procedures, and as
such is closely related to the democratic ideal of a fair
and open society.'

Second, regardless of the substantive harm that can
be done to an individual who is the victim of unfair or
improper information practices, it is also posited that the
information privacy doctrine safeguards the individual's
interest in personal freedom.' It has been argued that the
act of collecting, retaining and disclosing personal data
by institutional recordkeepers has a "chilling" or com-
promising effect on the individual subject's sense of
freedom and liberty. Some writers assert that when an
individual knows that information about him has been
collected or used he may feel that he has lost a degree
of control or discretion about his life and a concomitant
degree of freedom.' As one writer has put it, information
about oneself is an extension of the self. Thus, to lose
control of that information is to lose control of the self
to lose freedom and dignity.'

Furthermore, the method of collecting personal infor-
mation, even when it does not result in tangible harm to
the subject, may be seen by the subject as having an
intrusive or in terrorem effect. Use of the polygraph,
wiretapping and eavesdropping devices or hidden cam-
eras to oYAin personal information falls into this cate-
gory. At the other end of the information handling pro-
cess, the use of personal information by third parties to
make personal contact with the subject, even though no
tangible harm is done, can also have an intrusive, chill-
ing effect. The individual who is contacted by an un-
known researcher for follow-up information about the
individual's cancer operation is a victim of this kind of
information practice.

THE DEVELOPMENT OF INFORMATION
PRIVACY AS A POLITICAL ISSUE

The history of American jurisprudence and politics
indicates that our society has always had some concern
with protecting the use and disclosure of personal infor-
mation.' However, by the mid-1960s information pri-
vacy had become an issue of public importance and the
threat to information privacy a topic of popular and
scholarly attention.'
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The period since 1965 has been characterized by a
growing concern for the protection of information pri-
vacy. A comprehensive national opinion survey of atti-
tudes toward information privacy conducted for Sentry
Insurance Company by Louis Harris and Associates,
Inc., in 1978 concluded that "public concern about pri-
vacymore specifically, the potential abuse or misuse
of personal information by business and by govern-
menthas increased steadily throughout the
seventies. . . The survey indicates that three out of
four Americans now believe the "right to privacy"
should be akin to the inalienable right to life, liberty and
the pursuit of happiness. One out of every three Amer-
icans, according to the survey, believes that we are very
close to the society portrayed in George Orwell's /984
in which "virtpally all personal privacy had been lost
and the government knew almost everything that every-
one was doing."'"

The reasons for the increasing public concern about
information prIvacy are not hard to identify. The Harris
survey, for example, indicates that almost all Americans
believe that today greater amounts of personal infor-
mation and more detailed and sensitive personal infor-
mation are requested and obtained by institutional de-
cision-makers. Americans also believe that their ability
to monitor or control the use of their personal informa-
tion has correspondingly declined._

Although a definitive empirical study has never been
done to document this pervasive notion, several studies
contain statistics that corroborate this view." It is a log-
ical and deducible result of several recent societal de-
velopments. The exact nature and number of the devel-
opments or forces that are germane to the information
privacy problem is naturally subject to debate. However,
for purposes of analysis this paper defines and discusses
five such developments.

Growing Complexity of Society

Individuals' transactions with private sector decision-
makers, be they employers, credit grantors, banks, in-
surers, doctors or other institutional dispensers of sta-
tuses and benefits, have become considerably more
complex. In an earlier era, financial transactions, for
example, were more dependent on cash, were simpler,
and if they generated any records at all, those records
were likely to be maintained by the individual. Cash
purchases create few, if any, records. Similarly, savings
held under the pillow leave no auditable information
trail. By contrast, financial records in today's environ-
ment are inevitably held by second parties: banking and
other financial institutions. As a consequence, the
friendly neighborhood banker knows an enormous amount
about his customers' lifestyle, spending habits, and fi-
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nancial history, and has in hand a considerable amount
of biographic history.

The development of consumer credit transactions is
but one example of an aspect of modern living that works
to create recorded personal information and to separate
individuals from ownership of their personal informa-
tion. Each time an individual uses a credit source the
creditor collects and maintains (and often disseminates)
personal information. In the period ince _World War II
the amount of consumer credit increased tetifold and by
1977 amounted to over 182 billion dollars. It is estimated
that half of the adults in the nation now have at least one
credit card."

The increase in the amount of recorded information
is not only a response to the sheer growth and complexity
of society but, as well, seems to reflect what one writer
has called the desire for an "information cushion.'
Today, individuals and institutions expect that events
that have a significant effect on individuals will be care-
fully recorded for the protection of the individual.

In the simpler days, a fall from a horse might result
in a visit by the town doctor, or it might not. Today
a car accident triggers a police report, an insurance
report, an investigation of the claim, ambulance and
hospital services, diagnostic tests, medical insur-
ance claims, and so on ad museum."

In short, the whole pattern of our economic and social
life has changed; banking and credit are but two prom-
inent and obvious examples. This change appears to
have contributed to an equally basic change in the type
and amount of information that is collected and traded
and in the ownership and control of that information.

Growth of Government Activity

A second development that appears to have fueled the
information privacy issue is the growth in the extent and
character of government activity. In the period conve-
niently marked by the New Deal, the government, par-
ticularly the Federal Government, has assumed an in-
creasingly important role in the lives of its citizens.
Local, state and Federal agencies perform all of the clas-
sic governmental functions (police, fire, public health,
national defense and tax collection), each of which re-
quires government agencies to collect extensive amounts
of personal information. What's different is that govern-
ment now does so much more. For example, it makes
loans, it provides a baffling array of public assistance,
and it makes decisions about licenses and permits. Each
social service program, whatever its substantive merits,
requires the dispensing agency to collect, maintain, up-
date and usually disseminate detailed and intimate per-
sonal data about the benefit recipients."

Development of the "Meritocracy"

A third phenomenon that seems to have altered infor-
mation practice is the gradual development of a whole
group of social mores that for shorthand might best be
labeled as the "meritocracy."

Americans largely accept the notion that an individ-
ual's intelligence, personality, emotional stamina and
character can be characterized, quantified and ultimately
captured in record form. We believe that this type of
record evaluation is relevant to almost all decisions that
need to be made about an individual. Therefore, indi-
vidual credentials are compiled, memorialized and dis-
seminated on a scale that 19th century Americans could
simply not have imagined.

It may be that much of the force that propels the drive
to collect, maintain and disseminate personal informa-
tion ultimately derives from this set of beliefs. By the
time most of us are ready to enter the work force, we
have been tested, measured and analyzed, and all of this
information has been carefully (or, worse yet, not so
carefully) memorialized in records that will trail us
throughout life and, in fact, outlive most of us by a good
many years .'6

Diversity and Confrontation

A fourth development that appears to have contributed
to the emergence of information privacy as a public issue
has been the erosion in the last fifteen years of some of
the American political consensus and its replacement by
an era of confrontation politics and distrust of authority.
The Watergate scandal and the Vietnam War are the
most dramatic examples of events that heightened public
distrust of govemment and institutional authority.

In this sort of climate it is natural that citizens insist
that institutions be subject to detailed and presumably
rational rules for the distribution of resources, benefits
and penalties. It follows that in order to achieve precise,
accountable decisionmaking, detailed records and care-
ful recordkeeping covering an individual's background,
performance and status are required. 17

Surveillance and Information Technologies

A fifth development of critical importance is the rev-
olution in surveillance and information and communi-
cations technologies. In the last fifteen years four sur-
veillance and information technologies have matured.

ELECTRONIC LISTENING AND WATCHING DEVICES

First, advanced electronic listening and watching de-
vices hav° been developed. The listening devices make
it possible to record telephone conversations and in per-
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son conversations without the need to physically place
a microphone or other device on the wire or in the room
under surveillance.'8 Indeed, according to popular press
reports, it is now technologically feasible to monitor vir-
tually all overseas and domestic calls made over tele-
phone circuits, cable lines or microwave transmissions.
Microwave transmissionshigh frequency radio signals
bounced between towers spaced 50 or so miles apart
are especially easy to intercept.'

A recent development that promises to vastly increase
the feasibility of wide-scale wiretapping and eavesdrop-
ping is the use of computers to scan intercepted conver-
sations. When the computer "hears" a trigger word the
conversation is taped or identified. This capability makes
it feasible to monitor thousands of conversations.

It may even be technologically possible in the near
future to use wiretapping technology to detect the feeble
electronic emissions from remote electric typewriters
and translate these emissions so as to "intercept" the
typewritten information.

Senator Frank Church, chairmaw-of the Senate Intel-
ligence Committee, has publicly expressed what is prob-
ably a common sentiment about this kind of technolog-
ical surveillance capability. He has said that bugging
technology:

at any time could be turned around on the American
people, and no American would have any privacy
left, such is the capability to monitor everything
telephone conversations, telegrams, it doesn't.mat-
ter. . . . I know the capacity that is there to make
tyranny total in America."

At the same time, equally rapid advances have been
made in visual surveillance technology. That technology
now permits covert as well as overt observation of in-
dividuals, at night, or behind windows and somewhat
opaque surfaces; and it permits individuals to be mag-
nified and to be videotaped.' Police in many cities are
using permanently mounted cameras to conduct 24-hour
surveillance of downtown streets. Many of the systems
are equipped with telescopic night light and videotape
capabilities.22 High resolution cameras can now be made
in a small enough size to accommodate James Bond-
style covert use. One popular report indicated that cam-
eras had been concealed in a pocket cigarette lighter."
Infrared miniature cameras, though still too large to be
individually carried, are also available today. They per-
mit users to "see through" many types of surfaces.'

New, non-visual types of watching devices are also
available. For example, a Harvard professor recently
conducted an experiment using 16 volunteers who wore
tracking devices that identified their geographic position
as well as permitted the monitor and the subject to com-
municate via beeper signals. According to Professor
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Ralph Schwitzgebel, the pilot project clearly demon-
strated that "we have the technology tat monitor people
if we want to."" Apparently the National Aeronautics
and Space Administration has developed a personal
tracking and communications system that can be housed
in a wristwatch."

TRUTH DETECTION DEVICES

Significant technological advances have also been
made in recent years in "truth detection" devices. The
polygraph is easily the most common truth detection de-
vice. It is estimated, for example, that about 300,000
job-connected lie detector tests are given each year."
Standard polygraph machines attach a cuff or other de-
vice to the subject and attempt to measure physiological
changes in respiration, blood pressure and galvanic skin
response. The machine's performance is based on the
thesis that lying will produce fear and anxiety, which in
turn will produce measurable physiological changes."

In the seventies, truth detection technology has de-
veloped to include various mechanisms that purportedly
can be used to test veracity without the need to touch
the subject or inform him of the surveillance. The voice
stress analyzer picks up fluctuations or modulations
("microtremors") in the voice that vary according to the
degree of stress. A skilled examiner purportedly can in-
terpret the stress readings to determine whether the sub-
ject is lying. Recently, small versions of stress analyzers
have been developed that can be attached to a phone.
Blinking lights on the machine's console supposedly in-
dicate whether there is stress in the speaker's voice.
Manufacturers have also announced their intention to
market voice stress analyzers that are pocket sized. One
manufacturer even has a wristwatch model."

An even newer truth detection technology is called
"micromentaries." This 'technology involves the ex-
amination of videotapes of a subject's non-verbal be-
havior. The tape records split-second facial expressions,
such as eyes that are blinking faster than normal. These
facial clues purportedly enable a trained examiner to
evaluate the subject's veracity."

COMPUTER TECHNOLOGY

The third and most important technological develop-
ment of the sixties and seventies that has contributed to
the perceived information privacy problem is the dra-
matic advance in computer technology. The Sentry In-
surance report, in which the Harris survey was pre-
sented, identifies computerization as a principal cause
of the public's increased concern about privacy.

This trend [public concern about privacy] has
stemmed largely from the increasingly technologi-
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information privacy. Individual subjects arc also more
likely to be able to have access to their records.)

A fifth impact of PAtomation that has implications for
information policy is the ability of computers to link
recores. Modern systems do not need to have huge cen-
trali7 I data bases. Instead, it is relatively easy and in-
expe,.sive to link many different and physically dis-
persed record systems.- The net effect is to encourage
dossier building and record surveillance on a scale not
previously practicable.

TELECOMMUNICATIONS TECHNOLOGY

Advances in computer technology have almost been
matched by related advances in telecommunications
technology. Our ability to transmit information has in-
creased both quantitatively and qualitatively. The state
of a society's technological capability to transmit infor-
mation has an inevitable effect on information privacy
by virtue of the fact that the principal (although by no
means the only) information privacy issue is "who gets
to see what personal data under what circumstances."

The sheer power of our telecommunications technol-
ogy means that more information can be exchanged more
quickly and at less cost. The Privacy Commission report
concludes that in the last 50 years data transmission ca-
pacity has increased three orders of magnitude from
3,000 characters per second over 12 voice channels in
1920 to eight million characters per second over 32 voice
channels via coaxial cable in the 1960s to many hundreds
of millions of characters per second over 100,000 voice
channels via helical wavegvi-'^ and optical fiber systems
in the late 1970s and 1980s.40

In addition, the nature and quality of transmission ca-
pabilities are changing. Today, digital communications
make computer-to-computer transmissions common-
place. ltu., ed, it has created what is in effect a merger
of data communications and data processing. At the
same time, data transmission satellites and even newer
forms of telecommunications technology, such as neu-
trino beams (elementary particles that have little inter-
action with matter and thus can actually travel through
the earth to transmit data from one part of the world to
another), are making long distance, instant transmission
of data practicable and inexpensive."

In short, advances in telecommunications, like ad-
vances in computers, are making it easier to say yes
to exchange dataand harder to say no.

LEGAL STANDARDS AFFECTING INFORMATION
PRIVACY

As noted briefly in the introduction, the term privacy
is used by the courts to refer to two relatively distinct
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legal doctrines: (1) the doctrine that pertains to the in-
dividual's freedom to engage in personal activities with-
out intrusion or, regulation; and (2) the doctrine labeled
here as informationiiliacy that pertains to the control
over and use of persciital information. This latter infor-
mation privacy intet has received relatively little con-
stitutional recognition but considerable statutory recog-
nition. This section of the paper summarizes the
constitutional, common law and statutory standards for
information privacy.

Constitutional Standards

To date, the Supreme Court has handed down three
opinions that deal squarely with the constitutional issues
raised by informktion privacy claims. In all three deci-
sions the Court has rejected the claims of the privacy
proponents.

In Paul v. Davis,42 a Louisville, Kentucky; resident
sued two local police chiefs because they circulated a
flyer entitled "Active Shoplifters" to merchants in the
area. The flyer contained the resident's name and pho-
tograph, even though he had been arrested (but never
convicted) of shoplifting. In his complaint, the resident
alleged that the police chiefs had violated his constitu-
tional right to privacy. The Supreme Court rejected that
claim and said that the right of privacy has been applied
only to government intrusions into traditional marital
activities. The opinion concluded:

, .

[The resident's] claim is far afield from this line of
decisions. He claims constitutional protection against
the disclosure of the fact of his arrest on a shoplift-
ing charge. His claim is based, not upon any chal-
lenge to the State's ability to restrict his freedom
of action in a sphere contended to be 'private,' but
instead on a claim that the State may not publicize
a record of an official act such as an arrest. None
of our substantive privacy decisions hold this or
anything like this, and we decline to enlarge them
in this manner.°

In United States v. Miller," the Supreme Court ruled
that the Fourth Amendment to the Constitution, which
protects individuals from unreasonable governrtnt
searches of their "persons, houses, papers and effects"
does not protect the confidentiality of personal infor-
mation held by institutional recordkeepers. In this case,
Miller was convicted cf possessinzt an unregistered still
and carrying on the business of distilling whiskey with-
out paying taxes. Prior to the trial, Miller attempted to
use his Fourth"Arnendment rights to prevent his bank
records from being introduced at the trial. In finding that
the Fourth Amendment had not been violated, the Su-
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preme Court stated that the government had not intruded
into Mr Miller's "zone of privacy," i.e., "the security
a man reliesupon when he places himself or his property
within a Constitutionally protected area." The Court
went on to find that the bank records were not equivalent
to a person's private papers and that, therefore, individ-
uals have no legitimate expectation of privacy in their
contents.

. . . we perceive no legitimate 'expectation of pri-
vacy' in their contents. The checks are not confi-
dential communications but negotiable instruments
to be used in commercial transactions. All of the
documents obtained, including financial statements
and deposit slips, contain only information volun-
tarily conveyed to the banks and exposed to their
employees in the ordinary course of business.'

In Whalen v. Roe," physicians and patients brought
suit against New York State challenging the constitu-
tionality of a New York statute which required that phy-
sicians send to Albany a copy of every prescription that
they write for certain types of narcotic drugs. The State
placed its coil in a centralized computer bank. The stat-
ute also included security measures designed to protect
the information once it came into the State's possession.
In holding that the statute did not violate patients' or
physicians' constitutionally protected right of privacy,
the Supreme Court found that the enactment of the stat-
ute was a reasonable exercise of New York's broad po-
lice powers. The Court said that the State's interest in
controlling the dissemination of narcotic drugs out
weighed the privacy interest of the patients involved.

The Whalen opinion is at least somewhat encouraging
for privacy advocates because the Court did recognize
that the "accumulation of vast amounts of personal in-
formation in computerized data banks or other massive
government files' 947 could constitute an unacceptable in-
vasion of constitutional privacy rights, depending upon
the government's purpose and its controls on redisclo-
sure of the data.

In the period since these three Supreme Court deci-
sions several Federal district and appeals courts have
wrestled with the constitutional questions raised by the
government's collection and use of personal informa-
tion. The decisions recognize a limited constitutional
right of information but in most instances rule against
the privacy claimants. Thus the courts have upheld the
government's collection of employee health data for re-
search purposes;" the obtaining of "mail cover" infor-
mation for law enforcement purposes;" the collection of
psychological information for government employment
purposes;5° and the collection of personal financial in-

formation regarding public officials for regulatory pur-
poses.'

It appears then that the courts recognize a vague con-
stitutionally based right of information privacy that may
put as yet undetermined restraints upon the government's
handling of personal data.52

Common Law Standards

In the United States law comprises not only codified
standards such as those found in the Constitution and in
statutes and regulations but also a body of judicially
based law inherited from the British that is called the
"common law." The courts have used two common law
doctrines to place protections upon the use of personal
information. The principal focus of these common law
doctrines is upon the information practices of private
parties. By contrast, constitutional safeguardssuch as
they areapply only to governmental behavior.

The first of the common law's information protection
doctrines holds that some relationships, by the very na-
ture of their purpose and participants, involve an implicit
promise by the recordkeeper that the record subject's
information will be kept confidential. Violations of this
promise of confidentiality are viewed by the courts as
a breach of the recordkeeper's contract. For example,
both physicans and bankers have been held liable for
unauthorized disclosures of personal information about
their patients and ct ,tomers.'3 Of course, this contract
theory only provides protection for information main-
tained by recordkeepers that has a direct relationship
with the record subject. When the information is main-

, tained by third parties who have no direct contact with
the subject, the contract theory does not apply.

The second common law theory used by the courts to
set information privacy standards is tort law. A tort is
a violation by one party of a duty owed to another party
that can be remedied by the courts (usually in the form
of injunctive rel!cf and money damages). In common
law several tort theories are available to penalize rec-
ordkeepers who improperly collect, maintain, use or
disclose personal information. For example, a record-
keeper may be liable for defamation if the information
disclosed is inaccurate and derogatory. Or a recordkeep-
er may be liable for intrusion or misrepresentation if
the method of collection of the data is offensive, over-
bearing or deceptive.

In addition, in about three-quarters of the states, in-
dividuals can rely upon a common law right of privacy
to seek damages (and injunctive relief) from parties who:
( I ) intrude upon an individual's freedom; (2) appropriate
the individual's name or likeness; (3) publish personal
information that places the individual in a false light; or
(4) publish private facts about the individual.54



Statutory Standards

INITIAL LEGISLATION

The amorphous nature of the information privacy pro-
tections found in the Constitution and the fact that rem-
edies found in the common law vary from state to state
and are judicially dependent have helped to make the
Congress and the state legislatures receptive to the en-
actment of statutory information privacy protections.

In the late sixties, the Congress enacted the first of
several pieces of information privacy protection legis-
lation. The Omnibus Crime Control and Safe Streets Act
of 196855 prohibits individuals from using devices that
are "primarily useful" to surreptitiously intercept con-
versations. The act was intended to effectively ban the
use of wiretapping and eavesdropping devices in the pri-
vate sector unless one of the parties to the conversation
consented to the intercept. The development of elec-
tronic technology to intercept telephone conversations
transmitted over microwave carrier channels may have
outflanked the law. It is not clear whether this intercept
technology comes within the act's "primarily useful"
standard.

In 1970, the Congress passed the first of what might
be called fair information practices legislation. The Fair
Credit Reporting Act (FCRA)" sets standards for the
collection, maintenance, use and disclosure of consumer
credit and other financial and personal information by
consumer reporting agencies (firms that perform per-
sonal investigations to provide background information
about individuals relevant to consumer transactions).
The FCRA requires consumer reporting agencies to ap-
prise subjects of the information in their files and permits
subjects to correct or rebut information with which they
disagree. It also limits the use of certain obsolete and
derogatory public record information, and it prohibits
the disclosure of information in consumer reports except
to customers who will use the 6"ta for purposes author-
ized in the act.

STUDIES IN THE EARLY 1970s

In the early seventies, two landmark studies laid the
basis for the next stage in the enactment of information
privacy legislation. In 1972, the National Academy of
Sciences completed its study of the social and political
effects of the computerization of personal inform':' on.57
This empirically based study found that autoton"..on of
personal data had not, despite popular fears to the con-
trary, had a negative effect on the development of pri-
vacy protection practices and policies. On the other
hand, the study indicated that the computer's ability to
store, collate and retrieve huge assemblages of personal
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data created new and greater threats to the preservation
of personal privacy.

In 1973, the Department of Health, Education, and
Welfare published its report articulating the five fair in-
formation practice principles quoted in the introduction
to this paper." Those five principles, as they applied to
federally held personal information, were made law by
the Privacy Act of 1974.59

PRIVACY ACT OF 1974

The Privacy Act is landmark legislation. Its provisions
require Federal agencies to: ( i) explain their record-
keeping practices to record subjects and publish descrip-
tions of the contents of and rules for their record systems;
(2) provide record subjects with rights of access, cor-
rection and rebuttal; (3) comply with certain restrictions
on collection of personal information; (4) meet certain
data quality and record management standards in the
maintenance of personal data; and (5) refrain from dis-
closing personal information without subject consent un-
less the disclosure comes within the exceptions for non-
consensual disclosure."

To date twelve states hav enacted statutes similar to
the Privacy Act, governing the handling of personal data
in state and local file systems containing personal infor-
mation.

Upon enactment of the Privacy Act, there was con
siderable fear that the statute would conflict with the
Federal Freedom of Information Act (FOIA).5' As a
technical legal matter, the two statutes are not in con-
flict. The FOIA makes all publicly held written infor-
mation available upon request unless the data qualify for
withholding under one of the FOIA's nine disclosure
exemptions. The Privacy Act prohibits agencies from
disclosing personal data without subject consent unless
the disclosure comes within one of the Privacy Act's
eleven exemptions. One Privacy Act exemption permits
agencies to disclocr asonal data without subject con-
sent if the data must be disclosed under the FOIA.

Thus, the FO, A is the controlling statute in the Federal
disclosure scheme. If the personal information does not
qualify for withholding under an FOIA exemption, the
data must be released, not withstanding the Privacy Act.
W the other hand, if the personal information qualifies
for withholding under the FOIA (and one FOIA exemp-
tion covers information "the disclosure of which would
constitute a clearly unwarranted invasion of privacy"),
the Privacy Act makes the data confidential and the
agency must withhold them (even though the FOIA
urges agencies to use their discretion in releasing data
that qualify for withholding).

This relationship, though technically functional, has
two problems. First, the Privacy Act extinguishes dis-
cretionary disclosures of personal data. The FOIA favors

523



542 SCIENCE, TECHNOLOGY AND THE USES OF INFORMATION

such disclosures, and thus something of an anomaly is
created. A s^cond, and more important, problem lies in
the fact that it is the FOIA and not the Privacy Act which
has the principal effect upon Federal disclosure policy
for personal information. With a few exceptions, the
FOIA requires agencies to release personal data unless
the FOIA's vague and biased "clearly unwarranted in-
vasion of privacy" standard is met.

The courts have said that the "cleat, unwarranted"
standard means that agencies and the courts should be
biased in favor of disclosure and should weigh the pub-
lic's interest in access against the subject's interest in
privacy.62 The effect appears to be to permit Federal
agencies to disclose a substantial amount of personal
dataparticularly biographic data.

As for the Privacy Act, it has been criticized for fail-
ing to substantially reform Federal agency personal in-
formation practices. The Privacy Protection Study Com-
mission's report calls for substantial Privacy Act
amendments. In particular, the Commission recom-
mended that the act be revised to: (1) clarify ambiguous
language; (2) incorporate reasonableness tests to allow
flexibility in implemer.irtation; and (3) apply the act to all
personal records maintained by Federal agenciesas
opposed to the current approach, which only applies the
act to "systems of records" from which information can

by personal identifiers.'
Even wher.. personal data need not be released under

the FOIA, the Privacy Act has been criticized because
its non-consensual disclosure provisions permit agencies
to make numerous disclosures without obtaining subject
consent. For example, the Privacy Art permits the shar-
ing of personal information within Federal agencies on
a "need-to-know" basis. Federal experience in imple-
menting the Privacy Act and state experience with sim-
ilar legislation suggest that the need-to-know principle
does not create significant limitations. Most agencies
appear to have interpreted the need-to-know standard to
permit significant intra-agency exchange of sensitive
personal information that one might reasonably have ex-
pected would receive very limited exposure."

The problem is compounded in large, heterogeneous
agencies that conduct many different programs. Agen-
cies such as the Department of He1th, Education, and
Welfare (DHEW) are able to trade sensitive personal
information on a "need-to-know" basis among their
own units as diverse as the Social Security Administra-
tion, the Student Loan Office, the Indian Health Service,
the National Institute of Mental Health and the Parent
Locator Service. The Office of Management and Bud-
get, which has nominal oversight of Privacy Act com-
pliance, has urged HEW to avoid intra-agency transfer
among its sub-agencies unless the data will be used for
a purpose compatible with that for which they were col-
lected."

:

The Privacy Act disclosure provision that has received
perhaps the most criticism is its "routine use" standard.
This standard permits an agency to disclose personal data
without subject consent if the purpose of the disclosure
is "compatible" with the purpose for which the data
were first collected (and if certain procedural require-
ments are complied with). Some observers charge that
agencies have, on occasion, broadly interpreted the rou-
tine use provision to permit a wide variety of noncon-
sensual disclosures. For example, most agencies use the
routine use exception to permit the disclosure of personal
information that indicates possible law violations to the
Department of Justice, notwithstanding the fact that in
most instances the data were not collected for a law
enforcement purpose."

The Privacy Act has also received criticism on two
other counts. First, the Congress did not provide for the
effective oversight or regulation of agency compliance.
In consequence, agencies seem to demonstrate differing
degress of enthusiasm for the act and have at times
adopted apparently inconsistent and self-serving statu-
tory interpretations.

Finally, the Privacy Act's emphasis on subject aware-
ness and vigilance in policing agency recordkeeping
practices has been criticized. The effectiveness of the
Privacy Act largely depends on record subjects' under-
standing of their rights and agency recordkeeping prac-
tices; their vigorous exercise of their rights to see and
copy their records; and their willingness to administra-
tively or judiciously challenge agency information prac-
tices. In actual practice, after an initial flurry of interest
in records maintained by criminal justice, intelligence
and defense agencies, record subjectE now appear to be
disinterested.

in the period since passage of the Privacy Act, two
additional events have occurred that promise to have a
significant impact upon the continued formulation of in-
formation privacy law.

PRIVACY PROTECTION STUDY COMMISSION REPORT

The first event was the publication, in July of 1977,
of the Report of the Privacy Protection Study Commis-
sion. The Commission produced a 654-page report con-
taining over 150 legislation recommendations. In large
part the report focused on two areas of information pol-
icy left unaddressed by the Privacy Act. First, the Com-
mission dealt with the information privacy standards that
ought to apply to private sector handling of personal
records. Second, the Commission report focused on the
creation of privacy safeguards for government access to
sensitive personal information maintained by nongov-
enmental, institutional recordkeepers.

The Commission's recommendations for private sec-
tor recordkeepers, such as credit grantors, insurers and
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employers, are likely to shape the nation's approach to
the handling of personal information by those industries.
Indeed, the Commission's recommendations have been
studied by a Carter Administration task force and, with
relatively little change, incorporated into the Adminis-
tration's privacy program. Legislation to implement that
program is now being sent to the Congress.

The Commission's approach to the reform of private
sector personal recordkeeping is based upon five policy
decisions or strategies: (1) recordkeeping standards
should be industry specificnot omnibus; (2) the pro-
tection of information privacy must depend primarily
upon subject participation rights (such as the subject's
right to be given an explanation of recordkeeping prac-
tices, the subject's right of access and correction, the
subject's right to be able to consent specifically to col-
lection or disclosure of his personal data and the sub-
ject's right to bring a civil action for recordkeeping vi-
olations); (3) recordkeepers should retain wide discretion
to set standards for the type and amount of personal data
collected; (4) recordkeepers should retain wide discre-
tion to set standards for data quality and the management
and use of personal information within their organiza-
tion; and (5) record subjects should have an expectation
that their personal data will be kept confidentialhow-
ever, information privacy legislation should not include
detailed confidentiality standards that permit or prohibit
specific disclosures.

FINANCIAL PRIVACY ACT OF 1978

To date, one group of Privacy Commission recom-
mendations has become law. The Commission's rec-
ommendations for the imposition of controls on govern-
ment access to personal data served as a basis for passage
of the Right to Financial Privacy Act of 1978.' The
statute also reflects the Congress' displeasure with the
Supreme Court's holding in United States v. Miller, dis-
cussed earlier, which strips bank customers of privacy
rights in cases where the government seeks access to
customer bank records.

The Financial Privacy Act contains four key elements.
First, the act requires Federal Government agencies (but
not state and local agencies or the private sector) to make
all requests for customer bank records in writing. For
most agencies the written request must be in the form
of a subpoena. Thus the act puts an end to the days when
Federal agents could flash a badge and expect bank 'of-
ficers to open their records.

Second, with certain exceptions, Federal agencies
must send a copy of the subpoena or other written re-
quest to the customer at the same time the subpoena is
served upon the financial institution.

Third, the Financial Privacy Act gives the customer

Information Privacy: A Legal and Policy Analysis 543

an opportunity to contest the disclosure in court. Once
in court, the customer must be able to show that his
records are not "relevant to a legitimate law enforcement
inquiry."

Fourth, the act places limits upon interagency transfer
of financial records obtained pursuant to the act.

POLICY OBSERVATIONS

The Information Privacy Framework

At the close of the seventies, a framework for pro-
tecting information privacy has been fully articulated.
What's more, the framework has been largely imple-
mented (through the Privacy Act) at the Federal Gov-
ernment level and partially implemented (through par-
allel statutes in twelve states) at the state and local
government level. Implementation of information pri-
vacy safeguards for the private sector is just beginning.

The framework, as previously discussed, includes in
its most comprehensive form five types of provisions.
First, information privacy schemes include open record
provisions that require the recordkeeper to identify and
describe his record systems (to subjects and/or the pub-
lic) and to explain to record subjects his information
practices. This explanation usually includes an identifi-
cation of: the type of personal information to be col-
lected; its uses; anticipated third party disclosures; the
legal recordkeeping authority`; and a review of the sub-
ject's access, and other participation rights.

Second, the information privacy framework includes
subject participation rights. The record subject usually
has the right to see and copy his file, to challenge and
rebut its accuracy, to consent to or reject proposed col-
lection and (more often) disclosure practices, and to ad-
ministratively and/or judicially challenge recordkeeping
practices that the subject believes violate his information
privacy rights.

Third, information privacy schemes often include
modest restrictions on the recordkeeper's collection of
personal data. For example, with certain exceptions, the
Privacy Act prohibits agency collection of data about
individuals' exercise of their First Amendment rights.
Restraints on collection are perhaps the most effective
privacy protection mechanism because information that
is never obtained in the first place, quite obviously, car. -
not be used to harm the individual. On the other hand,
legislators have appeared to be wary of imposing sub-
stantive collection restrictions. This reluctance is prob-
ably attributable to the fact that regulation of the type of
information that a recordkeeper can obtain usually has
a significant effect upon the recordkeeper's ability to set
standards and criteria for operating his enterprise. In-
stead, access-type restrictions that affect the method of
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collection, such as those found in the Financial Privacy
Act, are far more common.68

Fourth, the information privacy framework sometimes
includes detailed data quality and record management
standards. The Privacy Act, for example, sets standards
for the accuracy, relevance, timeliness and completeness
of personal data maintained by Federal agencies as well
as requiring compliance with employee training, secu-
rity, audit and other types of record management stand-
ards. As another example, the Bank Secrecy Act im-
poses extensive data maintenance requirements on most
financial institutions. It mandates that those institutions
keep microfilm records of checks and keep records of
most international and large domestic transactions.69

The fifth type of provision ordinarily found in infor-
mation privacy frameworks is confidentiality standards.
Typically these standards prohibit disclosure of personal
data to third parties unless the subject consents to the
disclosure or unless the disclosure comes within an ex-
ception doctrine. To date the exception doctrines in most
privacy codes have been broadly framed. The generous
disclosure exceptions in the Privacy Act have already
been dischssed. The Privacy Commission's recommen-
dations for private sector information privacy include
three broad categories of disclosures that can be made
without obtaining subject consent: disclosures made to
service the recordkeeping relationship; disclosures made
to serve the interests of the record subject; and disclo-
sures made to serve the interests of the recordkeeper or
society.

INFORMATION PRIVACY CHALLENGE LIKELY TO GROW

In looking ahead to the 1980s, there is every reason
to believe that the challenge to information privacy will
continue to grow. Earlier in the paper, five factors were
cited as contributing to the emergence of information
privacy as an issue of public and political importance:
(1) complexity of society; (2) the growth of government;
(3) notions of the meritocracy, the "credential" society;
(4) diversity and diFtrust in society; and (5) ad-ances in
surveillance and information 'and telecommunications
technology. Not one of these phenomena is likely to
disappear and, indeed, some of these developments can
be expected to intensify.

For example, the Privacy Commission's :eport, de-
spite the acknowledged difficulties of technological fore-
casting, concludes that rapid progress in the develop-
ment and implementation of information technology can
be expected through the 1980s.79 Developments in tele-
communications technology are likely to keep pace. It
also seems reasonable to expect continued advances in
surveillance technology.

Indeed, experts predict that two areas of surveillance
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technology in particular are likely to see substantial tech-
nical improvements. First, personal surveillance devices
that track the whereabouts of the target, permit one- or
two-way communication and perhaps even monitor the
target's physical or emotional conaition are just at the
state of the art. The devices could be worn voluntarily
by those with a desire for such monitoring or, according
to some informal proposals, worn involuntarily by pro-
bationers and parolees, aliens or other people of law
enforcement or government interest.7'

Second, many experts believe that more effective de-
vices for measuring veracity, emotional and psycholog-
ical condition, and perhaps even thought patterns, are
likely to be developed in the near future.72

Interestingly, the Harris survey found that in just the
last year the extent of the public concern about privacy
had jumped substantially.

The American people are greatly concerned about
threats to their personal privacy. This concern is
pervasive throughout society. Public concern about
threats to personal privacy has jumped 17 percent-
age points in the past yearfrom 47% in January
of 1976 to 64% in December 1978."

The Privacy Commission's report also warns that in-
formation privacy problems are likely to intensify. In
particular, it concludes that if individuals are to enjoy
information privacy rights, policymakers in the 1980s
will have to focus upon four problems: greater amounts
of personal data and more detailed personal data con-
tinue to be collected and retained by organizational rec-
ordkeepers, especially in the credit and financial areas;
increasingly, recordkeepers maintain such data for pur-
poses unrelated to servicing their relationship, with the
data subject; increasing personal data are maintained by
organizations who in fact do not have a direct relation-
ship with the data subject and who have, therefore, ob-
tained the data from secondary parties; and finally, nei-
ther existing law nor technology give the data subject
the tools that he needs to protect his information pri-
vacy."

All of these developments presage a continued loss of
control or power by the record subject over the handling
of his personal information. The information privacy
framework represents an attempt to protect and restore
some of the record subject's power.

POLICY CONSIDERATIONS IN THE 1980s

In framing information privacy safeguards for the pri-
vate sector as well as refining safeguards that already
exist in the public sector, policymakers should take into
account a number of considerations.



First, it must be recognized that there is probably little
prospect that a consensus will soon emerge regarding the
degree to which information privacy rights should be
protected or extended. Instead, there are likely to con-
tinue to be sharp disagreements about where the balance
should be set between a subject's control of his personal
information and organizational discretion to collect, re-
tain, use and disclose personal information. Although
there are many ways to look at this conflict, ultimately
it is a matter of weighing values that invigorate the de-
mocracy and nourish personal freedom against values
that minimize societal risks, reduce costs and improve
organizational effectiveness and efficiency. It is proba-
bly unrealistic to imagine that our society will ever de-
cide this conflict in a way that is wholly satisfactory to
all groups or that is permanent. Perhaps the most that
can be said at this stage is that due to rapid changes in
society's need for and use of personal information and
changes in information technology, there is today a per-
ceived need to carefully analyze the effectiveness as well
as the effects of doctrines that safeguard information
privacy.

There is also some consc sus today, reflected in the
Privacy Commission's report and the President's privacy
legislation, that comprehensive information privacy
safeguards, somewhat modeled after the Federal Privacy
Act, should be extended to the private sector. Although
there is considerable empirical and policy support for
such a position, policymakers should also recognize that
private sector information regulation represents a major
step. Inevitably it raises questions about the imposition
of excessive government regulation and unnecessary
costs.

In regard to specific components of an information
privacy framework, practical as well as conceptual prob-
lems appear to plague at least a few of these components.
For example, logic and experience now suggest that pol-
icymakers may not be able to rely upon subject partici-
pation rights as a key mechanism for protecting infor-
mation privacy. Even armed with an arsenal of
participation rights such as entitlement to a record prac-
tices explanation, and access, challenge and consent
rights, many record subjects are not in a position nor,
apparently, do they have the inclination to challenge in-
stitutional recordkeeping practices.

Several factors appear to support this hypothesis. For
one, if it is true, as the Privacy Commission states, that
"more and more records about individuals are collected,
maintained and disclosed by organizations with which
the individual has no direct relationship," such individ-
uals are likely to be in a poor position to police the
recordkeeping activities of those organizations. Further-
more, if it is also true that organizations increasingly
pay more attention to what other organizations say about
the record subject rather than paying attention to what
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the record subject says, then that individual's chances
of participating effectively in the process may be further
reduced.

What's more, as society becomes more complex, the
nature of its information practices also becomes more
complex. This often makes institutional information
practices less amenable to personal monitoring and in-
tervention. Finally, many of an individual's most im-
portant recordkeeping relationships are with large or in-
timidating entities such as government agencies,
hospitals, employers and various financial organizations.
Typically, individuals have little leverage or bargaining
power in their dealings with such institutions and may
not, therefore, be able to aggressively guard their infor-
mation rights.

As noted earlier, experience to date with the Privacy
Act and similar state legislation mostly bears out these
arguments. For the most part, individuals have not used
their participation rights aggressively to monitor and po-
lice the handling of their personal data. Partly in rec-
ognition of this but primarily out of concern for cost,
the Congress just amended the recently enacted Financial
Privacy Act to delete a requirement that financial insti-
tutions distribute to all of their customers an explanation
of their notice and challenge rights."

This is not to say that subject participation rights
should be eliminated or even curtailed. Rather, the point
to be made here is that the emphasis on subject partici-
pation in current versions of the information privacy
framework, particularly as articulated by the Privacy
Commission, may be ill advised. If information privacy
is to be expanded and strengthened in the 1980s, it may
be that strategies other than subject participation will
have to be the cornerstone.

Another agenda item for information policymakers in
the 1980s is the need to consider third party disclosure
safeguards. To date, confidentiality provisions included
in most information priv; .cy schemes have been modest
and limited, serving mon. to endorse existing disclosure
practices than to safeguard privacy interests. Confiden-
tiality Nt.ndards such as those found in the Privacy Act
include general exceptions for many noncriminal disclo-
sures.

This hypothesis, if correct, is alarming in two re-
spects. First, information privacy protection schemes,
including those found in the Privacy Act, the Privacy
Commission proposals, and the Carter Administration's
proposed legislation, are usually touted as instruments
that accomplish or would cause a significant reform of
institutional disclosure Practices. Although the propo-
nents of these schemes are by no means attempting to
be deceptive, the net effect may be to give the public
the false security that information flows that are thought
to be unsatisfactory have been or will be significantly
reformed.
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The second problem caused by ineffectual confiden-
tiality standards is more substantive. Assuming that there
is a legitimate need in this society to create mechanisms
to safeguard information privacy, disclosure standards
are critical. This is especially so if, as suggested above,
subject participation rights may be somewhat ineffec-
tual.

Thus it may be that the effective protection of infor-
mation privacy will require the development and adop-
tion of rules that specifically and definitively prohibit
certain kinds of third party disclosures. The Family Ed-
ucational Rights and Privacy Act of 1974, popularly
known as the Buckley Amendment, essentially takes this
approach. It prohibits all non-consensual disclosures of
sensitive student information except for nine specifically
defined types of disclosures. The statute lacks the gen-
eral, open-ended exceptions for non-consensual disclo-
sures characteristic of many other schemes. After four
years, it does not appear that the Buckley Amendment's
approach is unduly costly or burdensome.'

Policymakers probably will also have to take a long
look at the wisdom of imposing restrictions on both the
method and the content of data-collection standards.*

Already many standards exist that police the method
of obtaining personal information. The Constitution, for
example, restricts searches and seizures, compelled self-
incrimination and certain kinds of interrogation prac-
tices. Federal and state statutes prohibit wiretapping and
eavesdropping, and statutes in over a dozen states limit
the use of the polygraph. Federal legislation has been
introduced that would effectively ban the private use of
the polygraph."

A review of information privacy law as well as related
proposals and studies suggests three guiding principles
for framing information collection standards. First, pol-
icymakers should consider the principle that individuals
should always know that information about themselves
and identified with them has been obtained. If the data
are obtained from another recordkeeper, the subject can
have such notice if he has the opportunity to consent to
the disclosure or if special notice and challenge rights
are given to the subjectas in the Financial Privacy Act
of 1978or if he has general knowledge that disclosures
of this kind can be made. If the data are obtained directly
from the individual, there is probably a consensus that
the subject should have specific knowledge. Pretext in-
terviews, wiretapping and covert truth detection devices
are offensive precisely because the data target does not

In one sense data collection is simply another way of looking at data
disclosure because disclosure practices of or. entity affect the col-
lection practices of other entities. However, it is useful to consider
collection issues separately insofar as they: (I) focus on the conduct
of the party obtaining data as opposed to transmitting data: and (2)
pertain to the obtaining of data directly from the data subject.

know about, or at least fully appreciate, the nature of
the information collection process.

Second, policymakers should consider the principle
that individuals should almost always have the right to
consent to the collection of data when they are the source
of the data. This principle shares the rationale underlying
the Fifth Amendment's protection against compelled
self-incrimination.

Third, policymakers should consider the need for a
' principle that states that individuals, even when they

consent, should not, when their interests are threatened,
be the target of devices that take information from them
in a manner that they cannot control. Truth detection
devices, brain-wave machines and devices that monitor
emotional status, even when the subject knows about
and consents to the test, all have the capability of taking
information from the subject with relatively little refer-
ence to the subject's volition or control. In this sense
these machines are innately intrusive and arguably in-
compatible with our society's view of the individual,
who finds himself in an adversarial position.

Another group of information privacy mechanisms
that deserves attention from policymakers in the 1980s
are various types of data management standards. For
example, policymakers should consider standards that
permit the disclosure and collection of personal data but
restrict its use. Examples of such standards are not un-
common. For example. the Civil Rights Act of 1964
does not prohibit the collection, retention or disclosure
of information about an individual's race, color, reli-
gion, sex or national origin. However, it does prohibit
the use of such personal information to make job-related
decisions."

Another example of a type of limitation imposed upon
the use of data is the broad distinction that is drawn
between research and statistical records and administra-
tive records. Research and statistical records are usually,
but not always, in a personally non-identifiable form
and, by definition, are compiled for a nonpersonal re-
search or statistical purpose. Administrative records are
recorded in a personally identifiable form and are used
to make direct decisions about the individual.

The Privacy Commission has recommended that re-
search and statistical records be kept functionally sepa-
rate from administrative records and that data from this
source never be permitted to be used to make decisions
directly affecting the subject.'" The Commission's rec-
ommendations have been generally reflected in legisla-
tion introduced in the 96th Congress by the Carter
Administration." Thus, congressional policymakers will
have an opportunity to consider the wisdom of imposing
this principle of personal information use and data man-
agement on the private sector.

Various other data management principles for pro-
tecting information privacy have also received some at-



tention. Policymakers may want to consider, for exam-
ple, standards that call for the organization of personal
record systems in s9ch a way that medical information,
disciplinary or law enforcement information, financial
information and other sorts of very sensitive personal
data are maintained alone and separately from other data
elements. The use of automated information technology
probably makes this type of strategy more feasible.

Various organizations and jurisdictions have also ex-
perimented with record management strategies that seg-
regate public and non-public information" or that ac-
tually prohibit the maintaining of certain types of
information in an automated form."

Considerable thought should also be given to whether
standards should be set to control the data elements that
can be used to retrieve personal information from record
systems. It can be argued that the use of non-identifiers
to obtain cumulative personal data from record sys-
temsa process that is eminently feasible in advanced
automated systems should be discouraged, at least in
some environments. Automated police blotters and
booking systems, as well as numerous public record sys-
tems, come to mind.

Another consideration for information policymaking
is the pressing need to monitor developments in infor-
mation technology. The Privacy Commission cites this
as one of the requirements that must be met in order to
construct an effective information privacy framework.

The Commission's report also stresses the difficulty
of such monitoring. It assumes that more or less constant
monitoring is not possible and thus recommends that
"trigger mechanisms" be identified that will focus pub-
lic attention upon particular technologies or processes
that have significant information handling implications.83

The need for monitoring also raises the question of
who would perform this activity. Many of the European
privacy schemes require the licensing of data banks on
the theory that the licensing requirement permits some
overview and control of developments in information
technology.

In this country the courts have often been left the task
of monitoring, evaluating and responding to advances in
information and surveillance technology. For example,
the courts spent nearly four decades considering ad-
vances in eavesdropping technology before abandoning
the legal requirement that there be a physical trespass or
intrusion before an eavesdrop is illegal."

Most observers believe that the adversarial process is
ill- suited to the process of technological assessment. The
eed of technological change," its complexity" and its
frequent partnership with government combine to frus-
trate effective courtroom evaluation.

The need to monitor developments in information
technology and the executive branch's role in the de-
velopment of technology may mean that increasingly the
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responsibility for framing information privacy strategies
and remedies may be left to the executive branch." This
development places a special responsibility on the leg-
islative branch to use its research and public hearing
capabilities to participate in the technology assessment
and policymaking process."

A final and related policy consideration is the need to
consider the development of a regulatory strategy for
implementation and enforcement of information privacy
standards. The Privacy Commission cites the anti-gov-
ernment, "deregulation" mood of the country as an ob-
stacle to the creation of an agency to enforce compliance
with privacy requirements. The recent Harris poll reaf-
firms that a majority of Americans do not favor the cre-
ation of a new governmental privacy regulatory agency.

The public policy debate should focus on the issue of
whether it is possible to effectively reform information
practices or protect information privacy without a reg-
ulatory presence or several regulatory presences. Be-
cause information privacy safeguards work to transfer
some degree of power from recordkeepers to record sub-
jects, it is probably not realistic to imagine the accom-
plishment of such shifts in power without regulatory im-
petus and oversight. The Privacy Act's implementation
experience largely supports this supposition.

Interestingly, Western European comprehensive in-
formation privacy statutes and proposed legislation in-
variably include the establishment of a government data
protection board or commission with regulatory and en-
forcement powers." It maywell be that in the 1980s the
American public will have to choose between its desire
to implement effective information privacy safeguards
and its desire to avoid the creation of new governmental
regulatory entities.

CONCLUSION

In the last 15 years major strides have been made in
recognizing and safeguarding information privacy. How-
ever, more work needs to be done in developing an on-
going information technology assessment capability, re-
fining the information privacy framework, developing
new and alternate approaches to privacy protection and
developing strategies for implementing information pri-
vacy safeguards in a comprehensive and effective man-
ner.
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its meaning .ntd determinants, and to act as a clearing-
house in the continuing aid wide-ranging task of im-
proving productivity.

INTRODUCTION

The importance of our subject, productivity, rests on
three facts. First, productivity growth is the primary
source of a higher standard of living for our people and
a vital element iXE maintaining the economic and political
position of the United Stater, among nations. Second, the
rate of productivity growth has, unfortunately, fallen
sharply' in recent years. Third, recent productivity
growth in the U.S. has been slow compared to corre-
sponding rates of other industrialized nations; thus there
may be implications for our future international eco-
nomic competitiveness in world markets. No one con-
cerned with the future well-being of our country, there-
fore, can afford to ignore the possibilities for improving
our productivity performance.

Productivity is also a complex subject. The process
by which productivity grows is intricate, and the obsta-
cles that stand in the way of faster productivity growth
are not always evident even to the trained eye. Further,
the information required to improve productivity suffers
from gaps and ambiguities. This is especially true in the
service sector, which according to available statistics,
has both a lower level and rate of growth than does the
non-service sector. These gaps and ambiguities may not
be ignored when deciding what needs to be done.

THE MEANING OF PRODUCTIVITY

One source of popular confusion concerns the mean-
ing of productivity, of which there are various defini-
tions.

Wirat is generally reported in the official productivity
statistics is the change in the ratio of the aggregatenum-
ber of units of physical output to the aggregate number
of worker-hours employed in producing the output. The
ratio, "output per worker-hour," is often referred to as
"labor productivity."

To measure what many economists prefer to regard
as productivity, account is taken not only of hours of
work, but a!so of the services of the capital--tangible
and intangibleused in production. Productivity is then
defined as the ratio of output to the combination of
worker-hours and capital input. To distinguish it from
labor productivity, use is made of the term "total (or
multi-) factor productivity." Obviously, these two pro-
ductivity concepts do not mean the same thing. Nor do
their measures move parallel to one another, because
total input has generally grown more rapidly than the
input of worker-hours alone; consequently, total factor

productivity has grown less rapidly than labor produc-
tivity. Obviously, ;n addition, the two productivity con-
cepts and measures are related. In fact, as We shall see
later, growth of labor productivity may be viewed as
determined by growth of total factor productivity to-
gether with growth of tangible and intangible capital per
worker-hour.

Throughout our discussion, by productivity we shall
mean, as does the Bureau of Labor Statistics ,(BLS),
output per worker-hour. When reference is made to total
factor productivity, that term will be used.

THE IMPORTANCE OF COSTS

Productivity in any one industry or group of indus-
tries, in the sense of output per worker, can always be
improved. More or better todls and equipment may be
used; or more and better materials and supplies may be
obtained from other industries; or investment in new
technology or in learning to use old technology may be
made; or the industry may be reorganized; or relations
within firms may be altered in various ways; or govern-
mental regulationsaimed at reducing environmental
pollution, for examplethat restrict operations may be
modified. Productivity improvement, then, will neces-
sarily entail economic and social costs of one sort or
another. Inherent in the question of options to improve
productivity, therefore, is the iiestion of how the benefit
to be derived from an increase in labor productivity com-
pares with the costs of attaining the increase in produc-
tivity. Beyond a certain point, the rate of return so cal-
culated may prove to be unprofitable o even negative
from the viewpoint of the firm or Ind** Of of society
as a whole. We shall have to keep cost* mind as we
proceed in our discussion, recognizing that the Wor-
mation on costswhich may be indirect as well as di-
rect, and long-term as well as short-term--may be
scarce, especially when policy quires movement along
unoodden paths, as it often dries.

INTERDEPENDENCE AMONG INDUSTRIES

What happens or could happen to roductivity in one
sector depends on what is happening or could happen in
the reF* of the economy. Thus:to give an obvious ex-
ample, the level and character of the demand for tourist
services--and,lierefore, the scale of operations that af-
fects the level of productivity in the hotels, eating places.
and amusement facilities that tourists usedepend on
the quantity, quality, and costs of transportation goods
and services. A proposal to improve productivity in a
portion of the economy. then, may not alwaYi'be eval-
uated, or even defined adequately, withon. ,Jme refer-
ence to policies regarding complementary or silbstitu
tional industries.
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However, the distinction between the goods and serv-
ices sectors of the economy is not as sharp as might be
presumed. "It is not evident," as one analyst has
pointed out, "that a firm assembling purchased parts
creates material commodities in a manner different from
a restaurant preparing and serving food, although the
Census calls the former establishment manufacturing and
the latter trade" And one can sympathize with the di-
lemmas confronting statisticians in the Bureau of dr
Census; they classified the Hollywood motion picture
industry as manufacturing up through 1929, but in later
years placed it in the service sector.

Further, many goods-producing firms provide some
of the distributive, repair, and other services needed in
their own operations and needed also by their cus-
tomerssometimes even their workers and their sup-
pliers. The possibility of change in the distribution of
functions among industries must be kept in mind when
considering options for improving productivity. In-
volved also is the changing relationship between the
family economy and the market economy. The shift from
the housewife's washtub to the commercial laundry and
then to the automatic washer-dryer at home is only one
example.

The measurement of output per worker-hour is not a
simple matter. Because we must depend on available
estimates, it is worthwhile to indicate some of the issues
involved in making them.

CLASSIFICATION OF OUTPUT BY INDUSTRY

The nation's aggregate product can be classified by
the "end" or "final" product consumed or invested in
tangible capital, distinguishing particular services (those
of a physician, for example) from commodities (such as
pharmaceuticals). Or, GNP can be classified by the kind
of industry engaged in producing GNP, distinguishing
the service industries, such as retail and wholesale trade,
from the commodity-producing industries, of which
manufacturing is the standard example. Each classifi-
cation has its uses and advantages. .

When productivity is the main concern and a choice
must be made, the induitry classification is preferred.
Employment and the capital and other resources used in
production are classified in the basic statistics by indus-
try, not by end product. It is possible to estimate the
labor and other resources that, at each stage of produc-
tion, add value to the materials that finally appitai in the
form of an end product. For some purposes it is neces-
sary to do so, as in estimating the fir-action of the food
dollar going to the farmer. But to get at the mil (Ins will.,
this fraction is large or small, it is still nt essal-y to study
productivity, the conditions of production, and the pos-
sibilities of improving those conditions. This is best done
on an industry basis. However, in view of the interre-
lations among industries that were noted above, and also
between consumers and producers, die end product
viewpoint provides a helpful supplement P3 the industry
viewpoint, and it should be kept in mind.

THE C.STINCrION BETWEEN GOODS AND SERVICES

In discussions of problems of productivity growth,
"the service sector" is often thought to be of special
concern. i:ot only do available statistics show that both
the level and the rate of growth of productivity in the
service sector are substantially below the corresponding
level and rate in the non-service sector, but the service
sector has been growing faster titan the rest of the econ-
omy and now employs two-thirds of all our workers.

According to the conventional classification, the serv-
ice sector includes wholesale and retail trade; finance,
insurance and real estate; a miscellaneous group of
"other" service industries incluctui-; "private house-
holds" (mainly hired domestic service); and govern-
ment. Goods producing industries include agriculture,
mining, construction, manufacturing, transportation,
communication, and utilities.

UVVERSITY OF INDUSTRIES

Industries vary substantially; the goods-producing in-
dustrlies, agriculture, construction, and manufacturing
inclusmies, for instance, obviously differ considerably in
the choracter of the business they do. The service in-
dustries are perhaps even more mixed a bag. They vary
widely in size, technology, rate of growth, and other
charatcteristics. Some service industries have experi-
enced absolute declines in employment (e.g., persc id
arid repair services); others have had high rates of in-
creased employment (e.g., doctors' and dentists' serv-
ices).

It follows from the fact that the economy comprises
a very large number of different industries that we cannot
consider policies tailored to fit closely the specific char-
acteristics of individual industries. Our discussion must
he in broader terms.

SECTORAL DIFFERENCES IN MEASURED PRODUCTIVITY

LEVELS

The contribution to the GNP from an industry, in re-
lation to the number of employees or the number of
hours worked by them, measures the industry's level of
productivity at any given time; the major exception is
general government, the GNP estimates of which are
seriously defective for the present purpose. Excluding
general government, then, GNP per worker in the serv-
ice sector has been about $13 thousand per worker in
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recent years; in goods production it has been about $17
thousand. So measured, the level of productivity is lower
by some 25 percent in the service sector than in the non-
service sector. Given the more rapid rise in service sector
employment, we may expect to find a "shift effect": a
disproportionately high increase in employment in a low
productivity sector would cause the rate of growth of
national productivity to rise less rapidly than the average
of the separate rates in services and non-service, even
if these two rates were identical.

Such an effect can be detected in estimates made by
the BLS. (These do not quite conform to our definition
of the service sector, but they must do.) However, the
shift effect has been modest-in the past decade, of the
order of 0.1 percentage points; and probably somewhat
more, but sot over 0.2 percentage points during the pre-
ceding decade or two. These effects are to be judged by
comparison with annual rates of change in national pro-
ductivity of the order of 1 .0 to 3.0 percent per annum.
That is, a rate of growth of national productivity reported
to be 2.0 percent a year, for example, would have been
2.1 or at most 2.2, had it not been for the shift effect.

INDUSTRIAL DIFFERENCES IN PRODUCTIVITY TRENDS

Table 1 shows measured productivity growth rates for
the major industrial groups and for three different time
periods.

The variation in growth rates, among industries, even
at the high level of aggregation shown, is considerable.
So is the variation among the periods distinguished. The
productivity growth rate for four industries increased sig-
nificantly from the first period to the second, and for
two industries, from the second to the third period
shown. For most industries in both the total service sec-
tor and the goods-producing sector, and thus for the
economy as a whole, measured productivity growth de-
clined from the first to the second period, and then again
from the second to the third period.

PROBLEMS OF OUTPUT MEASUREMENT

Serious questions, which we must not ignore, arise
about the quality of the reported statistics. For a variety
of reasons, output measurement in many industries is
not straightforward; their productivity statistics may
therefore be flev:ed. In agriculture a bushel of wheat is
a bushel of wheat. In construction, however, the meas-
urement of output in standard units is not nearly as sim-
ple.

A major problem in output measurement is the treat-
ment of qua!ity change. If improved products are asso-
ciated with hither costs to the producer, current produc-
tivity measurements capture the resultant increase in
output to the extent they are reflected in cost. But many

Table 1. Productivity growth in the service and non-service sectors.
1950-1977.

Output
share
1977

(percent)

Change
Average Percentage per year

1950 1965 1973
to to to

1965 1973 1977

Service sector
Trade

Wholesale 7.3 2.6 3.4 -.8
Retail 10.0 2.3 2.1 .8

Finance, insurance,
and real estate 15.4 1.6 .2 2.3

Services, other 12.0 1.2 1.7 -.3
Government 12.5 .4 .5 .1

Total service sector 57.2 1.5 1.3 .6

Nonservice sector
Agricul, 2.9 4.9 3.f 3.0
Mining 1.5 4.3 :.9 -6.1
Construction 4.3 3.4 -2.1 .3
Manufacturing

Nondurable 9.9 3.2 3.3 2.2
Durable 14.4 2.5 2.2 1.2

Transportation 3.9 3.0 2.9 1.0
Communication 3.2 5.3 4.6 6.7
Utilities 2.3 6.1 3.5 .2
Total non-service

sector 42.4 3.4 2.4 1.5

All industies
Fixed weights (1977

output) 100.0* 2.6 1.9 1.1

Current weights 2.7 2.0 1.1

Note: The productivity growth data relate to output per hour worked
by all per..ons.

* Detail does not add to 100 percent because of rounding.

Source: Department of Commerce (Bureau of Economic Analysis) and
Council of Economic Advisers, as published in the Econetaic
Report of the President, January 1979, Table 16. The rates
for the service and non-service totals are by our calculations,
using 1977 output weights.

product improvements resulting from science and tech-
nology are not associated with higher costs to the pro-
ducer, and consequently are not currently reflected in
output measurements.

Further, output measures do not presently capture a
number of dimensions of social value, such as cleaner
air and water and safer workplaces, although firms use
resources to obtain them.

In the service sector especially, but in other industries
as well, the very definition of a unit of output is a major
stumbling block that has severe consequences for pro-
ductivity measurement. For example, the definition,
measurement quite aside, of the output of banks is de-
batable. Banks serve as depositories, make loans and
investments, gather and dispense information, clear
checks, do some bookkeeping for their depositors, pro-
vide financial advice and service in their capacity of

5
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trustee, and so on. To further complicate the problem,
a good deal of this varied service isor was (the ar-
rangements are fluid)paid for not at a stated price, but
indirectly, as in the form of compensating balances. It
makes a difference which of these services or combi-
nation of them is taken as the product, how changes in
the volume of each are measured, and with what weights
these volumes are combined. How these decisions are
made, and therefore how these outputs appear in the
national accounts, determines the measure of productiv-
ity.

Even more difficult problems arise in the field of ed-
ucation. No one has yet come up with a generally ac-
ceptable definition of the output of schoolsor of the
entire educational process, including the input of the
family and the contribution of its environment as well
as of the school. In discussions of the question, "What.
is the output of the school," some have seized on a
"practical" definition and measurement of a school's
output such as the performance of its pupils on a
standardized test. Such a decision is liable to affect the
behavior of teachers, who may be led to "teach to the
test." The tendency to "teach to the test" is apparent
in any industry, goods as well as service producing,
whenever consumers judge the quality of the output by
some fashionable criterion. But it is especially dangerous
in the service industries, where objective criteria of qual-
ity are relatively scarce and the pressure to "show prog-
ress" is especially strong.

FORCES MAKING FOR PRODUCTIVITY
GROWTH

Before considering options for improving productiv-
ity, it is essential to be as clear as we can be about the
forces that encourage or inhibit it. Quantitative analyses
of the sources of productivity growth have commonly
focused on the factors that directly or immediately im-
pinge on productivity.

FACTORS AFFECTING PRODUCTIVITY GROWTH

The sources of upward trends in output per worker-
hour may be classified in various ways. Here we ..on-
sider three main groups. One is increase in tangible cap-
ital per worker-hour. Another is improvement in the
quality of labor. A third is increase in the efficiency with
which capital and labor are put to use in production.

For those concerned with productivity, tangible cap-
ital is the first factor to come to mind. Plant and equip-
ment have even been called "the" means of production.
Whatever the merit of this designation, the more of these
needsand of other forms of tangible capital and the
higher the quality of these meanssupplied each worker,
the higher tends to be the value of the product obtained
from an hour of work.

But tangible capital is not the only means of assisting
labor in production. Improvements in the quality of la-
bor. the second group of productivity growth factors,
also serve to increase output per worker-hour and also,
in large part, represent a form of investment, but in
human beingsmade through education and training.
This type of investment is not usually recognized as cap-
ital formation, and the families and governments that
make expenditures for these purposes have objectives
other than enlarging the productive and earning capacity
of labor. But they have that purpose also, and whatever
the purpose, the expenditures have that effect, on the
whole. In this way, "human capital," as economists call
it, is built up.

A third group of factors, those which contribute to the
more efficient use of labor and capital, is measured by
the "total (or multi-j factor productivity" to which ref-
erence was made earlier. Most prominent among these
factors are advances in science and technology and the
speedier diffusion of such advances through improved
transportation, communication, and education.

In addition to science and technology there are addi-
tional factors contributing to "total factor productivity":
the finer division of labor and greater degree of special-
ization of machines and processes made possible by the
general increase in the size of business establishments,
industries, and countries, as well as the improvements
in transportation and communication and reductions in
the obstacles to trade; the improved efficiency associated
with reduction in the length of the work day and week;
and a better allocation of resources.

It should be understood that the various sources of
increase in labor productivity are interrelated; their sep-
arate contributions are, therefore, not easy to distin
guish. Thus, doubling the rate of increase in tangible
capital, for example, where the rates of increase in other
inputs remain constant, would not double tangible cap-
ital's contribution to productivity, because of diminish-
ing returns as the proportion of capital to the other inputs
increased. To some extent, also, inputs complement one
another. Technological change, to a significant degree,
must be embodied in tangible capital if it is to be put to
use in production. The contribution of technology, then,
depends in part on the rate of increase in tangible capital
as well as on its own rate of increass.

Because so much attention is often paid to technology
as a primary source of productivity growth, thrde im-
portant facts brought out in studies of productivity
should be unthrscored. The first lesson is that technol-
ogy is only r art of the larger stock of knowledge to
which organi; ational, managerial, and social innova-
tions contribu' e. Second, while advances in ktnwledge,
broadly defintd, constitute perhaps the most important
source of growth in the efficiency with which labor and

5 =8
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capital are used in production, there are other factors,
not of negligible importance, that also contribute. And
third, growth in efficiency isand has beenjoined
with growth of tangible capital per worker and improved
labor quality to increase output per hour of work.

THE RATE OF R&D AND TECHNICAL CHANGE IN

PRODUCTIVITY GROWTH

Information on private sector R&D expenditures,
classified by industry and sector, indicates that over 90
percent of research and development is performed in the
manufacturing industries. Non-manufacturing industries
account for only a minuscule share. However, much
R&D reaches these industries embodied in the equip-
ment, materials, and supplies they purchase from man-
ufacturers and utilize in their operations.

In recent years, economists have attempted to assess
in a number of different ways the contribution of re-
search and development to output and productivity
growth. Results, though gross approximations, provide
general support for a strong positive contribution.

One 'approach attributes a large fraction of unex-
plained increases in output or output per worker-hour for
the economy as a whole to advances in knowledge,
which include factors other than R&D. A notable inves-
tigation of long-term U.S. economic growth has sug-
gested that something close to half the growth in output
per worker-hour in the U.S. between 1948 and 1969
may have been derived from advances in knowledge.

Another approach focuses on the association of pro-
ductivity and output growth with research and develop-
ment spending among individual industries. In a recent
study ,(:)f select U.S. industries) the association turns out
to be strong. Industries that have high ratios of research
and development to sales (e.g., chemical, electrical,
mr )inery) have experienced substantially higher growth
of productivity and output than have industries (e.g.,
textiles) with low ratios. Other empirical studies (of
chemicals, petroleum, and agriculture) in which the ef-
fects of increased input of labor and capital were netted
out have found substantial increases in output associated
with expenditures for research and development. Spe-
cifically increases of some $30 to $50 in annual output
were associated with a $100 investment in research and
development.

A third type Gf study has attempted to assess the eco-
nomic returns for a sample of modest technological in-
novations. These suggest that for manufacturing during
the 1960s, the average productivity returns to research
and development conducted by firms in the producing
industry amounted to about 30 percent per year; the ben-
efits accruing to firms purchasing from the producers of
technological innovations were about 50 percent.

These measurements of the contribution of research
and development and technological innovation to eco-
nomic progress are admittedly rough. One difficulty in
obtaining more precise estimates is the inability to meas-
ure accurately the influence of new or improved tech-
nology on the quality of the goods and services pro-
duced. However, there is good reason to believe that if
qualitative changes were covered, the measured returns
would be higher since a large proportion of R&D activity
goes toward improving the quality of goods and services.
Second is the difficulty of tracing the contribution of
research to improved technology and then tracing tech-
nology's contribution to economic progress. Bringing
out new or improved products and production processes
involves a number of complex interrelated tasks. Third,
we lack the information and techniques required to meas-
ure, assess, and properly adjust productivity figures for
changes in the toxic level and volume of harmful by-
products of technological change.

OBSTACLES TO PRODUCTIVITY GROWTH

How strongly the forces of growth operate depends
on the obstacles that impede these forces. We want to
pay particular attention to those obstacles that are ame-
nable to public policy. For our present purpose, it is
convenient to group them under three heads: the "taste"
for objectives other than productivity growth, restric-
tions on the freedom to pursue the objective of produc-
tivity growth, and limitations that dull the inducement
to pursue this t. njective.

COMPETING OBJECTIVES

The nation has, we all know, other goals besides that
of expanding output per worker-hour in order to increase
the real income or leisure time of our citizens. A more-
even distribution of income and employment opportun-
ities and a more stable, as well as higher, level of income
and employment are also economic goals. And there are
the so-called non-economic goals, not the least of which
are a satisfactory physical and social environment. na-
tional defense, and political freedom. Productivity
growth, then, is not the only or he overriding national
objective.

Apart from national goals, there are the goals of in-
dividual workers that tend to compete with productivity
advance. The opposition to automation and other tech-
nological changes that disturb and threaten to undermine
the security of workers in their jobs is an ancient story.
More recently there are the so-called deterioration of
workers' attitudes toward their jobs and the emphasis
placed on the quality of working life, to which reference
'las often been made in explaining the national produc-
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tivity slowdown of the past decade. These developments
may also be viewed as a shift toward objectives that
compete with the drive for real income that rising pro-
ductivity can bring.

In considering the issues, it is important to understand
that investment in competing goals can have a favorable
feedback on labor quality and thus serve to offset some
of the retarding effects on productivity caused by a
slower rate of increase in what is narrowly viewed as
"productive" plant and equipment. Further, solution of
pollution problems can and often does mean more ef-
fective use of the raw materials and waste end-products
that now are the pollutants. Investment in the reduction
of pollution can be profitableor less costly than com-
monly supposedto business as well as society at large:
productivity need not necessarily be reduced or reduced
significantly. Improvement in the quality of the environ-
ment and reduction in illness and accidents yield benefits
that are not now included in our conventional measures
of national output. If these benefits were covered, output
per worker-hour--not now, but later, after a lagmight
tell a different story. Finally, economic progress as
measured by national output or productivity is not syn-
onymous with improvement in the quality of life; the
value of tradeoffs among goals to improve the quality
of life is a social judgment.

CURBS ON ECONOMIC FREEDOM

Monopolistic practices in private industry restrict free-
dom of entry, hamper price competition, and impede
adaptation of industry to technological and other change.
The rather tortuous moves underway to revise segments
of the financial system and specify their relationships to
one another and to the markets they serve provide an
example of these limitations and of the difficulties of
revising them.

The governmental regulations involved always have,
or have been said to have, virtuous objectives. The li-
censing requirement to which most professionals and
many occupations are subject, for example, are supposed
to assist in maintaining or raising the level of compe-
tence in these fields. But another result, even if unin-
tended, is also to restrict numbers. Another example is
provided by building codes designed to protect the build-
ing occupants and the community. These codes tend to
become obsolete and are not always consistent with one
another, thereby raising the costs of home construction.

Within government, various impediments to flexibil-
ity, adaptation, and economic efficiency are built into
the system by statutory, administrative and even consti-
tutional restrictions. The obstacles are not insuperable,
but the task of overcoming the impediments to change
is long and arduous.

DULLED INCENTIVES

The incentives to work, to save and invest in tangible
and human capital, and to seek higher efficiency in the
use of labor and capital may be blunted by taxes and by
the provisions written into the tax codes. High and pro-
gressive income taxes play a part, especially in the
choice between time spent in earning taxable income and
time spent at home in nontaxable labor or in leisure.
Even the provisions of the unemployment compensation
system enter into the calculations of workers and also of
employers confronted with the choice between laying off
workers or providing part-time work when adjustment
to falling demand is necessary. Further, much attention
has been paid to the "double taxation" of income from
corporate capital and, more recently, to the "hidden"
tax imposed by inflation on income from both equity
and debt capital under. present income-tax accounting
rules. These taxes tend to depress the expected rate of
return on capital and thus the rate of savings and in-
vestment necessary to build up capital per worker.

Another set of factors makes for increased uncertainty
and risk, thereby tending to slow up the process of in-
vestment and the development of new and impnyed pro-
cesses, products and services. One is the cartel-ihduced
rise in the price of petroleum in 1973. Investment of
funds and of time has had, and will have, to be devoted
to adjusting to tlidically new relative costs. Businessmen
must also cops with complicated energy policies. An-
other factor is the high and unsteady rate of inflation
together with uncertain government response to it. In
many industries inflation has complicated labor-mange-
ment relations and aggravated the uncertainties that con-
front bbsinessmen, besides raising the effective income
tax rate and confusing people trying to make sense of
conventional accounting statements when planning their
investments. Also of concern are the fluctuations in the
Federal Government's support of R&D, which could
hardly have failed to towel the efficiency with which
research and development is planned and carried out.
How important these factors, and others that could be
added, really are in dampening incentives to raise pro-
ductivity is a matter of controversy. But it hardly seems
likely that the effect has been negligible.

A related factor tending to dull incentives, especially
to invest in R&D, is the fact that not all the benefits
derived from such investments are captured by those
making the investment. Sooner or later, even when kept
under cover or protected by patents, knowledge and then
use of the new methods, materials, and products can
spread to competitors inside and outside the industry,
with little or no compensation being paid to the initiating
enterprise.

Finally, mention must be rmsde of the institutional
arrangements tending to dampen incentives to econo-
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mize and adjust to changing conditions, that characterize
industries such as hospitals, schools, and other nonprofit
institutions supported in whole or in part by governmen-
tal fundsas well as governments themselves. It is a
gross exaggeration to argue, as some seem to, that in-
centives to improve productivity are altogether lacking
in these institutions. There is plenty of empirical evi-
dence and good logic for believing that incentives op-
erate and productivity has grown to varying degrees in
the regulated and nonprofit institutions. However, it
seems clear that incentives to improve productivity and
cut costs call i,,e sharpened further in these organizations.

LIMITATIONS ON PUBLIC POLICY

The options for improving productivity are already
implied in the preceding discussion. Before we go fur-
ther it would be helpful to spell out the reasons why the
choice of public policy isor should belimited.

THE PRIMARY ROLE OF PRIVATE ENTERPRISE

Before we ask what government can do to improve
productivity in any sector, we must consider the primary
role of private enterprise.

By far, the greater part of productivity increase has
been achieved through private initiatives taken for pri-
vate benefit. In the future, also, we can expect produc-
tivity gains to depend primarily on the efforts of indi-
viduals and businesses. They must be given the incen-
tives to increase their investments in training and edu-
cation and in capital equipment. They must be encouraged
to do the formal and informal research needed to develop
technological, organizational, and managerial innova-
tions and other means of raising efficiency.

The major contribution of government to productivity
increase in the private sector has been in assisting and
supplementing these efforts of individuals and enter-
prise. Government must continue to provide an environ-
ment in which our people can look to the future with
some confidence and freely seek to attain their own ends.
Government must provide or support the facilities,
knowledge and information that are of general benefit
to the public and that yield returns that cannot be fully
captured by investors. Government must continue to
make heavy investments in health and education, pri-
marily to reach other national goals but also to raise
national productivity.

LIMITED KNOWLEDGE

In pursuing the objective of improved prc luctivity, it
is essential to recognize and admit the unpleasant fact
that our understanding of productivity is severely lim-
ited. In many service industries, even the simple facts

about the level and rate of change of productivityin
government, in particular, but also in other service in-
dustriesare anything but plain. It is not too much to
say that the Department of Commerce only pretends to
be measuring the output of general government. Nor do
we have a firm grasp of productivity levels and change
in a considerable fraction of the non-service or com-
modity-producing industries. The experts know less than
the public believes they know about productivity.

In part, this is due to the difficulties of defining and
measuring output. What we mean by more and better
outputor a unit of outputis clouded by ambiguity.
Every industry's outputindeed every individual prod-
uctis a multidimensional bundle of attributes, not all
of which are easily, if at all, measurable. And the con-
cept and measure are clouded further by general lack of
agreement on the relative values or weights to be as-
signed to movement along each dimension.

But even if we accept conventional definitions and
measurements of output and input, we know little that
is specific and quantitative about the factors that deter-
mine the relation between them. It should be sufficient
here to recall the efforts by economists and public offi-
cials to explain the slowdown in national productivity
growth recorded in the statistics since 1973, or even
earlier, and to recall how different those explanations
were. The description in the 1979 Economic Report of
the President by the Council of Economic Advisers of
the Council's attempt to determine and then explain the
trend of national productivity in recent years includes a
frank confession of ignorance. The suggestions made
above about the factors involved in the slowdown would
not find universal agreement. The factors are subjects
for research.

THE DIRECTION OF PUBLIC POLICY

GENERAL PRINCIPLES

1. Sound governmental policy for improving produc-
tivity should, as a rule, be in terms of enhancing the
general environment within which all industries operate.
To improve productivity in industry at large. is the best
way to improve productivity in specific industries, be-
cause it takes account, as it should, of the number, size,
and variety of industries, and of the limitations on the
scale and flexibility of governmental bureaus and knowl-
edge of government officials.

2. To enhance the general environment within which
all industries operate means to foster an environment
within which the private decision'. savers and inves-
tors, producers and consumers, workers and employers,
wherever they are, can be made more freely, more con-
fidently, and more rationally than they can now be made.
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It follows, also, that pursuit of a program to raise pro-
ductivity must proceed on a wide front: there is no dom-
inant source of productivity growth to be singled out.

3. After what has been argued here, the reader will
not expect a list of specific options; nor would it be
possible to give one.

Consider, for example, the fact that a major source of
productivity growth is increased capital investment. Any
policy to reduce the risk .9. nd uncertainty that confronts
investors, and to increase the rate of return they may
expect, is, then, an option for improving productivity.
But obvious!), it is not so much an option as a large
family of options. There are many ways to stimulate
capital formation. Each way would surely entail direct
costs, and have unintended effects, which would need
to be weighed. What, to be more specific, can be done
to deal with the depressant effect of the Social Security
system, as it is now organized and operated, on the rate
of national saving without destroying the ability of the
Social Security system to meet the objective for which
it was established?

It would be foolish, given the limitations of the pres-
ent document, to try to go into any detail on this sort of
question. Besides policies to encourage an increase in
the volume of capital formation, consideration would
have to be given to policies to strengthen the process of
training and education, to support and encourage the
development of new basic knowledge and technologies
and the diffusion and adaptation of the old and the new,
to assist in improving business (and nonprofit) organi-
zation and management, to remove obstacles to com-
petition, and to lessen discrimination against minorities.
The list of possible policies to improve productivity is
long. And many also are the forms that implementation
could take in the tax codes, regulations, and government
support of research, statistics and education.

4. Another implication concerns the choice among
the implements of policy. The implements should be in
the form of general rules and regulations, rather than
tailored to the details of narrow situations.

In the case of regulation, for example, where highly
specific "do's and don'ts" now fill the Federal Regis-
ter. a policy shift toward more general rules, and pen-
alties or rewar' cis--for example, in the case of automo-
bile fuel efficiencywould reduce the governmental
burden. Producers and consumers would be encouraged
to seek out the most economical means appropriate to
their particular technical, economic, and environmental
circumstancescircumstances which they are in the best
position to know.

5. Because too little is yet known about the connec-
tion between any given policy and its results, it is de-
sirable that policy be kept flexible. At the same time,
however, shifts in policy should not be so erratic as to

create uncertainty and thereby discourage private plans
and actions for raising productivity.

Limitations on our knowledge also suggest the im-
portance of researchnot only on technology as it is
usually defined, but also on organizational, managerial,
and motivational questions and on other economic, so-
cial, and political problems. Suggested, as well, is the
importance of experimenting with new ideas on a modest
scale. This requires holding open the possibility of re-
treat, which, in turn,requires that commitments to keep
unsuccessful experiments alive be avoided. It follows
that every experiment should provide for prompt and
reliable feedback of information on the costs and benefits
of the experimental policyinformation to be weighed
not only by those who may have developed a vested
interest in the program, but also by persons who can be
more objective.

6. Finally, because productivity is so important to the
well-being of our people, steadier and closer attention
should be paid to itnot only by the Federal Govern-
ment, but also by the state and local governments, and
not only by government, but also by business, labor,
and the general public. There is need for a permanent
Federal agency charged with the responsibility and
armed with the resources needed to keep the importance
of productivity prominently in the public view and to act
as a clearinghouse in improving it.

CONCENTRATION ON PARTICULAR INDUSTRIES

Whether there is any need for, or advantage in, con-
centrating attention on particular industries also requires
some discussion.

I. If it is believed that policy should concentrate on
those situations in which productivity is low or rising
slowly, it should be recognized that such situations can
be found in many industries, both service and goods
producing.

However, it should also be understood that a low pro-
ductivity level or rate of growth does not necessarily
identify a situation in which the potential for productiv-
ity improvement is greater than elsewhere. The relatively
low level or rate may simply reflect, particularly in serv-
ice industries, a downward bias in measurement, a pos-
sibility that must always be considered. But even if the
productivity measure turns out to be sound, it can only
hint at the desirability of improvement. The cost of im-
proving productivity in the industry may be higher than
it is worth: further study of the reasons for the low pro-
ductivity and of the cost of dealing with them is indi-
cated.

2. Some have questioned whether activities that have
experienced relatively fast productivity growth would
not be expected to yield a better return in response to
governmental assistance than activities that have expe-
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rienced relatively slow productivity growth. Industries
with relatively high average rates of productivity growth
in one period do tend to have relatively high rates in the
next period. Whether they would be more likely than
other industries to profit from thetassistance of govern-
ment simply because of their superior historical record
is a question, howeverperhaps one on which Japanese
experience in relation to export manufactures may pro-
vide some evidence.

3. Still another criterion of selection of industries for
detailed governmental attention should be ,mentioned. It
is, in fact, the one criterion already in use.

Government is deeply involved, not always of neces-
sity, in the details of production in a number of indus-
tries. Besides general government and government en-
terprises, these are the private industries in which
government is a major purchaser of goods made to its
specifications or to which government funds provide the
major source of finance. Some control is therefore ex-
erted over quantity, quality, and cost of production.

That these government controls leave something to be
desired is well known. What the reader should be re-
minded of, in a discussion of options to raise productiv-
ity, is this question: Is sufficient attention being given
to the possibility that, in some cases of government op-
eration or close involvement, control might be better

exerted and productivity raised more effectively by sub-
jecting the activities in question to the forces of com-
petition in a free market?

The reader should be reminded also that when com-
petition is not the solution, as is probably the case in
most situations of close governmental involvement, pre-
liminary work still needs to be done to improve matters.
There is no ready stock of well-formulated, tested, and
otherwise acceptable ideas on which to draw. This is
illustrated by the ongoing discussions of the problem of
defining and measuring cost of productionthe solution
of which is a necessary condition for effective cost con-
trol and productivity improvement.

The problem of measuring cost is different in govern-
ment because here even the rudiments of a modern ac-
counting system are lacking. This is one reason why the
productivity, output and input data for government are
so inadequate. More important, it is one reason why
governments pay less attention than they should to mak-
ing efficient use of the great stock of tangible capital at
their disposal. To improve the situation would require
a radical reformation of the bookkeeping and budgetary
practices of government (some of which are set by legal
requirements) along lines on which agreement among
accountants has yet to be reached.



2 Technology and the Improvement of
Agricultural Productivity
by Harold D. Guither*

SUMMARY

Agriculture is the nation's largest industry, employing
from 17 to 20 million persons. Together with direct sup-
port industries, it accounts for about 25 percent of the
gross national product.

Agricultural production represents about 2.5 percent
of the total national energy requirement. Approximately
17 percent of all U.S. energy requirement is related to
the food system. About half of the fuel consumed is
petroleum, and another 30 percent is natural gas.,

The U.S. farmer is a middleman processing purchased
inputs, such as machines, minerals, fertilizers, and fossil
fuels, into food and fiber. If the supply of purchased
inputs were interrupted, the industry would reach a
standstill virtually overnight. Prices of industrial inputs
are expected to increase relative to farm product prices
and are one of the factors that affect productivity.

The public investment in human capitaldeveloping
the minds and capability of the farm and rural population
and sharpening management skillshas helped enable
the nation to increase its agricultural productivity.

The growth in agricultural productivity is essentially
a process of adaptation by the agricultural sector to new
opportunities created by the advances in knowledge and
by the interindustry division of labor that has accom-
panied industrialization.

* Professor of Agricultural Economics, University of Illinois at Ur-
bana-Champaign.

Options for improving productivity of capital are
closely allied with energy use. These include (1) making
more efficient use of present technologies, (2) conserv-
ing fossil fuels by shifting to more solar energy use, (3)
increasing alcohol production from farm-produced ma-
terials, and (4) shifting to leks capital-intensive methods.

The use of insecticides, herbicides, and other chemi-
cals can often be reduced without reducing'their effec-
tiveness. Integrated pest management offers real poten-
tial for saving energy and improving productivity.
Machinery in farming operations could be used more
efficiently.

Solar energy is a renewable resource that can be ex-
pected to provide a greater portion of the future energy
requirements of agriculture. Production of alcohol from
agricultural sources is technically feasible, but research
and evaluation is needed before definitive conclusions
or recommendations can be made.

Organic fanning is a popular idea, but research into
its energy-saving potential is inconclusive. Returning to
a farming and living style like that of the Amish was
studied, but energy conservation achievements were
found to be greater in Amish homes than on Amish
farms.

Large substitutions of resources like labor for mech-
anized energy are not likely, but increased management
ability and time may be substituted for purchased en-
ergy. Areas, that require additional management input
include integrated pest management, fuel-saving meth-
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ods, and application of fertilizer and pesticides and other
cultural practices that reduce machinery use.

R...strictions on farm size to permit more people to
live on farms could lead to greater numbers of small
farms and farmers surrounded by poverty conditions.

Tax policies have an effect on investment decisions
and can influence the trend to larger farms. Regulations
dealing with environmental controls add to production
costs and reduce yields.

No major scientific breakthroughs in agriculture can
be predicted for the next one or two decades, but prom-
isirg potentials remain for improving productivity by

Acation of known technology.
Public sector research and development remains the

primary source of agricultural technology, particularly
the biological technology that has expanded the capacity
of crops and animals to respond to higher levels of in-
dustrial inputs.

Areas of research that might be productively pursued
include: climatic processes, integrated pest management
systems, basic plant sciences and efficient methods of
crop fertilization, control of livestock diseases, improve-
ment of genetically superior animals and reproductive
performance, development of alternative energy sources,
and improvement of land use.

To facilitate a shift away from fossil fuels, a gradual
rise in price can be an effective stimulus. Shielding ag-
riculture from increases in energy prices may have un-
favorable long-run consequences.

AGRICULTURE IN THE NATION'S ECONOMY

U.S. agriculture in 1979 will produce a gross output
valued between $118 and $128 billion. To achieve this
production, farm owners and operators will incur pro-
duction expenses of $104 to $109 billion, much of which
will represent goods and services purchased from U.S.
business and industry.'

INDUSTRY SIGNIFICANCE

Agriculture is the largest industry in this country, em-
ploying some 17 to 20 million American workers. About
4.3 million persons work directly in farm production.
About 8 to 10 million are involved in storing, trans-
porting, processing, and merchandising farm commod-
ities. That accounts for one out of every five jobs in
private industry. In 1975 nearly 3.3 million persons were
employed by eating and drinking places. The agricultural
food system thus employs more workers than any other
industry, either directly or indirectly. These figures do
not include the related jobs in manufacturing agricultural
equipment and equipment components.

Agricultural production itself accounts for only 3.5

percent of the total U.S. gross national product. When
industries producing inputs or processing and distribut-
ing agricultural products are, included, however, this
rises to approximately 25 percent of the total gross na-
tional product. Agricultural assets totaled $671 billion
in 1977equal to 75 percent of the capital assets of all
manufacturing corporations in the United States.

In recent years international trade in agriculture prod-
ucts has made an increasing contribution to the economic
well-being of the U.S. agricultural economy. In the cal-
endar year 1978 agricultural exports totaled $29.4 bil-
lion; agricultural imports totaled $14.6 billion, in con-
trast to a nonagricultural trade deficit of $46.8 billion.
Because of a positive agricultural trade balance, the net
deficit in the U.S. trade balance was reduced to $32.2
billion. The increased role of agriculture in foreign trade
adds to the uncertainties with which farmers must con-
tend and which the nation must recognize.2

ENERGY INPUTS USED IN AGRICULTURE

Total energy use for agricultural production, approx-
imately 2.5 percent of the national total, includes energy
used in direct farm production, for indirect inputs, and
for capital inputs. It excludes transportation of both pro-
duction inputs to the farm and produce from the farm to
market.'

Indirect energy use occurs in the manufacture of fer
tilizer, pesticides, feed, and feed ingredients. Capital
inputs also include the manufacture of farm machinery
and equipment, agricultural steel, and farm trucks and
trailers and the construction of farm buildings.

Approximately 17 percent of all U.S. energy require-
ments are related to the food system.' Approximately
half of the fuel consumed in the food system is petro-
leum, and another 30 percent is natural gas. For many
purposes natural gas is the most desirable and the least
expensive alternative. Yet its users are faced with an
uncertain supply-price outlook.

Gasoline and diesel fuels for tractors, combines, and
other farm machinery constitute four-fifths of the direct
energy requirements for crop and livestock production.'
In 1972 electricity accounted for about 11 percent and
fossil fuels about 89 percent of farm energy expendi-
tures.'

Energy has been utilized in order to facilitate four
major objectives: (1) reducing labor requirementsfor
example, mechanization on the farm and convenience
foods in the home; (2) increasing the quantity and variety
of food produced while using less land; (3) lowering the
risk of crop failure or food spoilagefor example,
through irrigation, crop drying, and refrigeration; and
(4) reducing waste while maintaining or creating a qual-
ity of food preferred by consumers, as evidenced by their
willingness to pay the necessary higher costs.
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American farmers spend 4 to 8 percent of their op-
erating budgets on energy. Fertilizer production con-
sumes large quantities of natural gas, and adequate
amounts of chemical fertilizer are vital to the success of
farmers' operations. One estimate is that one-third to
one-half of agriculniral yield is due to the use of chem-
i.A fertilizer.'

U.S. farmers have become dependent upon nonrenew-
able energy because it has paid to do so in the past'
However, the growing scarcity and rising cost of those
materials point to a changing resource environment for
agriculture.9

FACTORS IN AGRICULTURAL PRODUCTIVITY

Four factors enter into the agricultural production pro-
cess: land, labor, capital, and management. Loomis em-
phasizes that one of the most dynamic characteristics of
U.S. agriculture is the constantly changing input mix)"

In reality, the present day U.S. farmer is a middleman
processing purchased inputs, such as machines, min-
erals, fertilizers, and fossil fuels, into food and fiber. If
the supply of purchased inputs to U.S. farmers is inter-
rupted, the industry will grind to a virtual standstill
overnight)'

LAND

Land is the base on which all agricultural output be-
gins. The most recent estimates of the nation's total land
area, published in 1974, reported 1,897 million acres,
of which 333 million were classified as cropland, 603
million as forest and woodland, 767 million as pasture
and range, and 194 million as urban land and land for
special uses. The amount of land needed for a produc-
tive, efficient farming operation will depend upon the
available labor, capital, and management resources, as
well as the types of commodities being produced.

LABOR

Labor demonstrates the outstanding change in the in-
put mix. The movement of labor from, and the move-
ment of labor-saving inputs and techniques into, agri-
culture characterize this shift. Affecting the supply of
farm labor are the returns from employment in agricul-
ture relative to those from employment in the nonagri
cultural sector. Available statistical evidence suggests
that the difference between the returns from nonfarm and
farm employment causes a pull on the labor force from
agriculture to industry. However, the mere presence of
an economic pull is only a necessary, not sufficient,
condition for mobility. There must also be real oppor-
tunities for labor to transfer from agriculture into indus-
try.

The second facet of the labor cost-input picture is that
of the relative costs of labor and substitute inputs. The
movement of labor out of agriculture and the movement
into agriculture of such labor-saving input- as machin-
ery, motor vehicles, fertilizer, and improved feeds and
seeds have been essentially simultaneous. 12

Agricultural labor in the United States is performed
by three distinct groups. Farm operators, numbering
about 2.5 million in 1974, do most of the agricultural
work. Farm operators' labor is supplemented by nearly
one-half million unpaid family workers and an estimated
2.7 million hired farmworkers, some working only part
of the year.

The hired farm work force, about 3 percent of the
civilian labor force, is distributed unevenly across dif-
ferent types of crop farms and geographic areas.13 The
demands for labor may be intense during harvest periods
and relatively light during parts of the growing season.
Farm workers fully employed in the growing season may
be underemployed or unemployed during other parts of
the year. In livestock and dairy areas the needs for labor
are distributed more evenly throughout the year than in
crop-growing areas.

CAPITA L

Capital in agricultural production encompasses a wide
range of goods and technologies that are combined with
land and labor. There is a near consensus that industrial
inputs, though not critically scarce, will not be as
cheaply available in the future as in the past. The prices
of these inputs may continue to increase relative to farm
product prices, instead of lagging behind product prices,
as in earlier decades.

The role of changing relative prices as one of the
factors affecting productivity is illustrazed by machinery
and fertilizer. This changing price structure cannot be
disassociated from technology, as It is through technol-
ogy that new and improved inputs become available to
agriculture at favorable prices.

Binswanger and Ruttan point out that a decline in the
price of fertilizer relative to the price of land can be
expected to induce a rise in fertilizer used per hectare
and also induce advances in crop technology such as the
development and introduction of more fertilizer-respon-
sive crop varieties. As the price of labor rises in relation
to the price of land, farmers can be expected to attempt
to reduce labor input per unit of land by substituting
fertilizer and other chemical inputs, such as herbicides
and insecticides, for more labor-intensive practices."

Because of the physical response of plant growth to
fertilizer, the increased output per unit of fertilizer input
is economically favorable on many farms. Also, the use
of fertilizer results in a reduction in amount of labor and
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other inputs per unit of output through allocation of rel-
atively fixed inputs to an increased volume of output.'5

MANAGEMENT

Management constitutes a fourth production factor.
Management refers to that often intangible talent or abil-
ity of the farm operator or decisionmaker to combine
land, labor, and capital into the lowest-cost and most
efficient mix of inputs to produce a given farm product.

Management is a major factor affecting productivity.
Technology may be available and economic conditions
may justify changes in inputs, but these forces become
meaningful in a productivity sense only when the farm
manager acts in response to them. Here, we are in the
areas of education and decisionmaking as they influence
changing productivity."'

The public investment in human capitaldeveloping
the minds and capabilities of the farm and rural popu-
lation and thereby sharpening management skillshas
helped enable the nation to increase its agricultural pro-
ductivity. As Hayami and Ruttan point out, "Public sup-
port for education and research as an instrument of eco-
nomic progress represents a major institutional innovation
in modern society.'''7

Improvements in human capital in the form of edu-
cated, innovative farmers, competent scientists and tech-
nicians, and perceptive public administrators and busi-
ness entrepreneurs are essential to generating
improvements in agrictiltural productivity.'$

TOTAL PRODUCTIVITY AND FACTOR USE

It is difficult to generalize about the productivity of
American farms. Soil fertility, climate, weather condi-
tions, and technology all contribute to the final output
per unit of input.

The conventional approach to the measurement of to-
tal factor productivity involves the computatica of an
index of total output and an index of all fc.,:tor inputs.
Total factor productivity is then simply computed as the
ratio of the output index to the input index.'"

Increases in total factor productivity have been im-
portant sources of output expansion in the past. From
1940 to 1970 total measured physical inputs in agricul-
ture increased only 4 percent while output increased 58
percent.20

There are many forces behind the increase in produc-
tivity of our total farm resources. Most important is tech-
nologythe ever-changing body of knowledge, tech-
niques, and instruments used in producing economic
goods.

The growth in agricultural productivity has been
closely related to the progress of the entire economy.
Throughout the economic development of the United

States, increased productivity in the agricultural sector
has released resources and facilitated industrialization.
Industrialization, in turn, has fostered and facilitated
technological developments adaptable to agriculture and
thereby has stimulated increased productivity in agricul-
ture. The two forces have complemented each other.2'

Actually, the growth in agricultural productivity is
essentially a process of adaptation by the agricultural
sector to new opportunities created by the advances in
knowledge and by the interindustry division of labor that
has accompanied industrialization.22

Hayami and Ruttan also point out that a progressive
industrial economy also contributes to growth of agri-
cultural productivity through a greater capacity to sup-
port agricultural research; through its capacity to support
both general education and production education in rural
areas; through its capacity to support the development
of more effective transportation and communications
systems; and through the pervasive strengthening of
other elements in the physical and institutional infra-
structure serving rural areas."

Technological changes affect the productivity of cap-
ital and labor. The observed differences in land and labor
productivity are associated with differences in the level
of biological and mechanical technology of various
countries. Hayami and Ruttan believe that industrial in-
puts are responsible for advances in both biological and
mechanical technology. Nations that have achieved rel-
atively high levels of either land or labor productivity
have been relatively successful at substituting industrial
inputs for the relatively scarce resourceseither land or
labor."

The percentage changes in productivity generally fol-
low the percentage changes in farm size. The presump-
tion is that technical change is the mechanism that in-
duced both productivity increases and enlargement of
farm size.25

Productive assets per farm worker and per farm have
risen from $3,300 and $6,200 in 1940 to $97,601 and
$164,885 in 1975. (Productive assets are defined as real
estate, plus machinery, inventories, and cash on hand.)
Even in real terms, these are sixfold increases. Further,
man-hours in agricultural production have fallen with a
concomitant rise in output per man-hour during the pe-
riod. At the same time, units of machinery are decreas-
ing, but their values and sizes are increasing. The trend
toward increased capital-labor ratios and unit sizes of
machinery is apparently linked to increased farm size
through declining average production costs."

A strong trend toward specialization has characterized
the "modernization" of every industry, including agri-
culture. Among the consequences in agriculture are spe-
cialized and animal monocultures. Monocultures facili-
tate mechanization and automation; but they also require
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using a vast array of chemical and mechanical measures
to cope with diseases and insect problems.'

The consequences of this massive infusion of tech-
nology have been widespread. Agricultural output has
increased, but it has become concentrated in areas away
from markets. The concentration of production in remote
areas has required the picking of crops that have not yet
ripened, their storage and increased shipping costs. This
also sometimes has lowered the quality of final products
and has aroused the ire of consumers. The extent of
consumer dissatisfaction has never been measured, but
it is certain that the technologies designed to capture
economies of scale have taken their toll.28

However, agricultural productivity has benefited the
American consumer in two ways. Abundant supplies of
a wide variety of foods have resulted in lower prices
compared to those in other developed countries." The
ability of a small proportion of the population to produce
the total national food supply enables the remainder of
the population to engage in production and distribution
of other goods and services, contributing to a higher
standard of living for the entire population.

ENERGY USE IN PERSPECTIVE

Until the mid-1950s, total agricultural yields increased
more rapidly than energy use, but since then, the rate of
increase in energy has been faster than the rate of in-
crease in yields. Not only does a farm use energy directly
to power machinery and in the form of fertilizers, for
example, but energy has indirectly led to greater agri-
cultural production by eliminating the necessity for
woods formerly used to supply household fuel and for
pastures required for draft animals."

Energy is a serious problem that goes far beyond any
one sector of the economy. The effects on agriculture
will be determined in large part by the national policies
that are adopted. Standby allocation schemes are in place
for vital functions such as food production, but the high
degree of economic interdependence diminishes their
value, except in the short run. Having fuel available is
of little use if energy for manufacturing and distributing
tires, spare parts, and other inputs is not.3'

PRESENT FACTOR USE AND PRODUCTIVITY:
ASSESSMENT, ISSUES, AND EXPECTED
CHANGES

LAND USE

Land use adjustments that affect ultimate output can
be categorized into three types: crop specialization,
shifts within the cropland base, and land use conver-
sions. Between 1969 and 1975 the acreage planted to

the seven major crops (corn, oats, barley, sorghum, soy-
beans, cotton, and wheat) accounted for nearly all of the
increase in acreage of the 20 principal crops.

The acreage planted to all feed grains increased only
modestly, but corn acreage increased at the expense of
oats and barley, while sorghum remained a constant pro-
portion of the total feed grain acreage. Corn is higher
yielding than the crops it replaced and has greater feed-
equivalent value. Consequently, the 9 percent increase
in composite yields between 1969 and 1975 can be at-
tributed to crop specialization. Because this shift in crop-
land intensity has, for the most part, concluded, further
contributions to output from this source cannot be ex-
pected.32

A new appreciation of the crucial role of farmland has
developed during the 1970s. The perceived scarcity and
higher price of inputs such as fertilizer, pesticides, and
herbicides contributed to skyrocketing land prices.33

Differences of opinion exist on the extent of the land
base or potential land base, partly because measurement
is imprecise, data are unavailable for some regions, and
experts don't agree on definition of terms." To some,
"potential arable land" refers to product:ve capacity or
ultimate limits of land development, leaving costs and
benefits aside. To others, it is some unspecified point on
the land development schedule, with given levels of
technology and prices.

The United States has relied mostly on increased tech-
nology to meet expanding production needs. While U.S.
crop output from 1940 to 1972 increased nearly 70 per-
cent on essentially the same land area, farm labor inputs
fell by two-thirds, fertilizer use increased nearly nine-
fold, and mechanical power and machinery inputs grew
by 237 percent.'

Competition for land from such forces as urbanization
and surface mining become policy issues because of the
dramatic, and often irreversible changes they make. The
amounts of land threatened each year may be small, but
the issue is continually of policy interest.36

LABOR USE

The distinguishing feature of U.S. agricultural devel-
opment over the period 1880-1970 is the primary reli-
ance on growth in land area per worker as a source of
growth in output per worker."

In the developed countries, where demand for labor
in the nonagricultural sector pulled a significant amount
of labor out of agriculture, the rates of growth in labor
productivity have been increased by improvements in
the land-labor ratio.' The progress of mechanization has
been a primary source of growth in output per worker.

Given the present costs of labor in the United States,
any effort to substitute human or animal labor exten-
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sively for mechanical power would result in sharply
hir)ier food prices.39

If the 160-acre limitation on farms receiving Federal
water were enforced, it could encourage a shift toward
Labor - intensive fruits and vegetables because large acreage
capable of using capital-intensive equipment would no
longer be profitable.'

Barkley cautions about shifting to less capital-inten-
sive farming without considc-ing the consequences. Al-
though one of the reasons for choosing a different
method is to relieve agriculture's dependence on capital
by substituting labor for nonlabor farm inpvts, this
switch in factor proportions leads to slower-paced agri-
culture, increased opportunity to farm, and less nonfarm
capital.

The result of the switch would be lowered land-labor
and capital-labor ratios. This, in turn, would lead to
more farmsand perhaps an increased market demand
for land to he used for die traditional labor-intensive,
single-family farm. This kind of technological transfer-
ence is apparently the kind of change that many advo-
cates of "more appropriate" technology have in mind.
It has a romantic appeal that fits with the American myth
of agrarian fundamentalism; it has contemporary appeal
because it offers the opportunity to subst.itute labor for
capital.

But Barkley is apprehensive about a shift to inter-
mediate technology. It could solve rural problems or it
could make them worse, depending upon whether the
changes in agriculture production are labor-intensive and
increase the rural community population or are labor-
extensive and lead to rural unemployment and migration
from the rural areas. Utilizing more human labor and
animal power is not a viable alternative because there is
insufficient cropland to produce feed for millions of draft
animals that would be rewired to partly or completely
replace tractors.'

CAPITAL AND ENERGY USE

The dependable production of food during the tran-
sition from fossil fuel sources to renewable energy
sources poses a major challenge to U.S. agriculture.

For the present, efficient use of present technology
has shown that productivity of capital can be increased.

The diesel engine has significantly higher fuel effi-
ciency than the gasoline engine does, both on an energy
basis and on a gallon basis. In one recent test diesel
tractors averaged about 38 percent higher horsepower
hcurs per gallon than comparable gasoline models. This
fuel efficiency is also reflected in ,cif- propeller; com-
bines.

The implications of these developments would en-
courage greater use of diesel engines in major farming
operations. Such economic incentives, however, must

be matched by energy polici. s that allocate increasing
quantities of diesel fuels to farming communities as
greater shifts to diesel fuel burning engines occur. Rigid
allocation policies based on past usage will discourage
a shift to diesel equipment or disrupt agricultural pro-
duction when shortages take place.

Electrical energy applied to stationary farm routines
has increased worker productivity and enhanced wolk:.1.
safety.42

The c, 0 of insecticides, herbicides, and other chemi-
cals can often be reduced, without reducing their effec-
tiveness. Farmers can carefully analyze the need for the
fertilizers, especially through soil testing, and "se them
accordingly.

Insulation of Cairn buildings requiring climate control
can keep out winter cold and summer heat, reducing
heating and cooling costs.43

Tillage has been reduced over the past 10 or 15 years;
however, increased herbicide requirements tend to nul-
lify part of the savings, and minimum tillage can be
more readily justified on the basis of soil and water con-
servation and reduced labor requirements than on the
basis of energy savings."

A 1974 estimate indicated minimum tillage practices
are in effect on as many as 33 million acres. An assess-
ment of the long-run effects of its continued adoption
concluded that by the year 2000 annual harvested
acreage could increase by 20 million acres and crop pro-
duction could increase by 5 percent, mainly through in-
creased multiple cropping made possible by minimum

A specific savings of irrigation energy is achieved by
establishing programs to test pumping plant efficiencies.
The University of Nebraska found that 58 percent of the
irrigation pumps tested in one program used twice as
much fuel as should have been required. Common prob-
lems were worn impeller seals and poor impeller ad-
justment. Proper matching of wells, pumps, and engines
can both conserve fuel and cut production costs." 'uch
adjustments offer an opportunity to improve productivity
of capital using present technology.

Virginia dairy farms with no-till corn production have
higher returns than Virginia dairy farms with conven-
tional corn systems because with the former system
higher corn grain and corn silage yields are achieved
andmore importantlymore acres of sloping land can
be used annually for growing corn. Although the no-till
corn system requires less engine fuel per acre for land
preparation, the no-till system uses more energy inputs
in the form of nitrogen fertilizer and pesticides.

Higher returns with the liquid manure system, com-
pared with the solid manure system, show another op-
portunity for improving productivity.47

The grape pest management program in Erie Cout:ty,
Pennsylvania, has demonstrated the value of regular pest
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scouting and 'he application of insecticides and miticides
based on needs. Presently an ad hoe committee of ag-
ricultural leaders in the county is exploring the concept
of establishing a pest management cooperative. Pest
management growers usually spot sprayed for pest in-
sects and mites, treating generally less than 20 percent
of their vineyard areas; nonparticipants, by comparison,
treated 75-100 percent of their areas."

A lack of intormation about opportunities for improv-
ing cap;tal use (rather than lack of motivation) may exist.
Some oractices widely ticccpted on most commercial
farms were still not being used on many farms in a Ken-
tucky study. These findings suggest opportunities for
more in-depth extension efforts with small farmers.

Technology has been developed to process and con-
vert animal wastes into sanitary, palatable, and nutritious
cattle feed. The Ceres Ecology Corporation of Sterling,
Colorado, working with scientists at Colorado State
University, has put a full-scale plant into operation that
processes the waste from 8.000 beef cattle per day.

The new nitrogen inhibitors appear to have good ef-
fectiveness at reducing the energy inputs to corn pro-
duction; they inhibit the release of the nitrogen into a
form that will leach away before the corn roots have a
chance to utilize it. These inhibitors are already being
recommended and used in the Midwest. Their use can
be expected to move to other corn producing areas.

A more "old-fashioned" practice is to include more
legumes such as alfalfa into a rotation. Increased alfalfa
production could result in major energy improvements
if losses during harvest are minimized and if marketing
is profitable through livestock or as dry hay.

Corn drying is an economical practice at current prices
because it saves the significant field losses of corn that
can occur if the crop is allowed to stand in the field late
in the fall before harvest.

It is not profitable at current prices to delay harvest
to reduce energy drying of corn, but developments in
crop residue gasification, heat pumps, and solar drying
could greatly reduce the major fuel requirements of
drying.

Production of a double crop (e.g., wheat followed by
soybeans) is 25 percent snore energy efficient than wheat
alone but less energy efficient than soyl -done and
less profitable than corn or corn-soybc...t cations at
current prices.

A possible method of drying corn with lower energy
input is the use of part of the corn residue for drying
fuel. Either incineration or gasification of the crop res-
idue could provide enough energy for current drying
methods. Less than 50 percent of the cobs could be used
in a gasifier to dry the corn down from 28 p.;:cent to
safe storage moisture content.

Efforts now underway to lower fossil fuel require-
ments for crop drying include (I) the increased feeding

of high-moisture corn to animals on or near the farm
producing the corn and (2) the combining of high-speed
high temperature driers with storage systems utilizing
low-temperature or natural air drying.

Timely operation and timely application of energy-
based inputs can be one of the most i.nportant factors in
increasing the overall energy efficiency of a cropping
system. The use of livestock for utilization of the hay
and the subsequent use of manure to further replace fer-
tilizers add to the reasons for looking to legumes for
improving energy efficiency. A winter legume cover
crop between soybeans and corn in the rotation can im-
prove energy efficiency by 20 percent and can aid in soil
and water conservation, but it is not economically fea-
sible at current nitrogen fertilizer prices.49

Imposition of energy restraints would appear to
sharply reduce field crop acreage and to increase vege-
table acreage.

FUTURE APPROACHES TO SAVING ENERGY

APPLICATION OF SOLAR ENERGY

Alternative energy sources based on something be-
sides fossil fuels show considerable potential for future
adoption. For example, solar heating systems, such as
grain dryers and water heaters, and windmills (or wind
turbines) for electrical power generation may prove eco-
nomically feasible. Solar energy appears to be especially
well suited to low-temperature drying. which utilizes
small increases in drying air temperature over extended
periods. Although a constant source of energy for drying
is preferable, intermittent application of heat is accept-
able in low-temperature drying. The long-time drying
can continue even when rainy weather or heavily over-
cast days keep the sun's energy from penetrating the
earth's surface.

Solar energy can be stored, for example, by heating
a tank of water for use at night and on cloudy days.
However, storage systems are bulky, require additional
equipment for reclaiming the stored energy, and. con-
sequently, are costly to install and maintain.

Economic studies of solar grain drying have lagged
behind the feasibility studies. Solar energy is a renew-
able resource that can be expected to provide a greater
and greater portion of our future energy requirements.

The economic comparison between conventional and
solar photovoltaic energy systems for irrigation: suggests
that the latter will become profitable in the middle to
late 1980s if the cost of solar mouules follows Depart-
ment of Energy projections. These results are remark-
ably robust and insensitive to reasonable variations in
discount rates, fuel escalation rates, and support system
costs. Not surprisingly, solar-powered systems become
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viable earlier in those areas with larger amounts of year-
round insulation or longer irrigation seasons. However,
because of the expected continual decline in the costs of
solar modules between now and the year 2000, the op-
timal year of investment is later than the initially viable
year.'

Widespread implementation of the outputs of solar
energy programs can make agriculture more energy self-
sufficient, provide jobs rural areas, and reduce im-
portation of oil. The shift to solar energy production and
use and the reduction in fossil fuel energy use will re-
quire new capital investments on farms, construction and
installation of new equipment, and adaptation of farm
production facilities. All these changes will require labor
and provide employment.

Faced with finite reserves of fossil fuels, agriculture
will be forced to exploit other sources of energy. There-
fore, the development of solar energy and hydrogen as
future fuels deserves attention.

However, the physical flow of inputs and outputs is
only one aspect of the choice of alternative cropping
systems and energy-saving practices. Such things as
management requirements, risk, resource bottlenecks,
and economic feasibility of alternative cropping systems
have more to say about their potential adoption than their
product energy efficiency does. The analysis of energy
flows is specifically linked with analysis of the economic
feasibility, potential bottlenecks, and other management
factors for each cropping system.

BIOMASS AND GASOHOL

The production and use of biomass as an energy
source is of particular interest to agriculture because of
the close relationship of biomass production to food,
fiber, and forest production. The development of bio-
mass for energy and petrochemical substitutes will pro-
vide new markets for agricultural products and will make
r ,or contributions to rural energy self-sufficiency.

Generation of methane from manure provides a fuel,
permits handling of a pollutant in an environmentally
acceptable manner, and provides a protein-rich residue
which can be fed to livestoc1:.

Ethanol proponents also say they have developed a
new, cheaper process for making ethanol out of plant
leaves, stalks, and husks. Georgt Taso at Purdue 1' ii-
versity has developed this process, which would cut pro-
duction costs by reducing the time required for fermen-
tation and would insure an inexhaustible supply of raw
materials without diminishing world food supplies. This
process could produce twice the ethanol using half the
energy of a process using whole grain..'

Small-scale alcohol plants near the source of biomass
fuel are another promising concept, and the Department
of Energy is interested in farm-based alcohol plants. The

brewer mash insoluble residue can be fed to animals
without further processing. However, generally more
process energy is required to produce grain alcohol than
is contained in the alcohol produced. The big hope here
is that some innovative approaches to the fermentation
and distillation systems will overcome this limitation."

In Ontario potatoes, sugar beets, and Jerusalem arti-
chokes are looked upon as potential raw materials for
alcohol production and as a way to dispose of grain
surpluses and low-quality grains infested with insects,
mold, or disease. Ontario officials see crop distillation
as most practical when done by a custom operator with
a portable distillery on a tractor trailer.'

In 1975 Brazil established PORALCOOLthe Na-
tion& Alcohol Program. The program calls for blending
ethyl alcohol with gasoline to save foreign exchange,
increase gross national product, and expand the domestic
capitol goods industry. A pilot plant uses manioc (the
cassava root) as a raw material and is fueled by burning
eucalyptus wood, freeing alcohol production from de-
pendence on imported petroleum (except to provide the
cultural energy input used to produce the crop).

Fermentation of corn to ethanol for industrial uses is
roughly economical with corn prices at $2 per bushel.
The potential market would be for about 110 million
bushels of corn per year.

Waste materials could become energy sources. Gas-
ohol from this source may be economical. However, the
process is still in the laboratory stage of development.
The pilot plant stage must be completed before research-
ers will be confident of the economic and technical per-
formance of the process.

Fermentation of corn to ethanol for blending with gas-
oline to produce "gasohol" is not economical at current
or expected future prices for corn or gasoline. Some
forni of government subsidy would be necessary to make
the gasohol proposition economically viable.

One issue that has created considerable interest is the
net energy efficiency of the corn-to-ethanol conversion
process. It is unclear whether the process of converting
corn to ethanol consumes more energy or less energy
than the process of converting petroleum products to
ethanol consumes.

Another unanswered question concern removal of the
crop residues from the field, the effect of removal on
soil fertility and tilth, and the development of equipment
to collect waste material without interfering with the har-
vesting of the grain crop. Methods of handling the res-
idue, storing it, and supplying it to a processing plant
throughout the year will also need to be worked out.

LESS CAPITAL-INTENSIVE FARMING

Another approach to saving energy is less capital-in-
tensive use and some increase in labor use. One study
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selected 14 matched pairs of c)rnbelt farms, one set
using organic methods without chemical fertilizers, or
pesticides and the other using conventional methods.

The organic farms produced a somewhat smaller crop
output per acre of cropland than their conventional coun-
terparts produced; however, the variable costs of crop
production per acre were higher for the conventional
group. The organic group used considerably less, energy
per dollar of crop output and per acre of cropland and
had slightly greater labor input per acre.

However, the samples used in this study may not ac-
curately represent the larger populations of farms from
which they were drawn, and errors could have arisen
from reliance on farmers' reports on yields, field oper-
ations, and purchased inputs and on other data used in
the calculations. The main conclusion reached was that
further research into organic methods of crop production
(as well as methods that lie between the conventional
and organic alternatives) was warranted.

Another study compared farming methods of the
Amish in Pennsylvania, Illinois, Wisconsin, and Ne-
braska with the conventional farming style of their
neighbors.

In central Pennsylvania the yields from the two forms
of agriculture were much the same, with the Amish
yields 4 percent higher than that of their neighbors. No
penalty in the form of reduced production stemmed from
the reduced energy use of the Amisl., supporting the
optimistic hypothesis that high agricultural production
can be maintained with reduced use of energy on the
farm as well as in the home.

In Nebraska, however, the Amish energy ratio was 49
percent higher than that of the older order Amish of
Pennsylvania, and their yields were 47 percent lower.
This group apparently failed to take advantage of sci-
entific developments as extensively as other Amish
farmers.

In eastern Illinois the energy ratio of the Amish was
25.3 percent higher, but their yields were 35.1 percent
lower. The results slipport the pessimistic hypothesis that
a decline in energy available to agriculture would cause
a decline in food production.

The conservation achievements of the Amish were
greater in their homes than in their farming. Their major
contribution to energy conservation is the limited de-
mand they make on available resou:ces to support their
way of life.

Even though the results are mixed, the study suggests
a potential for reintroducing human labor without major
losses in production as long as key supplies such as
fertilizers are available.54 The Amish farmers in Penn-
sylvania apparently used fertilizer much as other pro-
gressive farmers did; the Amish in Nebraska did not.

Breimyer assesses the capital use and energy alter-
natives and points out that choosing between trying to

protect agriculture's access to remaining supplies of non-
farm inputs of extractive origin, such as oil, and the
opposite course of developing new, imaginative alter-
natives from produced raw materials is inevitable.
Whenever a farmer plows under legumes (to substitute
for fertilizer), or dries corn with sunlight (a substitute
for natural gas or electricity), or delivers fresh vegetables
tt; a nearby village market (a substitute, for long distance
transportation) "he counteracts by agrarian means the
consequences of an oil supply that is not only running
out but being reserved by its holders."55

TAX POLICIES AND THEIR EFFECTS ON
FARMING DECISIONS

Tax policies at Federal, state, and local levels of gov-
ernment affect farming decisions. The impact upon ef-
ficiency and income distribution is debated by agricul-
tural economists.

Tax policy can be a means of discouraging establish-
ment of very large farms. But how real estate, income,
capital gains, and estate and inheritance taxes affect farm
operators' decisions needs to be evaluated.s6

The tax system is often seen, both inside and outside
of agriculture, as a way to write off costs against ordi-
nary income, and through capital gains pay a lower rate
than on ordinary income.

Progressive income taxes continue to place restraints
on farm size but not to the extent that they once did.
The tax rate changes of the last ten years favor increases
in the scale of farming and expansion through borrowed
capital. In 1978 changes decreasing tax rates mean
higher after-tax income, but the effect will be to support
the movement toward fewer and larger farms.57

The ability of the farmer to benefit from special tax
provisions is directly related to the farmer's marginal
income tax bracket. The higher his tax bracket, the
greater the benefits. The high-income farmers who in-
corporate their farm operations can realize additional tax
savings and gain access to subsidized capital through
retained earnings to buy more land, resulting in a greater
concentration of land ownership among fewer and larger
farms.

Investment credit can be an effective reduction in the
price farmers pay for machinery and other eligible equip-
ment. Along with accelerated depreciation and addi-
tional first-year depreciation, tax savings of up to 5u
percent of the purchase price can sometimes be realized
in the first year of purchase.58

The tax-saving 'aenefits accruing to nonfarm investors
can lead to a dist_vted pattern of income distribution and
a stimulus for forming a small number of large units in
order to take maximum advantage of credit, tax, and
price support policies. The risk-bearing capacity of the
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family type farm is its greatest comparative advantage;
the reduction of risk, therefore, tips the makeup of farm
units toward large-scale highly capitalized enterprises.

However, tax shelters for farming operations are not
necessarily a waste of capital resources. Williams views
the firms most directly involved in creating tax shelters
as managed by intelligent, reputable, and responsible
people for whom the long-run benefits of access to risk
capital are too great to jeopardize through abuses for
short-term gains. For example, through funds from pri-
vate investors the cattle-feeding industry can adopt a new
lower-cost technology and r 'ilagement practices and
improve efficiency."

MANAGEMENT OPTIONS FOR IMPROVING
PRODUCTIVITY

The options for improving productivity through man-
agement include upgrading educational achievement of
farm operators, determining the most efficient size of
operation, use of integrated pest management, double
cropping, and new management technology employing
computers.

EDUCATION

Peterson and Hayami, in summing up the literature,
report that the productive value of education has its roots
in (1) the worker effect and (2) the allocative effect. The
first increases the marginal product of labor given the
level of other inputs. The second enhances the worker's
ability to acquire and interpret information about costs
and new inputs.'"

Doering suggests that large substitutions of resources
like labor for mechanized energy are not likely but that
increased management ability and time may be substi-
tuted for purchased energy. Areas that require additional
management input include integrated pest management,
fuel saving methods, application of fertilizers and pes-
ticides and other cultural practices to reduce machinery
use.

FARM SIZE

Much has been written concerning the relative effi-
ciency of different scales of operation. Some range in
size is probably necessary to permit the best use of the
varying natural capabilities of farm operators. Even if
there were no differences in the relative technical effi-
ciency of farms of different sizes, a pattern of differences
would make more efficient use of managerial re-
sources. 62

Associated with, and partly because of, changes in the
composition of inputs, the average size of farm business
has also changed. Increases in the scale of farm opera-

'ions, that is, control over resources of production, are
associated with adoption of technology. The dynamics
of this interrelationship of expansion and technology
usually rest.;: in lower per unit cost, particularly of fixed
inputs. Because of more efficient use of inputs, the in-
creases in sizes of farm businesses that have occurred
and are now taking place result in higher productivity
for agriculture as a whole."

Technological explosion in farming has not destroyed
the family farm and the self-employment associated with
farm production. The most logical reason seems to be
the biological nature and spatial dispersion of farm pro-
duction which makes a large concentration of capital,
management, and labor more difficult in farming than
it is in other industries. So, competitive efficiency or
least-cost production is attained at a smaller firm size in
farming than in many other kinds of production. These
smaller sizes are being adapted to the managerial and
working capacities of self-employed family labor.

Although larger farms have an income advantage,
costs per acre changed very little from 500 to 1,200
acres on Illinois corn and soybean farms. And although
benefits from government farm support programs have
been directly proportional to the size of the farm, poli-
cymakers may want to recognize in future policy con-
siderations that policies that encourage development of
corn and soybean farms above 1,200 acres may actually
encourage a degree of inefficiency and loss of produc-
tivity.

Significant economies of size were noted in California
dairy herds of up to 750 cows, but most cost reductions
were achieved by using dairy herds of 275 to 450 cows.
But specialized management is essential to achieve the
cost savings.

Restricting farm size will reduce overall economic
productivity. However, the significant advantages of
larger farms seem to result from higher sales per acre
and greater access to more irrigated land and from su-
perior management.

Efficient family-size corn farms would achieve most
of the possible economies of production. Very large
farms may realize additional savings from reduced input
costs, marketing advantages, financial leverage, and tax
minimizing strategies.'

In Yolo County, California, farms of about 600-800
acres appeared to compete on a unit cost and profit basis
with much larger farms. At least 200 acres were required
to break even. In the Imperial Valley minimum costs per
dollar of total revenue began at 2,000 acres, but most
cost savings had been reached at about 700 acres. In the
Westlands District most economies of scale had been
reached at 800 to 1,000 acres.

The U.S. Department of Agriculture, in assessing the
effects of enforcing the Reclamation Act of 1902, con-
cluded that the California cotton farm of 640 acres has
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a 14 to 16 p'.-cent cost advantage over the 160-acre farm;
the 480-acre farm in the North Platte valley of Nebraska
has cost advantages of 15 to 20 percent over a 160-acre
farm in the Columbia Basin; and the 320-acre farm has
a cost savings of 8 to 12 percent over the 160-acre farm.

The reason for cost savings is the ability to spread
certain fixed costs, such as management, supervision,
and costly machinery and equipment, over more units
of output. Integrated firms can reduce the middleman's
margin and handling _osts since the input firm provides
inputs for its own farming operation.":'

The more serious threat to the moderate-size farm is
the very large-scale family farm which grows even
larger. Heady recommends research for this intermedi-
ate-size farm, which has few opportunities to grow larger
and which contributes so much to the viability of rural
communities."

Interest in the size of a farm is more than just an
interest in finding the productive and efficient combi-
nation of resources. Low incomes of farm families and
distribution of agricultural resources among farmers are
major concerns. Questions concerning economic effi-
ciency are frustrating to the ardent supporters of small-
ness who feel that soiliehow criteria for economies of
scale ought to be changed so that the small-scale oper-
ation in agriculture becomes economically viable where
it would not have been before."'

INTEGRATED PEST MANAGEMENT

The interest in more efficient pest control has en-
couraged development of integrated pest management
programs. The falling productivity of insecticides during
the later 1960s, when the benefits of insecticides didn't
seem sufficient to pay the costs, is a factor in this de-
velopment."

Integrated pest management is defined as a system of
using all suitable techniques and methods in a compat-
ible manner that maintains the pest population at levels
below those causing economic injury.

These programs are likely to move toward interdis-
ciplinary and multiple component approaches, such as
natural enemies and minimal insecticide use, in which
improved pest monitoring and prediction systems are
essential elements but the final delivery message to the
producer is clear, plain, and unencumbered with exces-
sive details.

DOUBLE CROPPING

Double cropping (following wheat with a soybean
crop in the same year) improves the output from a given
acre of land and improves the output/input ratio of en-
ergy considerably. It is risky from the weather stand-
point, but the simulator accounts for this risk. This prac-

tice is on the increase, and the resulting energy
efficiencies will recommend it further.

The comparison of crop returns in Illinois suggests
that double cropping wheat land can compete with the
rotation of traditional single crops. Four crops in three
yearscorn-soybeans-wheat, followed in the same year
by either soybeans or grain sorghumwould be slightly
more profitable than the usual corn-soybeans or corn-
soybean-wheat rotation.

COMPUTER USE

Computerizes: information systems could conceivably
improve management decisions in the future, as com-
puter processing rower will become readily available to
most small businesses, including farms. However, noth
ing on the horizon in computer technology can replace
the human skill of understanding the problems, choosing
appropriate data bases, and applying the required pro-
cessing needed to transform data into useful informa-
tion.""

THE INFLUENCE OF INTERNATIONAL TRADE

International trade in U.S. agricultural products influ-
ences the allocation of resources on U.S. farms. In 1977
31 percent of the harvested crop acreage was exported,
most of which was food grains, feed giants, and oil seed
crops. In terms of the percent of production exported,
the Department of Agriculture estimated that 73 percent
of the rice, 69 percent of the sunflower seed, 58 percent
of the cattle hides, 56 percent of the wheat, 55 percent
of the soybeans, 45 percent of the almonds, 40 percent
of the cotton, 36 percent of the tobacco, 35 percent of
the dried prunes, and 28 percent of the corn moved into
the export market.'"

Variation in the amounts of individual commodities
exported each year is directly related to supplies pro-
duced in other parts of the world, either in the importing
countries or competing export countries. Consequently,
world prices and prices received by U.S. producers are
directly affected by the production of the export com-
modities in other parts of the world. Although exporters
must report sales to the USDA, the Federal Government
has made no effort to control or limit exports since 1975.

National policy written into the 1977 Agricultural Act
and the general opinions of producers oppose govern-
ment intervention in the export of U.S. farm products.
The on-farm commodity reserve created in the 1977
Agricultural Act is a major effort to stabilize prices dur-
ing periods of reduced supplies or rising demand. But
U.S. policy has not faced up to the crucial question of
how a major national shortage of production inputs or
domestic farm products would he handled in view of our
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strong export market and the benefits of a positive trade
balance in farm commodities.

For example, the ftql allocation of all petroleum needs
for agriculture arid the withdrawal of that priority allo-
cation in the spring and summer of P '9 suggest poten-
tial problems in the future if further shortages of these
products occur.

The rising prices of grain in 1975 and the temporary
limitation of exports stimulated by pressure from con-
sumer and labor groups also show what can happen if
national policies are not thoroughly planned in advance
for such emergency situations. During the marketing
year following the reduced 1974 crops, exporters main-
tained their demand and the domestic users cut back
consumption of feed grains, resulting in lower meat sup-
plies in succeeding years.

When domestic supplies of commodities are reduced
while large volumes of exports continue, higher domes-
tic prices can be expected. Actually, the buyers abroad
and the buyers at home are competing for a shorter sup-
ply. Domestic prices will rise to ration the shorter sup-
plies available. But if exports are reduced, causing larger
trade deficits, and the foreign exchange value of the
dollar declines, then U.S. consumers will have to pay
more for imported goods.

Nor has a policy toward the potential competition be-
tween U.S. products and imports of certain foods been
fully developed. Martin and Rochin point out that trade
and immigration policies affect agricultural labor mar-
kets by altering the demands for labor. As Mexican ir-
rigation systems expand and as the real cost of trans-
porting agricultural commodities between the United
States and Mexico and the Orient declines, the produc-
tion of labor intensive products may shift to countries
with lower labor costs."

LOOKING AHEAD: PRODUCTIVITY ISSUES AND
POLICY OPTIONS

LAND USE

The major options for improving productivity of land
center around (I) retaining "prime" lands for agricul-
tural production; (2) letting the market allocate land for
agricultural use and other purposes; and (3) subdividing
large farm units, particularly those receiving water from
federally financed projects, into 160-acre operating units
as provided by Federal law.

Data from the 1975 Soil Conservation Service Poten-
tial Cropland Study identified 78 million acres of non-
cropland with a high potential and 33 million acres hav-
ing medium potential for conversion to cropland. How-
ever, when all high potential acreage was analyzed, only
15 million acres had no limitations to development.

However, 7.4 million acres converted to urban and water
uses between 1967 and 1975 were estimated to be from
prime farmland. The data suggest that continued loss of
prime farmland at the 1967-75 rate could eventually lead
to a loss of prime farmland that could not be replaced
except with inferior land with lower productivity.

Although the complete preciseness of the data is un-
certain, the general picture reenforces the viewpoint that
combined Federal, state, and local government efforts
to retain prime lands for agricultural production have
long-range benefits for overall agricultural productivity.

The alternatives to preserving prime lands are to spend
more energy to obtain higher production from the re-
maining farmlands or to bring marginal lands into agri-
cultural production.

On the other hand, Gardner cites the economic con-
sequences of land preservation legislation:

If the market is removed from the allocation task
and is replaced by essentially nonmarket allocation
criteria, the consequences in terms of economic ef-
ficiency and equity should be carefully evaluated.

When property rights are altered, such as would
be the case if land disposition is restricted, the sig-
nals are distorted, and the market does not work
efficiently. If society really has a scarcity of agri-
cultural land and food and fiber prices arc not ar-
tificially controlled at lower than equilibrium lev-
els, the land market serves perfectly well to reveal
this scarcity. If the effective market instrument is
replaced by the prime land retention schemes where
inadequate economic or political criteria dictate re-
source allocation, there is no reliable way of know-
ing whether agricultural land is becoming scarcer
or more plentiful.72

LAND-LABOR RELATIONSHIPS

Subdividing large farm units to 160 acres could lead
to more intensive labor use but would also probably re-
duce the productivity of labor, as more intensive crop-
ping would be encouraged. Observations have shown
that in the developed countries, where demand for labor
in the nonagricultural sector has pulled a significant
amount of labor out of agriculture, the rates of growth
in labor productivity have been increased by improve-
ments in the land-labor ratio.

In the less developed countries, where labor produc-
tivity growth has been primarily brought about by the
increase in land productivity, the input of fertilizer per
hectare has increased more rapidly than the input of
machinery per worker. In the developed countries, in
contrast, the progress of mechanization has been a pri-
mary source of growth in output per worker.73

Those who advocate more labor and less machinery



Technology and the Improvement of Agricultural Productivity 575

per unit of land should recognize that this choice will
affect productivity and that the environment of the
United States is one of a developed country rather than
a less developed one.

The options for labor use really focus on the question
of whether the combination of factors used in agricul-
tural production will include more labor or less labor.

Cost, advantages of labor-saving technology will be
lost if policies restrkf.ng size of farm are imposed. But
such efficiency losses will vary according to the degree
of restrictiveness. If size limitations appear desirable on
social and other grounds, the sacrifice in efficiency
should be clearly recognized."

CAPITAL AND ENERGY USE

The options for improving productivity of capital in
agriculture are closely allied with energy use. These in-
clude (I) making more efficient use of present technol-
ogies, (2) conserving fossil fuels by shifting to more use
of solar energy, (3) increasing alcohol production from
farm-produced materials to reduce use of petroleum-
based fuels. and (4) shifting to less capital-intensive
farming methods.

Some samples of more efficient use of present tech-
nology can be described. Fuel could be conserved at the
present level of mechanization by avoiding the use of
tractors delivering more power than is required for a
specific cultural operation. Furthermore, tractors could
be operated at speeds and in gears that minimize fuel
consumption for various tasks. Increased custom hiring
of certain cultural operations like combining or harvest-
ing should result in more effective application of costly
equipment that might otherwise remain idle for most of
the crop year. Aerial instead of tractor application of
seed, fertilizer, or pesticides might reduce energy con-
sumption. However, the scientists preparing a National
Academy of Sciences report and suggesting these ap-
proaches admit that knowledge of the energy savings
attributable to these is lacking.75 More consideration
could be given to costs of smaller machinery packages
or the opportunities to rent or contract for machinery on
small units.

Large energy savings could not be accomplished by
adopting less energy-intensive technologies, but individ-
ual farmers could be made less vulnerable to fluctuations
in energy prices and supply.'"

The cheap energy era is behind us, the alternatives are
all expensive, and it will require long lead times to com-
mercially develop significant quantities of alternate
fuels. There are indirect or hidden effects of energy
shortage and allocation schemes. Fuel allocation, guar-
anteeing 100 percent of the fuel needs for agriculture,
for example, may not help much if other needed inputs
become scarce and other bottlenecks occur.

Energy.policy for agriculture will also affect decisions
and productivity. Some believe higher energy prices
would encourage efficient energy management, increase
domestic oil and gas production, and make alternative
energy sources economically viable.

Although tax incentives could encourage energy sav-
ing, the need for such incentives is questionable if farm-
ers can be shown how good management can provide
more profits while helping save energy.

So, it must be recognized that the economics of ag-
riculture will henceforth comprise not only the econom-
ics of the land, together with capital from superimposed
industrial processes, but also the economics of access to
mineral raw materials on which our industrial technology
is based.

The practice and politics of agriculture will be divided
between: (1) sheltering agriculture from the injurious
effects of more costly raw materials and (2) fostering the
protection and development of the natural processes of
plant and animal production that sustained mankind be-
fore chemical fertilizers or petroleum were ever heard
of."

Fuel scarcities and high costs are likely to be major
motivating forces for moving away from direct use of
fossil fuels for motive power. However, Doering sug-
gests that this will not be possible all at once. In the
short and intermediate term, a policy of investing in
storage facilities rather than substituting human labor or
animal power for fossil fuels may be more appropriate.'"

TAX POLICY

Decisions on tax policy affecting agriculture involve
these options: (1) keep present policies; (2) restrict in-
vestments by outside investors and business firms; or
(3) restrict or ..liminate cash accounting, deductible in-
vestments, investment credit, and capital gains now open
to farm producers. Because the policies that apply to
other businesses usually apply to agriculture, any changes
in these policies--as well as in policies in effect espe-
cially applicable to agricultural productionshould be
reviewed carefully; otherwise, incentives to expand pro-
duction and improve productivity could be jeopardized.

RESEARCH AND TECHNOLOGY

Public sector research and development remain the
primary source of agricultural technology, particularly
the biological technology that expanded the capacity of
crops and animals to respond to higher levels of indus-
trial inputs.

The continued high rate of productivity growth in the
agricultural sector cannot, however, obscure the fact that
the rate of productivity growth in agriculture has slowed
down over the last decade. The serious issues related to
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the future agriculture performance of the U.S. are: (a)
whether the U.S. agricultural research system is main-
taining its capacity to support productivity growth and
(b) whether the institutional constraints which condition
the structure of American agriculture are becoming an
increasing burden on productivity growth. Ruttan ques-
tions whether the United States is continuing to make
the investments required to release the technical con-
straints on agricultural productivity.

Looking ahead, no major scientific breakthrough com-
parable to hybrid corn or DDT can be reasonably pre-
dicted for the next one to two decades, although some
believe promising potentials remain for improving pro-
ductivit From the application of known technology and
from nt. .echnology now in the research and develop-
ment phases.

Although one cannot predict the outcome of invest-
ments in research, many seem to strongly feel that re-
ductions in research investments may explain why av-
erage agricultural output per hectare of cropland remains
low relative to the levels that prevail in many other de-
veloped and developing countries.

In developing a long-range policy for maintaining ag-
ricultural productivity in the face of energy shortages,
a number of options can be identified. Anticipated price
increases and continuing supplies appear preferable to
the serious problems that a disrupticn in availability of
energy supplies could produce for the U.S. food system.

The recent concern with climate has underscored the
fact that our fundamental knowledge of climatic pro-
cesses and mechanisms is not sufficient to permit fore-
casting. Reliable forecasts of climate even one growing
season ahead would be extremely useful, and predictions
of trends one to two decades ahead are sorely needed for
national policy planning."

From both an environmental and energy perspective,
more intensified research in pest control could include
(1) integrated pest management systems based on cul-
tural, genetic, and conventional chemical techniques,
(2) selected biologically based interference with the re-
productive processes of the pest species, (3) microbio-
logical and natural biological agents for pest control, and
(4) breeding for pest resistance."

Some options for plant science research include (1)
strengthening research support for the basic plant sci-
ences, (2) intensifying and expanding international ef-
forts to preserve, conserve, and exchange genetic re-
sources, (3) broadening the range of parameters in plant
breeding research, (4) developing more efficient meth-
ods of crop fertilization, (5) accelerating work oil con-
ventional breeding for higher and more dependable
yields, (6) developing a variety of intensive cropping
systems for the tropics, and (7) increasing the protein
value of grain.

Specific livestock research areas identified as having

significant potential for increased production both in the
U.S. and developing countries include (1) controlling
reproductive and respiratory diseases, (2) developing
genetically superior animals, (3) improving nutrition ef-
ficiency, and (4) increasing the reproduction perform-
ance of all farm animal species.

ENERGY POLICY

A realistic national energy policy for our U.S. food
system could include (I) adequate funding for basic and
applied research relating energy supplies and utilization
to an assured food supply; (2) adequate funding for basic
and applied research in order to develop alternative en-
ergy sources and to effectively demonstrate their uses;
(3) guaranteed supply of fossil fuels for production ag-
riculture, including input supplies and transportation
services, until alternative energy sources are assured;
(4) a national land use policy to protect remaining crop-
land; and (5) deregulation of petroleum and natural gas
prices to encourage an orderly shift to alternate energy
sources."'

The potential for contradictory and counterproductive
activities dealing with agricultural production is tremen-
dous. As an example, some officials have logically
urged the agricultural research and extension establish-
ment to devote its efforts toward perfecting and dissem-
inating more energy-efficient agricultural systems.

At the same time, many officials appear to: want to
exempt agriculture from the energy price increases that
could be expected under the President's energy plan in
order to hold down food prices.

If this latter policy prevails, there may be no incentive
to adopt energy-efficient systems in agriculture. For if
agriculture is guaranteed the energy it needs at current
prices, there is little incentive for technological devel-
opment or adoption.'

Strangely, the new cadre of energy specialists has
tended to ignore ale relative price issue, yet it is relative
prices that bring about or negate resource substitution.

SOCIAL AND ECONOMIC GOALS

The goals for the future direction of U.S. agriculture
must be identified. Some policy decisions may be made
on the basis of economic efficiency, others on the basis
of social equity. The persistence of small farmers and
reversal of the recent rural urban migration indicate that
more emphasis on research that would enhance the well-
being of small and part-time farmers may be war-
ranted .83

Should farm size be limited to allow more farmers to
have access to land and farm operating opportunities?
Heady and Jensen caution against putting an upper limit
on farm size in order to increase farm numbers and peo-
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ple living on farms. They suggest a policy of having
farms operate on a scale to insure a favorable living level
for a reasonable number of farm families rather than
having an excess of small farms surrounded by poverty
conditions.84

Small farms do provide diversity in the structure of
agriculture and an outlet for productive use of family
labor. Small farm operators whose farm operation is only
a supplement to off-farm income can survive longer than
can full-time farmers with inadequate resources.

The smaller farmer may find direct marketing a means
of supplementing income. Although direct marketing
accounts for only a small percentage of total food mar-
keted (less than 3 percent of fruits and vegetables), it is
nevertheless important to a large number of small farm-
ers, particularly those near population centers.

The resurgence of farmers' produce markets, pick
your own fruit and vegetable farms, and simple con-
sumer food cooperatives are probably more symbolic of
agrarian than of industrial food delivery. And nIthough
current quantities in such direct marketing are trivial, the
potential for the future could be substantial.'

POLICY GOALS IN PERSPECTIVE

Agriculture has special and specific needs for energy.
The viability of the U.S. food system. which provides
an estimated 90 percent of our domestic food needs plus
another $30 billion for export, is essential.

Exports provide food needed by many countries-de-
veloped, developing, and centrally planned. Our food
imports. equivalent to about half the value of our ex-
ports, provide tropical products which we cannot pro-
duce plus other foods which supplement our own pro-
duction. To reduce exports would enlarge our trade
deficits, raise the cost of our imports as exchange rates
become less favorable, and eventually lead to lower
standards of living for the American public.

The forces influencing the direction of future U.S.
farm and food policy have divergent economic, political,
and social implications for farm operators. farm work-
ers. rural citizens, and consumers. Social objectives can
be in direct conflict with policies that could promote
improved eco_:omic productivity.
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The Role of Science and Technology in the
Containment of Health Care Costs
!'y Kenneth E. Warner*

SUMMARY

The high and rapidly growing costs of American health
care constitute today's principal health policy concern.
Eoth existing and proposed regulAtions are directed at
moderating medical care cost increases, with attention
focused on hospital costs and, within hospitals, on the
acquisition and use of sophisticated technology.

Technological change is a central characteristic of
modern medical care. Science continues to make im-
portant contributions to the high technology of medicine,
that which is preventive or curative, inexpensive, and
easy to use. Over the next few years. Tor example, sev-
eral new drugs and vaccines should simultaneously im-
prove health and decrease health care cost. By contrast,
much new equipment-embodied technology will add to
costs while performing "halfway" medical functions
such as maintenance rather than cure of seriously ill pa-
tients.

Depending on how "technology" is defin,:., empir-
ical analysis indicates a wide range. of "culpability" in
technology's contibution to the cost inflation problem.
Ironically, much policy emphasizes control of the ac-
quisition of expensive capital equipment (e.g., Certifi-
cate of Need and the proposed ceiling on capital ex-
penditures), even though analysis caggests that capital
costs per se are not a major factor in inflation.

The tendency to characterize technology as a cause of

* Associated Professor of Health Planning and Administration, School
of Public Health, University of Michigan.

cost inflation must be balanced by recognition that the
"technology problem" is a logical outcome of wide-
spread third-party liability for the costs of medical care.
Excessive acquisition and use of technology, and the
emphasis on quality-enhancing rather than cost-reducing
technology, reflect demand in a reimbursement environ-
ment in which resource consumption is divorced from
financial responsibility. Piecemeal, bureaucratic regu-
latory mechanisms hold the potential of moderating in-
flation but seem unlikely to alter fundamentally either
the problem its result. By contrast. a reimbursement
system which truly rewarded economic efficiency would
create .in immediate demand for cost - saving technolo-
gies.

The 'potential for science and technology to contribute
to health cost containment lies as mch outside as inside
the medical arena. Historically, the greatest health con-
tributions of science and teclyaology have come from the
prevention Of illness, both mediee! setting
(e.g., immunizations) and tt.rough public sector altera-
tions in the environment (e.g.,. sanitation). More remit
prevention efforts related to the environment and to n-
dividual health behavior appear to be quite cost effec-
tive. Future scientific and technological developments
related to genetics, behavior, and the physical and social
environment might simultaneously promote health and
contain 'health care taosts.

Science and technology can be expected to continue
contributing to improvements in health. Many h2alth-
promotin,g developments in the nonmedical areas seem
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capable of also contributing to the containment of health
care costs, though their total impact will be distinctly
limited given the concentration of health care expendi-
tures in the delivery of medical care. Barring significant
changes in the medical care reimbursement system, med-
ical technology seems unlikely to contribute greatly to
health cost containment. Rather, regulatory policies may
diminish its contribution to inflation.

INTRODUCTION

The costs of American health caretheir magnitude
and rate of increase, sources, and what to do about
themconstitute today's single most discussed health
care issue. Concern vacillates between the amount of the
present burden and the potential of the future burden.
The former was over $200 billion in 1979, er more than
a month of labor per American worker. The potential
future burden is reflected in the rate of growth of health
care expenditures which, in recent years, has exceeded
the general increase in consumer prices by about 50 per-
cent. As a result, health care expenditures have grown
from 4.5 percent of the gross national pre-iuct (GNP) in
1950 to almost 9 percent today. Perhaps more dramati-
cally, if general inflation were to proceed at a rate of 9
percent per year from now until the end of the century
and health care costs were to continue rising at a rate 50
percent greater than general consumer prices, in the year
2000 health care expenditures would exceed 20 percent
of the GNP, or one out of every five dollars.

Clearly, health care costs are the focal point of current
Federal health policy debates and initiatives. In a polit-
ical environment dominated by concern about inflation
and deficit spending, the pressures of health cost infla-
tion are felt even more acutely by the Federal Govern-
ment than by the population at large. The Federal share
of health expenditures has been growing rapidly for more
than a decade, from 21 percent in 1965 to more than 40
percent at present. Federal payments cover a significant
proportiot of the costs of inpatient care, and hospital
costsrepresenting more than 40 percent of the total
cost of care--have been inflating more rapidly than any
major component of the health care sector. Thus, the
Carter Administration has-identified its hospital cost con-
tainment legislation as ", . . one of the most essential
anti-inflation measures Congress will ever consider."
Other components of the governmental effort to control
health cost inflation include Certificate of Need (CON),
other features of the Federal health planning law, restric-
tions on Medicare reimbursement, the work of
Professior al Standards Review Organizations (PSROs),
promotion of Healer Maintenance Organizations (HMOs),
medical device regulation, formation of the National
Center for Health Care Technology, and support of re-

search on inflation and cost containment. It is notewor-
thy that several existing and proposed regulations are
aimed at controlling costs through rationalizingwhich
usually means restrictingthe acquisition and use of
technology. Two prominent examples are CON and a
national ceiling on capital expenditures. The latter was
a central feature of the Administration's original hospital
cost containment legislation and is now being proposed
as an independent legislative effort.

To date, the Federal Government's principal response
to the health cost problem has been to attack medical
care expenditures, either piecemeal (e.g., CON) or in-
stitutionally (e.g., hospital cost containment). By far the
largest source of the problem, the medical care system,
is an obvious target for remedial measures. But this re-
sponse has been symptomatic of a general failure to dis-
tinguish "health" from "medical care." Frequently
simply a matter of semantics, this distinction seves as
both a point of departure and an organizing framework
for this paper's discussion of the role of science and
technology in the containment of health care costs. Thus,
the next section of the paper identifies the determinants
of health, an appreciation of which is essential to un-
derstand how science and technology might impact
health outside the medical care delivery system. This
discussion is followed by an examination of the roles of
science and technology in the delivery of medical care,
in the past, at present, and with a conjectural glance at
the next few years. The fourth section considers the past,
existing, and potential roles of science and technology
in the nonmedical determinants of and influences on
health. The concluding section summarizes the main
points and offers some derivative policy-relevant
thoughts.

INFLUENCES ON HEALTH

The preeminence of medicine in the popular concep-
tion of health care dates primarily from the World War
II period. According to many observers, it is a function
of the technological revolution in medicine, originating
with the development of antibiotics and growing with
the emergence of inr "easingly sophisticated and complex
medical hardware. The cures attributed to the "wonder
drugs" and promised by ensuing technological devel-
opments have been credited with producing an overly
optimistic reliance on medical care as the means of rec-
tifying malfunctions in the human body. The failure of
medicine to achieve the successes unrealistically desired
of it and the soaring cost of medical careitself a func-
tion in part of the technological revolutionhave con-
tributed to the rediscovery of the multiplicity of nonmed-
ical personal and social influences on health status.

No single classification of the determinants of health
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is perfectly satisfactory, but the major determinants in-
clude:

genetic factors;

individual behaviors (diet, exercise, tobacco and
alcohol consumption, stress, etc.);

environmental influences, including:
the physical environment (air and water pol-
lution, radiation hazards, occupational haz-
ards, etc.),

the social environment (crowding conditions
and their sequelae, etc.), and

the political and economic environments (dis-
tribution of power and its uses, distribution of
income, rate and nature of changes in eco-
nomic conditions, etc.); and

use of personal health services.

Two features of these classes of health determinants
warrant brief attention. First, only the last classper-
sonal health servicesexists solely to influence health
status. Genetic, behavioral, and environmental factors
influence health quite independently of any conscious
intent. That is, environmental pollution comes into being
for reasons unrelated to health, and, unattended to, ad-
versely influences health status. Similarly, the Industrial
Revolution has eased our lives and increased our mate-
rial well-being, but affluence and automation have con-
tributed to less healthy sedentary lifestyles and patterns
of food and drug consumption. One reason for the in-
creased utilization of personal health services is to re-
dress the damage done by these other factors. It is es-
timated, for example, that nearly 20 percent of the cost
of medical care derives from illnesses attributable to cig-
arette smoking and alcohol abuse.

Modifications of or interventions in these areas can
have a positive influence on health. For example,
changes in lifestyle may have been contributing to recent
increases in life expectancy, specifically linked to de-
creases in rates of heart disease. The important point is
that genetic, behavioral, and environmental factors can
influence health both "passively" (i.e., unconscious or
unintended) and "actively" (i.e., purposeful modifica-
tion). By contrast, personal health services invariably
represent a conscious intervention to ameliorate, correct,
or prevent other negative influences on health.

The second feature of the classes of health determi-
nants is that three of the four classes represent primarily
individual influences on health, whereas the remaining
class contains collective influences on health. Genetic

{,

and behavioral factors and utilization of personal health
services have discrete effects on the health of individu-
als, while environmental factors tend to influence the
health of groups of people collectively. For example, if
a city is heavily polluted, many residents will suffer
adverse consequences. They cannot avoid the problem
individually, short of moving to another community or
perpetually wearing gas masks. Similarly, any interven-
tion that reduces this health hazard will have beneficial
consequences for all those who suffer from it, and not
exclusively for single identifiable individuals. By con-
trast, genetic defects cause problems for individuals;
through amniocentesis and counselling, individuals can
reduce their own risks. An individual can convert a se-
dentary lifestyle into an active one. An individual can
seek and receive health-promoting medical care.

These distinctions have implications for strategies to
contain health care costs, and for the role of science and
technology in achieving this goal. For example, the col-
lective influence of environmental factors allows nu-
merous people to benefit from single programmatic or
technological efforts. This generally means that the ad-
ditional cost of serving an additional individual is neg-
ligible, an 'attractive feature for dealing with common
health problems in concentrated populations.

SCIENCE AND TECHNOLOGY IN THE
DELIVERY OF MEDICAL CARE

Technologically, the medical care delivery industry is
something of an anomaly. In the public mind, medical
care suggests a world of pills, solutions, translucent
tubes and large gleaming stainless steel devices. In fact,
in many respects the field of medicine is technologically
backward. The provision of care continues to be a labor-
intensive activity and technological advances which have
pervaded the mainstream of everyday life are only be-
latedly finding applications in medical settings (witness
the use of microprocessors).

Nevertheless, every month one finds scores of articles
in the professional literature and popular press praising
or denouncing new medical devices, drugs, and proce-
dures. Despite the discordance over the value of the new
technology, the volume and nature of attention reflect
the widespread agreement that the delivery of medical
care is experiencing a technological revolution of un-
precedented magnitude. Both current developments and
those just over the horizon strongly suggest a continua-
tion of this trend into the foreseeable future, though im-
portant aspects of its character may change.

Medicine's technological revolution dates from the
1940s, when science introduced perhaps the single most
significant contribution of modern medicine to human
welfare: the antibiotics. In a short period, these drugs
relegated common scourges major sources of suffer-
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ingto the history books. The antibiotics and other
chemical products and biologics (e.g., Salk vaccine) are
what Lewis Thomas has characterized as the true high
technology of medicine: effective, preventive or cura-
tive, inexpensive interventions which are easy to use.

Witness to the excitement and optimism that these
developments engendered was the rapid growth in the
National Institutes of Health (NIH). For roughly two
decades following World War II, NIH's budget grew at
a rate of 20 percent per year. But the gleaming image
of biomedical science tarnished over time as research
failed to produce "wonder drugs" comparable in import
to the antibiotics. Public interest in biomedical research
was sparked momentarily in the early 1970s by initiation
of the War on Cancer, but politically motivated expec-
tations for "a cancer cure" were not realized. Coupled
with declining public optimism, the concern over health
care costs has contributed to more than a decade of t.ud-
getary stagnation at MK' Recent social science research
raises the question of whether this budgetary restriction
may be penny wise and pound foolish. The tcng,ble
fruits of basic biomedical research are unpredictable, in-
variably deferred, and frequently difficult to attribute to
individual research efforts. Nevertheless, longitudinal
analysis suggests that-biomedical science has returned
health dividends and possibly kept health care expendi-
tures below the levels which otherwise would have been
expected.'

Although the dramatic impact of the early wonder
drugs has not been repeated, research continues to make
chemical and biological advances which significantly
affect the practice of medicine. For example, as a mo-
dality, cancer chemotherapy remains experimental, yet
many childhood victims of acute leukemia treated with
chemotherapy are today healthy adults, and drugs con-
stitute an integral component of successful therapies in
Hodgkins disease, breast cancer, and other malignan-
cies.

Several new drugs may enter the -class of "high tech-
nology" by improving health and lowering health care
costs in the next few years. Some examples are:

the newly licensed pneumococcal vaccine holds
the potential of containing costs by limiting the
severity of pneumonia ale thereby reducing the
number of patients requiring treatment, partic::-
larly among the high-risk elderly population.'

Introduced just two years ago, cimaidine appears
to have dramatically decreased the incidence of
surgery, and hence the length of hospitalization,
for duodenal ulcer patients. Associated cost sav-
ings should be appreciable and could grow as
physicians increasingly treat other ulcer patients
with the drug.'

A new anti-convulsive drug, valproic acid, may
help more than half a million epileptics and
thereby avoid hundreds of millions of dollars in
medical and welfare costs, as well as significant
indirect costs associated with productivity losses.

Sevet .11 diseases, inch:ding multiple sclerosis, rheu-
matoid arthritis, and diabetes, may be the product of
viruses wh;ch, although not readily susceptible to treat-
ment, may ue preventable. The search for su:!able vac-
cines is a research effort with potentially dra..;..'tic re-
turns in reduced expenditures and suffering.

Other drig research areas are more problematic. Once
a hother; of research, the pharmacological control of
mental disorders has not realized the potential many sci-
entiL- anticipated. The costs of mental illness are im-
mense, so progress in the control of such illness could
yield economic as well as humanitarian rewards.

Along with its successes, the grow 'ng medical phar-
macopoeia has produced health and cost problems. Ad-
verse drug reactions, often reflecting drug interactions,
account for numerous hospitalizations and increased
lengths of stay. Information systems to monitor and
avoid adverse reactions are under study in several clin-
ical settings. The cost containment potential of such sys-
tems is today a matter of conjecture.

The early "wonder dr.:gs" successfully attacked a
group of devastating acute and infectious illnesses. In
part due to this success, the problems remaining for sci-
ence and technology to attack have been the more in-
tractable chronic diseases. The failure of research an
engi "eering to realize victories comparable to those of
the early drugs well may reflect the greater complexity
and intractability of these remaining diseases.

In relative terms, the lharacter of the bioscience rev-
olution has shifted from a biological and chemical em-
nhasis to a mechanical one. Many of the vaunted de-
velopments of the day reflect the application of
engineering knowledge to the production of equipment-
based technology. The most discussed development of
the 1970s, computerized tomography (CT scanner), is
a zrfect case in point. Unlike their biochemical prede-
cessors, the new devices generally are not intended to
serve preventive or curative functions. Rather, they are
diagnostic (e.g., automated lab tests; CT) or oriented
toward maintenance, i.e., controlling but not eliminating
a problem (e.g., renal dialysis). Maint9narice technolo-
gies, in particular, require repeiSed or continued appli-
cation. Often called "halfway teihnOlogik, such de-
vices tend to be complex and expensive.

In health policy circles and in the public mind, "med-
ical technology" has come to refer to sophisticated cap-
ital equipment generally accompanied by a large acqui-
sition price tag. Unlike their biochemical predecessors,
the new equipment-embodied technologies are fre-
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quently criticized as contributing significantly more to
cost inflation than to the betterment of health care. As
is discussed below, the new technology does seem to be
responsive to the idiosyncratic economic environment of
medical care, but the nature of technology's contribution
to inflation is only poorly understood. Much policy is
based on the perception that the capital costs of sophis-
ticated, elaborate technologies are responsible for the
lion's share r!: technology-induced inflation (e.g., CON
and the proposed national ceiling on capital expendi-
tures), but empirical evidence suggests otherwise. The
importance of capital acquisition appears to be growing.
but the major costs of equipment-embodied technology
are the operating costs, particularly including personnel
costs (e.g.. specialized technicians).5 More signifi-
cantly. considerable evidence identifies mundane tech-
nology with a low cost per use as the major villain in
the technology-cost drama. The accessibility, ease of
application, and third-party financial liabrity associated
with many diagnostic tests have led to their excessive
application. translating a small cost per use into large
aggregate expenditures. For example. from 1951 to
1971, the number of laboratory tests per diagnosis of
perforative appendicitis in the Palo Alto Medical Clinic
rose from 5.3 to 31.0, with no significant changes in
patient outcome. The average cost of treatment (includ-
ing all inputs, not just lab tests) rose from $516 to
$2,062. Controlling for general inflation, one still finds
a 156 percent increase in the cost of treatmei,-6

The phenomenon represented by this example is a
major source of difficulty in translating the cost contain-
ment potential in many technologies into realized con-
tainment of costs. Numerous new technologies are less
expensive than their predecessors to acquire (i.e., capital
costs) and/or use (i.e., operating costs): were they used
simply as substitutes, they would reduce health care
costs. Often, however, their convenience. simplicity.
and like features combine with a permissive economic
environment to reduce more frequent use than was the
case with their pt.;decessors, and than appears to be nec-
essary. Thus, in the aggregate, cost containment poten-
tial is lost. Low-cost automated EKGs ate an example
in many delivery settings. as is CT scanning. The latter
is a demonstrably cost-effective technique for making
certain diagnoses. but in numerous institutions its nov-
elty and noninvasiveness have resulted in significant in.
creases in the numbers of diagnostic tests erformcd rel-
ative to presenting signs and symptoms.

It is important to understand the medical economic
environment. for economic incentives play a significant
role in explaining the nature of medical technology de-
velopment and patterns of technology acquisition and
use. Technology does not simply "force" itself into the
system. It is demandedby hospitals. plysicians, and
patientsby a system that appreciates its scrti and,
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at minimum. tolerates. or more often ignores. its cost
itaplications. Extensive third-party payment, through
both private insurance and public programs (primarily
Medicare and Medicaid), removes the economic burden
of resource consumption from those who produce it. If
a patient's insurance will pay for a diagnostic procedure.
the cost of that procedure is of no dir ern to either
the patient or tlx physician. Thus i le . .lure offers

va chance. however minuscule. of in or solidi-
fying a diagnosis, the procedure n, idered. The
burden is spread over the collectivity oi the population
paying taxes or insurance premiums. In the aggregate.
such individual resource consumption decisionmaking
spells high costs.'

Escalation in the high costs of care has resulted in part
from growth in the extensiveness and depth of insurance
coverage. In 1950, private health insurance paid for only
9 percent of personal health care expenditure-. with gov-
ernment covering only 20 percent: 68 percentover
two-thirdsrepresented direct payments by patients.
(Philanthropy accounted for the remainder.) By 1976,
direct payments covered only one-third of the total, with
private insurance having grown to 26 percent and gov-
ernment 40 percent. all of the government growth having
occurred since 1965. Currently. over 90 percent of hos-
pital charges are paid by private and public third-party
reimbursement. The advantages of this growth in cov-
erage are obvious. The danger is that the more provide-t
and consumers are isolated from direct financial respon-
sibility for use of resources, the greater will be uses of
procedures and devices that are only marginally worth-
while. In the limit, instead of having to live within a
budgeta feature of virtu.,:y all other facets of life
medical practice may be constrained primarily by the
state of t'ie art. in t:zieoLe and technology.

Vies. . his :ight, tine profusion of new technology
is seer ;n outcome of the medical cost environ-
ment, r simply a producer of it. Private industry has
perceive' he medical sector as one which is receptive
to innovations that will do new things. or old things in
new and better ways. The medicttl economic environ-
ment :las induced private industry to search for new tech-
trilogies with only minimal concern for their cost im-
nlications. This is consistent with the general observation
in economk:s that in industries in which consumer de-
mand is highly sensitive to market price, technical in-
novations tend to be cost saving and oriented toward
performing e ,isting tasks at less expense. Conversely.
in induAries in which demand is relatively insensitive to
price, technical innovation's tend to be quality enhanc-
ing. By insulating bmit consumers and providers from
the financial imp'ications of their decisions. third-party
reimbursement makes the demand foi medical goods and
services T.:ix insensitive to their cost.

A manifestation of this economic environment is '.e
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rapidity of technical change in certain areas of medicine
and its consequences. Many technical innovations be-
come scientifically obsolete before they are mechani-
cally obsolete. The rate of scientific obsolescence for
many medical technologies is five to eight years, mean-
ing that capital costs must be spread over a shorter period
than the machine's mechanical life. An interesting case
in point is that of CT scanning. Only a few years old,
scanning has already run through several technological
generations, and industry is currently developing new
capital-intensive diagnostic technologies which promise
to make CT scanning obsolete within a few years. Thus
the capital cost of a scanneroften in the vicinity of
three-quarters of a million dollarsis currently amor-
tized over as little as five or six years, and foreseeable
new developments may force a shortening of that period.
Concern in the medical community is with modernity
and quality (an elusive, ill-defined characteristic). Cost
is, at best, a secondary consideration.

The corollary to the economic inducement to orient
medical technical change toward the enhancement of
quality is that there may be a large reservoir of signifi-
cant cost-saving medical technical innovations. The lack
of demand for such innovations means that relatively
little effort has been devoted to searching for them. This
theoretical conclusion is supported by industrial obser-
vations of a significant untapped market for cost-saving
innovations.8

The future role of science and technology in contain-
ing medical care costs seems to rest fundamentally on
the reimbursement and replatory environment. Assum-
ing that the cost of care remains a national concern. we
can anticipate more restrictive reimbursement prat .ces
and regulation. Restrictiveness per se, however, may not
prove to be as important as the specific nature of reim-
bursement and regulation. For example, hospital cost
containment proposals currently ut:ler consideration
have 1.atures with contradictory effects with regard to
the incentive to develop cost-saving capital-intensive
equipment: the oven- limit on hospital expenditures in
the wincipal hospital cost containment bill would en-
courage the search for cost-saving technology, while the
se?arately proposed ceiling on capital expenditures
would discourage the search for capital-intensive forms
of cost-saving technology.

Numerous "perverse" effects of medical technology
regulation have been documented; future ones seem
likely. In the former category, a prominent study con-
cluded that early CON -egulation of hospital bed growth
effectively constrained the number of beds but did not
contain costs, since resources were poured into increas-
ing the intensity of technology per bed.' For the future,
the medical device amendments of 1976, coupled with
CON, have raised the spectre of a regulatory hassle
which will pose a disincentive for all medical technology

research and development, and crea.e a "technology
lag" like the purported anti-innovation effects of drug
regulation. Similarly, decisions by public and private
sector insurors not to reimburse for certain technology-
based procedures may discourage technology R&D in
general, as well as decrease the utilization of specific
equipment.

A new feature of the health care scene, the National
Center for Health Care Technology (NCHCT), could in-
fluence technology de .elopment and use within the next
few years. The mission of NCHCT is to assess the
safety, efficacy, and cost effectiveness of existing, new,
and emerging technologies. Although the Center is not
itself a direct policymaking organ of government, it will
perform or support technology assessments which may
serve as the basis for reimbursementor nonreimburse-
mentdecisions by both public and private third-party
payers. Clearly, the'activities of NCHCT hold the po-
tential of affecting the amount and nature of health care
technology R&D, as well as influencing the diffusion
and use of individual technologies.

Independent of the reimbursement and regulatory en-
vironments, general scientific and technological trends
will influence the shape of the medical technology of the
future. The cost implications of new technology will
reflect a mixing of scientific and economic factors. An
example will serve to clarify this point. The role of mi-
croprocessors in medical care is currently very limited,
but the potential suggests multiple, important applica-
tions in the future. Through miniaturization and the as-
sociated portability, and given the low cost of the com-
puting technology, the microprocessor promises to
"personalize." medical care. Many patients will be able
to get their own microprocessor-based devices which
they can wear or carry with them. Already in operation
ar.: prototypes of prostheses driven by the wearer's
brain, acting in concert with a microcomputer. A simple
mir-oprocessor-based machine can continuously monitor
a hypertensive person's blood pressure readings, infus-
ing medication during periods when the pressure exceeds
predetermined levels. Some years into the future, dia-
betic individuals may be able to wear (or have im-
planted) small devices which will continuously monitor
glucose levels, infusing insulin as needed. Given the
plummeting costs of the basic computer technology, the
cost containment potential of microprocessor-based de-
vices appears great. However, whether microprocessor-
based medical technology will emphasize quality e-.-
hancement or cost reduction, or conceivably a combi-
nation of the two, will depend in part on the nature of
reimbursement. If extensive third-party euverage contin-
ues, with cost- or charge-based reimbursement, device
developers will have a strong incentive to hal.:ess the
power and convenience of the basic technology to per-
form new medical tasks, with relatively little attention
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being paid to cost.'" However, the portability permitted
by the microprocessor could be exploited to develop
miniaturized versions of existing large equipment which
currently necessitates hospitalization, thus decreasing
the need for lengthy expensive hospital stays. The tech-
nology developers seem likely to respond to market de-
mand.

Certain applications of the new miniaturized computer
technology will almost definitely contribute to cost con-
tainment. Indeed, the most likely significant near-term
use of microcomputers is in management functions in
small medical care delivery organizations (solo or small
group practices. clinics, etc.). Due to their xpense and
size, the computers of the 1960s and 1970s have served
primarily the larger delivery units (e.g., hospitals). in
many of these larger units, patient information systems
%aye been increasing the quality of recordkeeping and
usage of data. Over the next several years. refinements
in this technology, as well as increasing familiarity and
experience with its use. should continue to assist larger
delivery units to improve the efficiency of their opera-
tions, increasing quality while simultaneously lowering
costs. As a result of the new microtechnology, wever,
the more dramatic development in the 1980s should be
the spreading of computerized accounting and patient
record management to the smallest delivery unit. This
should contribute to greater efficiency, though who will
reap the economic rewards (i.e., physicians or con-
sumers) remains to be seen.

Other computer-based technology developments are
both "sexier" and more controversial. Robots are ap-
pearing in some new hospitals in the form of automated
programmed carts which move from one patient room
to the next, dispensing prescribed drugs. The cost con-
tainment potential of automated materials management
delivery systems is currently problematic. As develop-
ments such as these ultimately should survive or fail on
grounds of efficiency, any adverse effect on costs in the
next few years should not persist, whereas any realized
cost savings would be expected to grow with technical
and operational refinements.

The regulatory and legal environments of health care
may introduce some new twists into the development,
use, and cost implications of the computer-based medi-
cal technology of the future. The computerization of
functions currently performed, and judgments made, by
medical personnel could have some subtle yet far-reach-
ing implications. For example, if a device were to make
a diagnosis or "order" administration of a drug and the
patient experience a negative reaction, who would he
!fable? The patient's physician? The device manufac-
turer? The programmer? The engineer? Beyond the ques-
tion of who would be fable is the issue of the nature of
the liability. Product liability is much stricter than serv-
ice liability. Thus, an error associated with a "thinking"

device might be subject to greater liability than an error
produced (directly) by human judgment. Malpractice im-
plications are obvious, raising the concern that device
developers might choose to refrain from working on so-
cially desirable innovations for fear of malpractice lia-
bility.

Developments in medical and surgical procedures will
undoubtedly continue to have significant influences on
the costs of health care. As noted earlier, new drugs may
permit the shifting of significant numbers of patients
from surgical to medical care, with attendant decreases
in hospitalization and other costs. Surgical develop-
ments, both mechanical and procedural, will advance
the frontiers of medical science and may or may not
advance the frontiers of health care expenditures. Will
the 1980s witness the emergence of a surgery compa-
rable to coronary artery bypass? This controversial sur-
gery costs hundreds of millions of dollars yearly. It ap-
pears to reduce the suffering of angina patients,. but not
(or at least not clearly) to increase longevity. To many
members of the academic and health policy communi-
ties, the issues of cost and quality of care raised by this
and other procedures recommend increased evaluation,
and conceivably regulation, of medical and surgical pro-
cedurek. Like the debate of a decade ago on medical
device regulationthe machinery of which is being put
into placethe early 1980s should witness a heated de-
bate on the merits of extending regulation to procedures.
the last bastion of medal autonomy.

In contrast with the engineering achievements that
have dominated the recent era of medicine's technolog-
ical revolution, the character and products of basic
biomedical research are less clearly a function of reim-
bursement and regulatory structures. The general per-
ception is that basic research is less subject to the va-
garies of the ultimate patient care market than is applied
research and development; and the products of basic re-
search are less predictable. New scientific initiatives
might produce means of preventing or curing illness,
which, like the antibiotics, could contribute significantly
to cost containment. An obvious example of a research
area with potential is recombinant DNi. research which
could yield plentiful sources of insulin and other biolog-
ically necessary substances, allow correction of genetic
defects. and so on. Even though DNA research seems
unlikely to significantly affect either health care or health
care costs over the next five years, imp_cts may be felt
soon thereafter. Over the long run. the output of basic
bioscience research depends on the level of funding and
serendipity. If real research resources devoted to basic
biomedical science continue to decline as they have for
more than a decade, we will witness a further narrowing
of one of the nation's promising avenues for health pro-
motion and cost containment.

A second type of research is particularly pertinent to
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health cost containment and its relationship to science
and technology: health services research, the application
to substantive health system problems of the skills and
perspectives of the social and behavioral sciences and
the techniques of statistics and epidemiology. Health
services research can elucidate the relationships between
technical health care phenomena and their social rami-
fications. In recent years, researchers have analyzed the
determinants of health cost inflation and helped to iden-
tify the specific roles of technology in that inflation. The
work of this cadre of analysts has served to inform health
policymakers. Its importance grows as the health care
marketplace eviates further and further from the eco-
nomic norm and as government's roles in health care
financing and regulation expand. The potential useful-
ness of health services research is also growing as this
relatively new field matures. Given all of the health pol-
icy initiatives recently begun or under consideration,
several of which require the regular input of health serv-
ices researchers (e.g.. the work of the NCHCT), this
research could assist in determining cost-effective de-
ployment and utilization of health care technology.

A prognosis for the near-term future is that the cost
of medical care will continue to rise at a rate in excess
of general prices; overall. technolosy will continue to
contribute to that rate of increase. However, the prog-
nosis is less negative than it ,vas a few years ago.
Beefed-up regulatory mechanisms are now beginning to
function and major third-party reimbursers appear more
willing to refuse to reimburse for certain procedures of
undemonstrated efficacy. Perhaps more important, the
government's concern with cost containment has grad-
ually diffused into the public consciousness, from big
business management to labor unions to county medical
societies. This seems likely to diminish the excessive
use of technology, but a new national mood does not
appear sufficient to redress the scope and magnitude of
the problems existing under the current rules of the
game.

Under those rules, the best that can be hoped for is
that regulatory efforts, research, and heightened cost
consciousness will moderate technology's contribution
to inflation. Alternative reimbursement or regulatory
mechanisms could change this situation quickly, how-
ever. For example, a truly effective cap on total hospital
expenditures would create immediately a significant de-
mand for cost-saving techniques and technologies. Both
theory and the observations of industry suggest that this
demand could be .,atisfied effectively.

SCIENCE AND TECHNOLOGY AND THE
NONMEDICAL DETERMINANTS OF HEALTH

"An ounce of prevention is worth a pound of cure."

Today's cost consciousness has turned this public health
maxim into a question and altered the unit of measure-
ment. Government officials and public health analysts
are asking, "Is a dollar of prevention worth sixteen dol-
lars of cure?"

Clearly there is no single answer to this question.
Some prevention activities are demonstrably cost effec-
tive, while the value of others is suspect. Most preven-
tion activities have not been scrutinized analytically to
determine whether or not they are cost effective. Never-
theless, the idea of using prevention as a means of con-
taining health care costs is being firmly implanted in the
public's mind due to the efforts of both government and
the private sector. A prominent example 3f the latter is
the series of Blue Cross and Blue Shield magazine ads
which encourage regular exercise as a means of keeping
insurance costs down.

While prevention has long been a popular public
health theme, historically both public and private sector
resources devoted to prevention have been minimal. In
recent years, only 10 percent of Federal health expend-
itures has been allocated directly to disease prevention
and control (outside of medical care organizations), en-
vironmental control, consumer safety, and health re-
search. However, the current Federal budget includes
significant increases in resources targeted toward such
efforts as control of smoking and alcohol abuse, health
hazard appraisal, occupational health programs, mater-
nal 'and child health, and health promotion/disease pre-
vention research. Although the total resources remain
small, this budgetary growth is particularly impressive
in light of the Administration's generally overriding con-
cern for balancing the Federal budget, with the associ-
ated implications for spending on discretionary pro-
grams. Publicity about the government's new prevention
initiative has accompanied the budgetary commit-
ments."

Low-cost prevention of illness holds considerable ap-
peal as an approach to containing the costs of health
care. While the inclination is to assume that the payoff
to prevention activities generally lags the activities by
many years. there are obvious cases where this is not
truefor example, immunizationsand evidence of
rapid returns even where the assumption seems most
reasonable, as with efforts to change behavior. For ex-
ample, following decades of steady increases, heart dis-
ease mortality has been falling over the past decade. The
same period has witnessed increases in exercising and
decreases in ingestion of cigarette tar and nicotine and
dietary cholesterol. Causation has not been established,
but the relationship is certainly suggestive and encour-
aging.

In this section of the paper I will note examples of
both past and potential cost-containing applications of
science and technology to each of the three nonmedical
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classes of health determinants identified at the beginning
of the paper.

GENETIC FACR,'IS

Over the millenia, genetic factors have served as a
natural means for strengthening the species. However,
the growth of technical knowledge and material wealth
has made us more able and willing to combat the indi-
vidual ravages of genetics. Medical science can correct
many genetic defects and material and spiritual affluence
have been directed toward building social support sys-
tems to address the needs of those for whom defects
cannot be corrected or compensated.

Genetic defects impose at least two major costs on
society: the economic burden of maintaining and sup-
porting those in need of help and the emotional costs
borne by the families of individuals with incapacitating
or terminal defects. Other than through medical correc-
tion, the only effective means of decreasing such costs
is to prevent the genetic defects from occurring. To date,
this has resulted primarily through the counselling of
potential parents. The knowledge base for such coun-
selling has come from research.

Recently, a technology has emerged to increase pro-
spective parents' information on the "genetic health" of
the fetus. Amniocentesis permits the early identification
of Down's syndrome and other genetic problems. For
parents who would consider abortion, the technique pro-
vides very useful information which can contribute to
the containment of long-run social and emotional costs.

The future role of genetic science and technology most
likely will differ from the present one. To date, science
and technology have contributed to increased knowledge
and improved prediction and diagnosis. At the frontier
of biological science is investigation of genetic manip-
ulation: means of repairing genetic defects in the fetus
and altering genetic composition prior to conception.
The prospects are both thrilling and terrifying. Genetic
repair could eliminate or significantly reduce the costs
of genetic defects without requiring destruction of the
fetus, which is itself emotionally costly. In the extreme,
genetic manipulation could prove to be the most effec-
tive means of containing health care costs: scientists
could produce the proverbial super-race, with built-in
immunities to the majority of afflictions known to hu-
man-kind. Health care costs would melt away as ill-
nesses were engineered out of existence. Needless to
say, the social costs of a manufactured super-race might
vastly exceed the derivative savings in health care costs.
Science and technology in this area will not have a sig-
nificant impact in the near-term future--the five-year
outlook for health care costs will not be affected by
genetic engineeringbut ensuing five-year outlooks will

have to pay increasing attention to this area of science
and technology.

INDIVIDUAL BEHAVIORS

The influence of individual behaviors on health has
received much attention in recent years, which has re-
sulted in attitudinal and behavioral changes regarding
diet, exercise, smoking, and so on. Science has contrib-
uted to knowledge of the health implications of behavior
and hence presumably to much of the behavioral change.
To the extent that the changes are truly significant, and
to the extent that such changes contribute to improve-
ments in health, science should be credited with con-
taining health care costs.

Attempts to modify behavior, particularly through
publicity efforts (e.g., the anti-smoking campaign), have
their detractors, the argument being that simple persua-
sion rarely produces much behavioral change. However,
a lot of behavioral change may not be necessary to justify
the investment of effort in persuasion. In terms of re-
sources consumed, that investment can be very small.
Consequently, a small result in behavioral change may
more than pay back the investment.

The principal past and near-future scientific contri-
butions .to health cost containment due to behavioral
change's are likely to be concentrated in two areas of
research: the relationships between behaviors and health
effects and the determination of cost-effective means of
disseminating findings in a persuasive manner. The
amount of health-promoting behavioral change which
can be induced might prove to be small, but, again, the
rate of return to the very low research expense could be
considerable.

Science and technology have contributed to health
behavior change in more mechanistic ways. A large
share of smoking research dollars has been devoted to
the search for less hazardous cigarettes. Documented
decreases in tar and nicotine intake and recent discov-
eries concerning physiological changes in smokers sug-
gest that this effort has been useful, combined with the
publicity which has encouraged the shift to lower tar and
nicotine cigarettes. Again, the research cost has been
relatively small and the potential cost containment sub-
stantial.

Mechanical apparatus has contributed to behavior
change. Stationary bicycles and other devices have been
designed to increase the convenience and enjoyment of
exercise and thereby to capture a portion of the "exercise
market." To date, the health promotion and cost con-
tainment implications of all such equipment remain un-
known.
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ENVIRONMENTAL INFLUENCES

Many of the major victories against human illness
have come from improvements in the quality of the en-
vironment. Early sanitation efforts contributed im-
mensely to the health of people in the developed coun-
tries, and similar efforts are now taking place in or being
explored for developing countries. In our own nation,
recent concern with the health effects of pollution has
produced regulation and control of the private use of air
and water to dispose of wastes. Regulation has created
a demand for means of achieving cost-effective disposal
of pollutants. This demand has translated into the growth
of a flourishing pollution control industry.

The health cost containment implications of pollution
control are a function of (1) the relationship between
reductions in pollution and improvements in health, (2)
the magnitude and nature of reductions required by law
(which affects the preceding point), and (3) the effi-
ciency or cost effectiveness of pollution control tech-
nology. In the public policy arena, environmentalists and
industry are debating the appropriateness of regulation
and its extent, given the cost to industry and hence the
consumer. This debate serves to emphasize the need to
investigate carefully both the means of achieving pol-
lution abatement and the amount which should be
achieved. For example, there ;s some evidence that strict
automobile pollution abatement requirements may be
costing society more than they are worth, while con-
trolling effluents from industrial smokestacks has been
a cost-effective activity. 12 In both cases, improvements
in pollution abatement technology hold the potential of
contributing to more efficient abatement and hence
health cost containment.

The environment can be a source of transmittal of a
health-endangering substance, as in the I ase of pollu-
tion, or it can be a means of introducing a health-pro-
moting substance, as in the case of fluoridation of mu-
nicipal water supplies. Studies of alternative approaches
to improving dental health invariably conclude that
fluoridating the water supply is by far the most cost-
effective technique. Despite this, many water supplies
have remained unfluoridated. Over the next several
years, progress in decreasing this number will directly
contribute to containing the costs of dental care.

Several issues will be on the frontier of environmental
public health concern for the near-term future. Pollution
controlhow much, what type, and how to achieve it
should remain of interest for a long time to corn, . This
issue is becoming even more challenging in the face of
the energy crisis, itself a major environmental issue: with
potentially profound implications for health and health
cost containment. In the case of both coal and nuclear
power, we confront a tradeoff between the health risks
associated with producing energy and the health (and
other) costs associated with a signficant decrease in the

supply of energy. Scientific and technological efforts to
develop new ' c ,ean" sources of abundant supplies of
energy (e.g., solar power; fusion) are directed toward
resolving this dilemma. Unfortunately, economically
viable solutions seem a couple of decades in the future.

A similar problem currently at the frontier of public
policy is the management of toxic substances, in con-
sumer products (e.g., saccharin) and at the workplace
(e.g., asbestos). Policy initiatives in the next few years
will affect the shape of the economy and its health con-
sequences. The issue is how far, and at what cost, we
will go to reduce a hea.th risk (and, usually implicitly,
the health costs associated with the risk). In some in-
stances, some degree of risk reduction seems clearly de-
sirable and consistent with the objective of health cost
containmentfor example, the risk exposure of miners
and asbestos workersbut, again, the questions are
which risks to reduce, how much, and how? Scientific
and policy studies car help to resolve these questions,
and technological developments can improve the effi-
ciency with which we reduce risks.

As a final example of a current and near-future "en-
vironmental" problem, consider the toll associated with
motor vehicle accidents. Not only do such accidents ac-
count for a disproportionate amount of disability and
death among the young, they often produce particularly
expensive disabilities requiring long and costly hospital
stays and frequently involving substantial long-term
costs of care after the patient leaves the hospital. The
principal conscious approach to this problem has been
to impose safety requirements on the manufacture of
automobiles. Motorcycle helmet laws are also directed
toward providing the driver with physical protection.
The nationwide reduction of the maximum highway
speed limit to 55 miles per hour, originally intended to
conserve energy, has reduced s',7,rious accidents and as
such has contributed to health costCiantainment Other
behavioral alternatives include stricter enforcement of
speed limits and mandatory use of seatbelts. Technolog-
ical alternatives include additional car safety features
(e.g., the much-debated air bag) and new efforts in
building safer highways (e.g., road surfaces with greater
traction in ice and rain; breakaway signs; flexible shoul-
der barriers). Here, as with all the environmental meas-
ures, we need vast increases in our knowledge of both
the technical features of alternative approaches and the
health and other cost implications.

At the outset of this paper, I subdivided the class of
environmental influences on health into the physical,
social, and political and economic. Discussion in this
section has concentrated on the physical environment,
reflecting the present policy emphasis and the problems
most readily (or clearly) susceptible to scientific and
technological solution. In a treatment of environmental
influences on health, however, it would be negligent to
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fail to consider the somewhat less tangible but neverthe-
less significant social, political, and economic environ-
mental impacts on health. For example, it is argued that
deterioraon of certain aspects of the social environment
has contributed to mental illness: the decrease in the
primacy of the family unit, the associated unavailability
of personal support systems (relatives, religious leaders),
crowding and the associated lack of privacy. Both social
and physical science need to be applied to develop a
basic understanding of the causes and magnitudes of
health problems produced by social factors, but the com-
plexity.of these relationships mak's it uriikely that near-
future "scientific breakthroughs" hare t!,e potential to
lessen the problems significantly. Nevertheless, the
long-term interests of social welfare (and of health cost
containment as a component thereof) recommend de-
voting considerable research attention to this area.°'

Certain aspects of political and economic influences
on health have been much studied. For example, stu-
dents of economic development have noted frequently
that both health and development are associated with a
more egalitarian distribution of income and that the de-
velopment process contributes to improvements in health
quite independently of, and apparently more effectively
than, direct personal health services. More recently, a
few scholars have begun to devote attention to the influ-
ences of political and economic factors on health in in-
dustrialized countries. The work of Harvey Brenner and
others has uncovered adverse health consequences from
macrt conomic fluctuations.'' Some of these are neither
new nor surprisinge.g., unemployment has a large
health tollbut others are: for example, it appears that
any macroeconomic change has short-run health costs,
including periods of rapid economic growth. Similarly,
feelings of political involvement or powerlessness can
translate into invigorated or diminished health, respec-
tively.

As in the case of the health influences of social con-
ditions, the health consequences of political and eco-
nomic systems and system changes are too poorly under-
stood to consider these as areas in which definitive health
cost containment can derive from near-term policy
changes. Nonetheless, these appear to be areas warrant-
ing research attention, with implications possibly be-
coming well understood and relevant for debates on fu-
ture policymaking.

CONCLUSION

Rising health care costs are likely to be with us lb- a
long time. To avoid obsession with the negative conse-
quences of this phenomenon, it is imperative to keep in
mind that not all cost increases are undesirable. Some
reflect genuine improvements in tho product produced
by the medical care system. Rising health care expend-

itures also reflect the fact that wealthier s')cieties wish
and can afford to spend proportionately more on medical
care services. The goal of health cost containment shoultt
be to decrease the unnecessary or less effect:' ,.e expend-
ituresthose on the marginal lab test, the unnecessary
surgery, the inappropriate physician visit.

The apparent intractability of health cost inflation re-
sults in part from the inherent tension between the com-
peting desirable -goals of promoting access to medical
care, particularly for the poor and elderly, and constrain-
ing the rise in costs of care. Attainment of the former
the goal of the past decademust bear some of the re-
sponsibility for making the latter a problem. Thus the
challenge is to contain costs without jeopardizing the
improvements in access which have contributed to the
cost inflation.

A major policy issue is whether Congress will ever be
Killing to bite the bullet of true medical system cost
,:ontainment. The measures passed to date are BBs, gen-

.1!:, aimed at individual technology or facility acqui-
sition decisions. These policies irritate the medical care
system but seem unlikely to affect medical cost inflation

`significantly. Given the huge sums of money invested
in the acquisition and utilization of individual technol-
ogies and procedures, a single BB might restrict the ex-
penditure of tens or even hundreds of millions of dol-
larsdefinitely a worthwhile resultbut the percentage
impact on systemwide cost inflation would not be sub-
stantial. The aggregate effect might prove to be a dis-
cernible dent in the rate of inflation, but equally possible
is no effect, or conceivably a negative impact as a result
of bureaucratic and allocative inefficiencies induced by
piecemeal regulation.

A second issue, closely related to the first, is what
type of serious bullet legislators might eventually be
willing to bite, should they show a genuine interest in
systemwide control. Experience outside of the health
arena as well as within it suggests that legislators will
not consider seriously major systematic changes devoid
of bureaucratic regulatory control. For example, the
growth of Health Maintenance Organizations and voucher
funding of national health insurance might go a long way
toward solving the cost inflation problem while encour-
aging high-quality care, but the likelihood that Congress
would adopt such an approach is small.'' Even the most
systematic cost containment proposals to receive serious
legislative consideration must be classified as partial and
seem doomed to achieve only a slight moderation of
health cost inflation. The Administration's-hospital cost
containment bill, although appropriate in spirit, has been
watered down for political reasons and fails to plug leak-
ages which might translate hospital cost containment into
ambulatory cost inflation. In other words, certain costs
would "leak" outside of the hospitals and into other,
unregulated delivery settings.'"

5;Q
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In short, barring an unanticipated radical change in
the basic reimbursement rules of the game, medical cost
inflation seems likely t.. persist. The piecemeal regula-
tory approach may moderate certain cost increases,
though it is difficult to predict at what price in terms of
overall efficiency and quality of care. At present, the
general societal atmosphere and the threat of severe reg-
ulation are probably the Administration's most effective
allies in its campaign to contain costs.

As the second section of this paper emphasized, the
role of science and technology in medical care has often
been antithetical to the cause of cost containment. But
the nature of medical scientific and technological change
is simply a response to the unorthodox economic envi-
ronment of the provision of medical care. Science and
technology could be more effectively harnessed to mod-
erate medical costs if the reimbursement system pro-
vided incentives to seek cost-saving means of delivering
care. Currently it does not and no major reforms seem
likely in the next few years, with the possible exception
of same form of limited. hospital cost containment.

The contribution of science and technology to medical
cost inflation may decrease somewhat if piecemeal reg-
ulatory mechanisms deter the development and acquisi-
tion of technology (e.g., CON; FDA medical device reg-
ulation). The danger is that regulation will produce
undesirable side effects, for example, a "technology
lag" similar to the drug lag attributed to FDA regulation
of new drugs.

The problem of health cost inflation, and the possi-
bilities for its containment, take on a new dimension
when one distinguishes "health care" from "medical
care." Diligent use of nonmedical approaches to health
care has the potential of simultaneously serving the goals
of health promotion and cost containment. As a mono-
lithic concept, "prevention" can be oversold, but certain
prevention activities are almost certainly worthwhile and
others appear promising. The need is to identify those
which are cost effective.

Science and technology appear to have made their
greatest contributions to health by affi ^:ing its nonmed-
ical determinants. The provision of clean water supplies,
sanitary disposal of human and animal wastes, and pub-
lic education are all activities which are so basic and
pervasive in our society that we take them for granted.
Yet they have contributed immensely to the long and
healthy lives which citizens of the developed world have
come to expect. Of late, the medical care "cost crisis"
has begun to focus attention on the cost containment
potential of these and other nonmedical influences on
health. Surprisingly little is known about the cost con-
tainment implications of disease prevention strategies,
but certain generalizations can be drawn from ;he avail-
able evidence and simple logic:

51

Several inexpensive prevention activities elimi-
nate costs that society would bear in their ab-
sence. A prominent example is water fluorida-
tion.

Certain highly effective prevention activities are
responsible for increasing medical care costs,
though in a manner virtually eld-tyone would find
desirable. Activities which reduce premature
adult mortality, contribute to a population of the
elderly whose medical care needs exceed these
of the young. Thus, an aging population almost
necessarily increases medical care costs. This is
a contributor to the medical care cost inflation
problem today, one that will increase as the pop-
ulation ages further. Nevertheless, it is the kind
of problem that we should welcome if it reflects
an improvement in the quality as well as length
of life.

As many prevention activities are quite inexpen-
sive, their health-enhancing or cost-containing
potential need not be great in order to warrant
their application. An example is the anti-smoking
publicity and the apparent associated decrease in
tar and nicotine consumption. Similarly, recent
(inexpensive) emphasiF on the link between in-
dividual behavior and cardiovascular health has
changed the behavior of Americans with respect
to exercise and diet, changes that may be con-
tributing to the decreases in cardiovascular dis-
ease and mortality which we are now LAperienc-
ing.

Certain relatively recent public health prevention
activities appear to be returning new health div-
idends, with an implication of health cost con-
tainment potential. Industrial pollution control
falls into this category.

The evidence suggests that both tried-and-true pre-
vention techniques and novel attempts to alter behavior,
the environment, and even genetic makeup, warrant at-
tention as mechanisms to contain health costs, as well
as to promote health. Science and technology have
played central roles in many prevention efforts and their
potential for the future seems considerable. Particular
areas of scientific investigation that appear attractive are:

1. Biomedical research (basic research, like that
supported by the National Instit,qes of Health,
to develop knowledge of these processes).

2. Epidemiological research (population-based
studies to assess factors associated with the in-
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cidence and prevalence of important disease pat-
terns).

3. Health services research (economic and other
social and behavioral science analysis to evalu-
ate the social implications of disease prevention
and treatment efforts).

The first two areas can contribute understanding of basic
disease processes and the health effects of various inter-
ventions. The third area translates "production relation-
ships" (the technical cause and effect linkage) into social
implications and values.

In the technology arena, continued developments in
pollution control, reduction of occupational exposure to
toxic substances, increased nuclear safety and so on hold
health promotion and cost containment potential. Two
particularly important developments relate to computer
technology. One is exploration of applications of the
new microprocessor-based technology to disease preven-
tion. The other is work on software systems to improve
health data collection, surveillance, and analysis. An
example of how the latter might be combined usefully
with scientific investigation is in the study of environ-
mental carcinogenesis. Estimates of environmentally in-
duced cancers range up 90 percent of all cancers.
Knovedge of cane2r i2usation might be converted into
cancer prevention. Acquiring the data necessary to de-
velop understanding and analyzing them scientifically
represent mammoth tasks, but they could have a tre-
mendous payoff in the battles against cancer and health
cost inflation.

The exciting potential of prevention efforts relates to
their potential for significant rates of return. That is,
investments in many prevention activities can be quite
small and returns comparatively quite large. However,
the distribution of health care costs among medical care
and nonmedical activities is so heavily skewed toward
the former that nonmedical prevention interventions
seem most unlikely to resolve the cost inflation dilemma.
Rather, they represent an important comnonent of a
package of prevention and medical system regulation
which, if pursued conscientiously and vigorously. can
moderate health cost inflation. The overall prognosis is
not entirely encouraging, but neither is the patient's con-
dition terminal.

NOTES

I. In real termsthat is, the amount of research which the budget
will supportthe NIH budget has been declining in recent years. This
is particularly true of basic bioscience research.

2. A recent empirical study concluded that, from 1930 to 1975.
biomedical advances accounted for a small decrease in medical ex-
penditures (Mushkin. Selma, et al., "Returns to Biomedical Research,

1900-1975. An Untie! Assessment of Impacts on Health Expendi-
tures, Report #A 1 (Revised), Public Services Laboratory, George.
town University. December 1977). This finding is not consistent with
those of several earlier studies which found positive aggregate effects
of technology on expenditures, but given the methodology of most of
these studiesin which "technology" or "biomedical advance" is
treated as a residual once. other influences are taken into account
none of the results should be considered definitive. A more important
finding of Mushkin et al. was that biomedical advances were cost-
containing for certain diseases (e.g., infective and parasitic diseases)
and cost-increasing for others (e.g., cancer and circulatory diseases).
As the authors summarize their findings (p. 15). "Those innovations
that resulted in a substantial decrease in the incidence of the disease
itself appear to be cost-reducing while those that resulted in improved
techniques of treatment of the disease seem to be cost-raising."

3. U.S. Congress. Office of Technology Assessment, Selected Fed-
eral Vaccine Immunization Policies: Case Studies of Pueuntocoecal
Vaccine, 1979.

4. The cimetidine ewe illustrates the cc alexity of the mechanism
for a seemingly cost-saving innovation to pr ace significant cost sav-
ings. While preliminary analysis indicates .ubsiantial decrease in
surgical care of duodenal ulcer patients and in their hospital length of
stay, thn number of hospital admissions has not decreased, though
cimetidine can be administered on an outpatient basis. In addition,
there appears to have been a small but perplexing increase in perforated
and bleeding duodenal ulcers. The drug has been used for half of all
patients with gastric ulcers, despite the Food and Drug Administra-
tion's failure to indicate the appropriateness for this use. And the drug
has been used for long-term use since its introduction, though the FDA
did not approve other than short-term use until the summer of 1979
(Wylie. C. Murray, "Duodenal Ulcer Before and After Cimetidine:
Time Trends in Hospital Care," paper submitted for publication: also
private communication with Dr. Wylie).

5. In a nonrepresentative sample of Boston area hospitals. Abt As-
sociates found that purchases of major movable equipment accounted
for less than 5 percent of hospital costs. However, total equipment
expenditures pea day rose 23 percent per year from the mid-1960s to
the mid-1970n Tnus, the contribution of equipment acquisition to
hospital cost inflation was quite small but growing. Abt concluded that
"if major movable . . . equipment constitutes an important source of
hospital cost inflation, it must be because of the complementary inputs
required to operate and service it." (Abt Associates, Inc.. Incentives
and Decisions Underlying Hospitals' Adoption and Utilization of Ma-
jor Capital Equipment, prepared for the National Center for Health
Services Research and Development. Contract No. HSM 110-73-513,
September 1975.) Other studies find operating costs running from one
to three or more times capital costs.

6. Scitovsky, Anne, and Nelda McCall, "Changes in the Costs of
Treatment of Selected Illnesses, 1951-1964-1971," NCHSR Research
Digest Series, DHEW Pub. No. (HRA) 77-3161. 1976.

7. A typical failure to fully comprehend the role and implications
of third-party reimbursement is represented in the propensity of some
critics to blame physicians for overuse of certain procedures. The
assumption that physicians should perform the appropriate social ben-
efit-cost calculation puts them in an untenable position: to represent
society's interests, they may be asked to deny a patient a procedure
which might benefit the patient and in any case would not harm the
patient economically. This violates the medical ethic of representing
the patient's best interests. Were the patient responsible for paying the
cost of the procedure. then the physician's benefit-cost calculation
should properly weigh the patient's economic sacrifice against the
potential for medical benefit.

8. 1 discussed this theoretical conclusion in "Effects of Hospital
Cost Containment on the Developmenz and Use of Medical Technol-
ogy." Milbank Memorial Fund Quarterly/Health and Society 56
(Spring 1978), pp. 187-211. Becton-Dickinson, a major hospital sup-
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plier, has expressed a similar belief (as quoted in Blue 'beet, the Drug
Research Reports. January II. 1978).

9. Salkever, David, and Thomas Bice, Hospital Certificate -of -Need
Controls: Impact on Investment. Costs, and Use. Wast.ington. D.C.:
American Enterprise Institute for Public Polio: Research. 1979.

10. As an NIH engineering scientist respt nded when asked to es-
timate the cost of a certain individualized moi itoring device, "Cost?
I could build you one for $200 or one for $2L000." The microcom-
puting hardware is cheap. A major cost of microprocessor-based tech-
nologies will be the software, and that cost can vary considerably
according to the degree of sophistication desired, number of functions.
and so on.

11. In the summer of 1979. the Surgeon General released a lengthy
report on preventing disease and promoting health. Its title is Healthy
People: The Surgeon General's Report on Health Promotion and Dis-
ease Prevention.

12. The work j Lester Lace and Eugene Seskin (e.g.. Air Pollution
and Human Health. Baltimore: Johns Hopkins University Press. 1977)
is the principal source of this assessment. It should be noted that this
work has been criticized on technical grounds.

13. A large proportion of visits to physicians appears to be moti-
vated by the need for emotional or psychological support. In years
gone by. such support was more readily available within the home
(e.g.. the supportive live-in grandparent) or other social institutions
(e.g.. the minister. priest. or rabbi). The deterioration of family units
and of religious involvement may have caused emotions:! problems: in
any case, it has decreased the availability of personal solutions to the
need for support. Increasing reliance on the medical system accom-
pari:zs decreasing preparation of-physicians to deal with emotional and
psychological problems. Duc to the rapidly growing body of technical
knowledge. emphasi on the science rather than art of medicine.
professional prestige and income considerations, physicians have be-

come increasingly specialized. trained to deal with specific organ sys-
tems and not with the social and emotional problems of the whole
person. Thus, a significant contributor to the high cost of medical care
is the often ineffective use of expensive physician time. Development
of less expensive and more appropriately trained support mechanisms,
either within or outside of the medical care setting. holds the potential
of making a significant contribution to health cost contaLiment. Within
medicine, generalist physician assistants and substitutes can play this
role effectively.

14. See, for example. U.S. Congress. Joint Economic Committee.
Achieving the Goals of the Employment ActThirtieth Anniversary
Review. Vol. I. Paper No. 5 ("Estimating the Social Costs of National
Economic Policy. Implications for Mental and Physical Health. and
Criminal Aggression "), Washington. D.C.: U.S. GPO, 1976.

15. A specific proposal was prepared for DHEW Secretary Califano
in 1977 by Alain Enthoven of Stanford University. It is described in
Enthoven, "Consumer-Choice Health Plan," New England Journal
of Medicine 298 (March 23, 1978), pp. 650 -658, and (March 30.
1978) pp. 709-720. HMOs have received some Federal support. but
the maze of requirements and regulations in the legislation may have
been quite counterproductive. For an interesting discussion of this, see
Paul Starr. "The Undelivered Health System," Public Interest 42: 66-
85. 1976.

16. A striking example of this phenomenon is related to the devel-
opment of Medical Service Plans (MSPs), private physician group
practices which contract with hospitals to staff a service and then
charge their own fee for service, independent of the hospital. Physician
reimbursement thus leaks out of the hospital. It could be removed from
the hospital's expenditure base in order to determine allowable in-
creases, but the physician service component of the hospital stay would
not be subject to the ceiling and could inflate at any rate the MSPs
chose and the market would bear.



Enhancing the Contributions of Science and
4 Technology in Environmental, Health, and

Safety Regulations
by Eugene P. Seskin and Lester B. Lave*

SUMMARY

The difficulties in formulating sound environmental,
health, and safety (EHS) regulations flow from the lack
of well-defined goals, the absence of agreement on the
best methods of achieving objectives, the costliness of
proposed solutions, and the underlying scientific, social,
and legal complexities. The contributions of science and
technology can lead, in part, to the calming of a debate
that has become increasingly shrill and, at times, irra-
tional. While ultimately the goals of EHS regulations
must emanate from society's value judgments, learning
how to achieve chosen objectives an efficient manner
is extremely important.

In this paper we explore the complexities of the EHS
regulatory process with special attention focused on how
science and technology can foster improvements in it.
Dealing with the entire subject is not possible in a rel-
atively short paper such as this one; hence, we have
chosen to emphasize aspects concerning health. We be-
gin by describing briefly the current regulatory environ-
ment: EHS regulations have large costs and benefits,
which are often difficult to evaluate. We then turn to the

* Dr. Seskin was Senior Associate, Research, Resources for the Fu-
ture, Present Address: Bureau of Economic Analysis, Dep artment
of Commerce. Dr. Lave is a Senior Fellow at the Brookings Insti-
tution.

major goals of regulation and follow this with an ex-
amination of the form and timing of regulations.

Next, we shift the emphasis somewhat by discussing
informational needs for improving EHS regulations.
First, we describe difficulties with estimating the costs
of such regulations and ways in which these might be
mitigated. We then turn to the more difficult issue of
estimating the benefits of EHS regulations. Here, two
basic approaches are mentioned: experimental and sta-
tistical.

We devote a major portion of the paper to issues ^on-
cerning the estimation of health benefits from EHS reg-
ulations. Specifically, we discuss the strengths and
weaknesses of two basic approaches: laboratory experi-
mentation (including animal bioassays and short-term
techniques using microorganisms), and epidemiology
(broadly defined). We note that contributions are needed
in the development of research methods (including ap-
propriate statistical techniques), in determining the value
of analyzing additional data, in measurement techniques
(such as generating better estimates of exposure and
dose), and in information gathering (including aug-
menting existing data and collecting new data); all can
provide a more adequate basis for EHS regulations. Fi-
nally, we discuss the issue of monetizing estimated
health effects and point to needed lesearch on such fac-
tors as the psychology of risk bearing.
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Brief evaluation is then given to institutional arrange-
ments required to create an environment suitable for car-
rying out the needed research in these areas, In partic-
ular, we note the importance of promoting interaction
between disciplines and of adopting a long-term view of
the problems.

INTRODUCTION

In the 1960s, Americans recognized increasingly that
the environment was in a deplorable state and getting
worse and that new risks to their health and safety were
being discovered constantly. The institutional frame-
work for protecting the environment, health, and safety
was deemed a failure and a new approach was initiated.
This new approach was a radical departure from the
ways in which the United States had previously regulated
the economic actions of firms.' It consisted of broad
government regulation whose goal was "simply" to pro-
tect the EHS concerns of all Americans with little atten-
tion to resource requirements or scientific foundation.
While the tools of regulation varied, the regulations
themselves were often quite detailed, consisting of de-
sign and performance standards for individual machines,
products, processes, and services deemed to affect the
environment, health, and safety.' A host of new agencies
were created to administer these regulations,' and vast
resources were devoted to rule-making, litigation, and
compliance. Since health and safety are essential to the
enjoyment of life, the legislation creating these agencies
enjoined them to protect people and the environment
with little regard to the feasibility or cost of doing so.

From the vantage point of mid -1979, an evaluation of
EHS legislation that has been passed and the subsequent
regulations that have been promulgated results in con-
tradictory conclusions. On the one hand, EHS regula-
tions enunciated noble goals, represented major social
experiments, and were successful in lowering some risks
and enhancing some aspects of environmental protec-
tion. On the other hand, EHS regulations have not lived
up to expectations, have had costs running into the bil-
lions of dollars annually, and are seen as requiring sig-
nificant change if their goals are to be accomplished. An
examination of the background legislation makes it ev-
ident that the mechanism chosen by the Congress for
attaining EHS goals was basically judicial in nature, with
a preoccupation for legal processes and remedies. At the
same time, this legislation evidences naivete about sci-
entific analysis and technology, the latttr often entering
the picture only to determine if some action were fea-
sible. Even here, the Congress has grown impatient at
times and required that something be accomplished,
even if it were not feasible with known technology.4

One reason for dissatisfaction v. .th EHS regulations
concerns the fact that while we are currently experienc-

ing the costs of such regulations, many of the associated
benefits will not be fully realized for some time. Before
the 1960s, society bore the untoward consequences (so-
cial costs) of an economy relatively free of EHS regu-
lations. By the mid-1980s, we should live in a safer,
less polluted environment, although it will be one with
more costly goods and services. During the 1970s and
early 1980s, EHS regulatory costs have begun and will
continue to have measurable cost impacts, yet many of
the untoward consequences will persist until the mid-
1980s. Thus, we are in the midst of a period when we
must bear both types of costs.

The costs and slow progress have led to a polariza-
tion.' The regulations are defended by consumer advo-
cates and environmentalists who think even more should
have been accomplished using more stringent regula-
tions. They attack critics of such regulations. calling
them selfish, profit seeking, and contemptuous of the
public interest. At the same time, the regulations are
under fire by business groups who see them as exces-
sively costly, capricious, violating privacy, inhibiting
small business, and inefficient. Rather than working to-
gether for better regulations, the two groups are often
pitted against one another questioning both the intelli-
gence and motives of their opponents. If allowed to
spread, this polarization will breed cynicism and weaken
our social fabric.

The contributions of science and technology can
change the current situation in which each side tries to
shout louder than the other, exaggerating its claims.
Although values arr. fundamentally at issue, science and
technology could serve an increasingly important role in
defining what EHS effects would be mitigated by pro-
posed actions, what FAS objectives can be attained, and
the most efficient means of reaching those objectives.
That is, science and technology have the potential for
changing the nature of the exchange; science and tech-
nology will not tell us how safe or cautious we ought to
be, but they will serve to clarify the costs and risks
associated with proposed actions. They will show us
how to lower existing risks and how we may create other
risks if we are not careful.

In regulating the environment, health, and safety.
principal uncertainties and areas of ignorance concern
the costs of such regulations, the benefits of the regu-
lations, and the best means of accomplishing objectives.
Our overall objective in this paper is an assessment of
the potential contributions of science and technology in
lessening these uncertainties. This topic is too vast to be
covered in a relatively short paper; we cannot hope to
be definitive. Instead, we have elected to pick and
choose among the issues, with a resulting emphasis on
aspects concerning health.

Although we stress the problems associated with cur-
rent EHS regulations, since these are areas in which
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science and technology can make important contribu-
tions, we recognize the critical need for such regulations:
while economic development has contributed greatly to
our standard of living, it has also created problems for
the environment, health, and safety. Most people would
agree that it would be a bad bargain to have command
over a large amount of goods and services, but have a
forbidding environment, be disease-ridden, and face
high risks. Along with improvements in our economic
well-being, we desire enhancement of our environment,
health, and safety. However, it is not obvious how EHS
regulations can be formulated to provide this enhance-
ment while at the same time preserving our level of
private consumption. This paper is focused, in part, on
ways in which this might be accomplished. Our basic
answer is that science and technology provide two cm-
cial inputs: they can be used to show how each goal can
be accomplished at lowest social cost and they can be
used to quantify the tradeoffs among goals. In short,
they can provide the information necessary to accom-
plish society's objectives.

But there is a great intellectual gap to be bridged be-
fore arriving at these conclusions. We begin with an
examination of the current costs of EHS regulations.

THE COSTS OF EHS REGULATIONS

No one is certain how much the myriad new regula-
tions are costing us or whether the benefits of the reg-
ulations exceed their costs. The costs, however, are
highly visible and have been the focus of one line of
attack on EHS regulations. Using very crude techniques,
DeFina estimated that the administrative costs of regu-
lation in 1976 were $3.2 billion and that compliance
costs were $62.3 billion for a total of $65.5 billion,
about 30 percent of which is due to EHS regulations.6
A government estimate of the total costs of regulation
suggests that they are more on the order of 1 percent of
gross national productabout $14.9 billion in 1977.7
Still other figures relate only to the Federal Government
budgetary expenditures on administering regulations. For
example, table I provides a summary of such costs (by
function) for the fiscal years 1974 through 1979. EHS
regulations appear to be responsible for most of the total
Federal regulatory expenditures. Finally, Denison has
estimated that by 1975, the last year for which he pro-
vided figures, output per unit of input in the nonresi-
dential business sector of the economy was 1.8 percent
smaller than it would have been if business had operated
under 1967 conditions-1.0 percent was ascribable to

Table I. Expenditures on Federal Regulatory Activities, by Fiscal Year, in millions of dollars.

Annual Annual Annual Annual Increase
Area of Regulation 1974 1975 1976 Increase 1977 Increase 1978 Increase 1979 Increase 1974-79

Consumer Safety
Health I ,302 1,463 1,613 10% 1,985 23% 2,582 30% 2,671 3% 105%

Job Safety and Other
Working Conditions 310 379 446 18 492 10 562 14 626 11 102

Environment and
Energy 347 527 682 29 870 28 .989 14 1,116 13 222

Financial Reporting
and Other Financial 36 45 53 18 58 9 70 21 69 5 92

Industry-Specific
Regulation 245 269 270 309 14 340 10 341 39

2,240 2,683 3,064 ILM 3,714 21% 4,543 22% 4,823 6% 115%

PERCENT DISTRIBUTION OF FEDERAL REGULATORY
TURES

EXPENDI-

Consumer Safety and Health 56%
Job Safety and Other Working Conditions 13

Environment and Energy 23

Financial Reporting and Other Financial 1

Industry-Specific Regulation 7

100%

Source: R. DeFina and M. L. Weidenbaum, "The Taxpayer and Government Regulations," St. Louis, Center for the Study of American Business,
Washington University, March 1978, p. 3.
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pollution abatement, 0.4 percent to employee health and
safety programs, and 0.4 percent to the increase in dis-
honesty and crime.' Except for the budget data, these
estimates are little more than guesses, based on scant
evidence. But if they are in the right "ballpark," they
imply that a substantial portion of the growth in U.S.
economic productivity has gone to "finance" EHS reg-
ulations and that measured real income will rise in the
future less rapidly than in the past.

THE BENEFITS OF EHS REGULATIONS

It must also be remembered that the above estimates
represent gross, rather than net, costs of regulation. That
is, they do not include estimates of the offsetting gains,
or benefits, attributable to the regulations. Unfortu-
nately, relatively little attention has been paid to this
side of the equation. In part, this is because the benefits
of such outcomes as cleaner air and safer products are
deemed to be self-evident. However, there is also the
analytic problem that the benefits are more difficult to
measure than the costs of regulation. Costs usually take
the form of items such as expenditures on labor and
materials; benefits are less tangible since they involve
such factors as health and environmental improvement.
Furthermore, the benefits are frequently spread among
a large population. For example, it is relatively easy to
ascertain the costs to a steel plant of installing pollution
control equipment, but it is much more difficult to quan-
tifylet alone express in dollarsthe decreases in med-
ical care for the surrounding population because the air
is cleaner.

Yet, the potential benefits from EHS regulations are
large and real. For example, the President's Council on
Environmental Quality (CEQ), in releasing its latest an-
nual report, estimated that Federal air pollution standards
alone were saving the nation about $22 billion a yc.. in
averted damages.° Elsewhere, we have made similar es-
timates of the health benefits that would result from sig-
nificant reductions in the ambient concentrations of spe-
cific air pollutants." Thus, whether estimated by
economic methods or inferred from the political process,
the benefits associated with EHS improvements are sig-
nificant and worthy of paying large costs.

BALANCING THE COSTS AND THE BENEFITS

It is inconceivable that EHS regulations of the sort
promulgated during the last 15 years could be imple-
mented without inefficiencies, waste, mistakes, and in-
tense controversy. Furthermore, while public opinion
polls make It evident that society desires effective EHS
regulations, there is also an indication of concern for the
huge costs of regulation and the impacts on the econ-
omy." Thus, in trying to achieve the goals of regulation

and at the same time maintain a consciousness of the
associated costs, the regulatory agencies face the ex-
traordinarily difficult task of balancing protection against
costs. Here, science and technology can be both a help
and a hindrance.

Advances in science and technology have brought
about a situation in which over 50,000 synthetic chem-
icals are produced and used in significant quantities, and
close to 1,000 new chemicals are introduced each year."
0. 'he relatively small number tested, at least 25 of these

le been shown to cause cancer or are suspected of
causing cancer in humans; in laboratory tests several
hundred have been shown to cause cancer in animals."
A much larger number has been shown to be toxic. At
the same time, developments in the sciences of detection
have enabled us to isolate substances in concentrations
of less than-one part per billion. However, here again,
we have not always been pleased to discern these sub-
stances. For example, the dioxin TCDD, a contaminant
of the notorious Agent Orange defoliant used in Vietnam
and one of the most toxic substances known, has been
shown to cause birth defects and assorted tumors in test
animals when fed in concentrations below 100 parts per
trillion. (There is also limited evidence of similar effects
in humans.) A recent report claims to have isolated
TCDD in soil samples around a chemical plant in con-
centrations up to 100,000 parts per trillion." Our objec-
tive must be to direct new and sophisticated science and
technology not only to discover the hazards that surround
us, but also to solve the problems these hazards create.
In particular, we must address the question: How can
science and technology improve EHS regulations? Be-
fore tackling this question directly, we shall examine the
goals of such regulations, their timing, and their form.

GOALS OF THE REGULATORY PROCESS

A great many methods could be used to achieve the
objectives of a cleaner, safer environment. The choice
is influenced by a multiplicity of goals, which are broad,
complex, and often incompatible. One important objec-
tive of most governmental activities is economic effi-
ciency. A simplified definition of economic efficiency
is achieving some objective with the smallest expendi-
ture of resources. Under certain assumptions it can be
shown that a competitive market system will achieve
such an optimal allocation of resources. General prop-
oAtiOns have been derived about how efficiency can be
achieved; these are usually stated in terms of the equality
of small changes in the costs, inputs, and outputs.

A second important objective of governmental activ-
ities is equity in the distribution of the "proceeds" from
the economic system. No governmental action takes
place without some consideration u: the distribution of

577
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costs and benefits across social, economic, occupational,
ethnic, regional, or other important groups of society.
For example, United States Steel Corporation has signed
a compliance order to spend $400 million on pollution
control equipment for nine plants to bring them into
compliance with air and water pollution regulations by
the end of 1982.15 Equity in this case is generally inter-
preted to refer to the costs borne by U.S. Steel, the
communities in which these plants are located, and the
firms buying the steel. But virtually all of these costs
will be shifted to steel customers and ultimately to final
consumers. To the extent that this shiftihg takes place,
the financing of the cleanup will take on aspects of a
general sales tax because steel is a major component of
a large number of products used in final consumption.
One equity question is the proper balance between the
pollution ills borne by the relatively few people living
near the plants and the costs that will be borne by the
general population (in the form of higher steel prices).
Similar questions arise under almost any type of EHS
regulation.

A special aspect of equity refers to competition among
regions or other groups. For example, most pollution
control legislation mandates national standards that are
uniform across regions of the country. The basis for this
geographic uniformity rests, in part, on the premise that
without such provisions, certain areas would have a
competitive advantage in attracting industrial plants.
However, economic efficiency requires recognition of
the fact that both the costs associated with meeting those
standards and the benefits from their implementation are
likely to vary widely across geographical areas. 16 Thus,
efficiency goals are often in conflict with equity goals
having to do with geographical or other distributional
considerations.

Administrative simplicity is a third goal. Government
programs should be easy to understand, administer, and
enforce. Furthermore, the costs associated with this
administration should represent a relatively small pro-
portion of total expenditures.

A fourth goal of governmental activities relevant to
the regulatory process is the preservation of individual
freedom. For example, providing information on the
consequences to the public of actions or exposures is
universally regarded as a proper role of government reg-
ulations. Going beyond this role to set standards on pro-
hibiting products puts the rights of one person in conflict
with those of a:lother.17 Regulations that attempt to pro-
tect people against themselves are certain to be contro-
versialfor example, requirements that helmets be worn
by motorcyclists. The mnre direct and apparent the gov-
ernmental constraints, the more contentious they are
likely to be. Determining the best balance between the
rights of an individual and the goals of society is often

controversial, yet is central to many regulatory deci-
sions.

Another possible goal of governmental action, often
cited in the EHS regulatory area, is that of for.:ing ad-
vances in technology. Setting stringent standards with
tight deadlines is alleged to create the proper induce-
ments to shake off lethargy and meet desired objectives.
Whether more good than harm occurs is unclear. For
example, although it is evident that air pollution laws
precipitated the discovery of new technologies for the
control of automotive emissions, current policies appear
to have created perverse incentives for manufacturers
and a slackening of effort on the part of the industry to
"clean up" the automobile in an economically efficient
manner. 18

An awareness of the various basic goals of govern-
mental activities and the contradictions among them is
necessary if society is to develop sound regulatory strat-
egies. Resolving the controversies and determining the
specific form and timing of regulations are still thorny
issues.

THE FORM AND TIMING OF REGULATIONS

Regulatory strategies currently take various forms in
our economy. For example, regulation may be based on
direct controls (on selected wages and prices), minimum
quality standards (for foods, drugs, air, and water), con-
ditions for production (health and safety at the work-
place), constraints on the price structure (of public util-
ities and airlines), conditions of distribution (days of
business), and so on. Many of these examples involve
the setting of standards to be met by specific iniustries.
However, recent discussions on regulatory processes
have given greater emphasis to use of the market rather
than standard setting to accomplish desired goals.11'

For a number of years, economists have suggested
that the objectives of cleaner air and water could be
attained more efficiently by imposing. the "correct" fees
on pollution emissions rather than by direct control of
the polluters in the form of technology-based emissions
standards.2" If a fee were levied on each unit of pollution
generated, those firms with the lowest costs of pollution
abatement might achieve lower levels of emissions than
the current standards, whereas other firms with high
abatement costs might elect to pay the fee and pollute
in excess of the current standards. By manipulating the
magnitude of the fee, the regulatory agency could
achieve the desired levels of ambient air and water qual-
ity. This, in turn, could lead to more cost-effective air
and water pollution controls: more importantly, under
this system the prices of firms' outputs (and thus indi-
viduals' consumption decisions) would better reflect the
true costs to society of producing goods and services.
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A recent study prepared for the Council on Environ-
mental Quality examined alternative policies for attain-
ing and maintaining; a short-term nitrogen dioxide stand-
ard, based on data pertaining to Chicago.2' In addition
to conventional regulatory approaches, the use of emis-
sions fees and marketable permits was evaluated. The
study concluded that strategies making use of such eco-
nomic incentives (that take account of differences in pol-
luters' costs of control and differences in polluters' con-
tributions to ambient conditions) are far less costly than
those that do not. At the same time, it was noted that
such incentive plans are not without implementation
problems. For example, to implement an efficient fee
system, the administering agency must have consider-
able knowledge of sources' control costs. Under a permit
system, the agency must organize and oversee a "mar-
ket," making decisions on such factors as the number
of permits to issue and the rules that govern exchange.
Despite these difficulties, the potential gains from such
approaches certainly warrant further theoretical and em-
pirical study so that their comparative merits can be de-
termined more completely.

Another issue i ; the latitude given the regulatory
agency. The Congress might do no more than state a
general goal, or it may specify a detailed regulation. The
classical notion is that Congress provides general guide-
lines, but delegates operating authority to a regulatory
agency. The role of the agency is to interpret these
guidelines on a case-by-case basis and promulgate stand-
ards. Unfortunately, the legislation associated with many
EHS issues is notably deficient in specifying workable
goals.22 Instead, much of this legislation begins with
high-sounding rhetoric about protecting the health of
every American," followed later by a caveat that the
regulations cannot bankrupt the industry. The result is
frustration for the regulators since they lack a clear man-
date. In fact, they are often sued it" both parties in a
dispute, each of whom can pcint to lang,age in the leg-
islation that implies, on the one hand, the decision in
question does not give absolute protection or. on the
other hand, that it is extraordinarily expensive.24

It is important that regulations be timely and imple-
mented quickly when threats to the environment, health,
and safety are involved. However, when not only acci-
dents and deaths are at stake, but also billions of dollars
of compliance costs, proposed regulations will be the
subject of intense controversy with long delays in im-
plementation because of problems in rule-making, court
challenges, and difficulties. in enforcement. Thomas Jor-
ling, EPA Assistant Administrator for Water and Haz-
ardous Materials, told a congressional committee:

One of the most acute frustrations I have come
to experience is the immense difficulty associated
with taking statutory mandates into implementa-

tion. Complexity, procedures, and shortages of re-
sources all contribute; but there are also larger,
more pervasive reasons related to institutional fears
of changing or altering the systern.2"

One of the consequences of this situation is that reg-
ulatory agencies may adopt a passive role and not act
until outside pressure is exerted. For example, according
to one report, unions or public interest groups have been
initiators of OSHA, EPA, or FDA action in 22 of the
26 instances through 1976 when the agencies rego!ated
carci noge n S.26

Another consequence is that it now takes years to pro-
mulgate many of these regulations. Again, an illustration
is helpful. The National Institute of Occupational Safety
and Health (NIOSH) has compiled a list of 28,000 toxic
chemicals, 2,200 of which it has classified as suspected
carcinogens. Although NIOSH recommended exposure
limits for more than 100 of these found in the workplace,
as of January 1979, OSHA had promulgated permanent
standards for only 23 during the eight years it has been
in existence, and some of these are in litigation or have
been thrown out by the courts."

A related aspect of this dilemma is the issue of due
process. The legal question is: On whom is the burden
of proof? For example, a drug manufacturer must prove
to the FDA that a product is safe before the FDA will
allow it to be distributed. However, the EPA must prove
that an air pollutant is harmful before it can regulate its
release into the environment. Not only does the question
of who has the burden of proof affect who bears the
costs of research and development (R&D), but it also
call affect the timeliness of the regulations. One would
expect the FDA to undertake more questioning and to
use more rigorous criteria in setting standards than the
EPA. As a consequence, one would also anticipate rel-
atively greater R&D expenditures on substances regu-
lated by the FDA and longer delays in their introduction.

The requirements in resources and time to promulgate
new regulations mean that an agency will publish only
a few each year." It thus becomes crucial to ensure that
the most important problems are singled out. An agency
must look for the areas in which it can hope to make the
greatest improvement in the environment, health, and
safety. For example, OSHA concentrated initially on
occupational accidents. This made sense in that the in-
crease in accident rates during the 1960s was largely
responsible for OSHA's creation.2" However, with
Worker's Compensation having been in effect since the
turn of the century," many preventive measures had al-
ready been taken. Indeed, OSHA's subsequent research
surPsts that it has had little or no effect on accident
rail:,, even for the industries in which it has focused."'
In contrast, occupational disease had been almost com-
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pletely neglected, providing an important area for inter-
vention.

With few exceptions, toxic substances are seldom
present in concentrations that would cause acute health
or environmental hazards. Rather, their concentrations
are usually sufficiently small that there are questions as
to whether such adverse effects are likely to occur. Even
in cases where such effects are anticipated, it is exceed-
ingly difficult to estimate their magnitudes. Thus, the
regulatory decisions concerning which substances to reg-
ulate and at what level is akin to a generic statistical
problem with possible "Type I" and "Type II" errors.
For example, test results may indicate that a non-toxic
chemical if ,uric or that a toxic chemical is not toxic.32
The former, false positive, is a Type I error, while the
latter, false negative, is a Type II error. If additional
data are collecied and analyzed, the risk of incorrectly
categorizing a substance as harmful or benign can be
reduced. However. collecting such information is time
consuming and expensive. To keep regulations timely
and to ensure that data collecting is not exorbitant, de-
cisions must be made while there is still risk of mis-
classification. This uncertainty is inherent, and more at-
tention must be devoted to assessing the tradeoffs
between the value (or expected contribution) of addi-
tional information and analysis, versus the losses and
risks associated with further delay. Regulations should
be recognized as being subject to change as desires
evolve and should be responsive to improiements in sci-
entific knowledge.

Setting good regulations requires a firm foundation of
data and analysis. This begins at the stage of identifying
whether there are substantial market failures (in the
broadest sense) that would justify government interven-
tion, and continues through to the setting and enforce-
ment of specific regulations. Although values, judg-
ments, and politics may play major roles in shaping these
decisHns. data collection and analysis must first deter-
mine what is known and what questions remain to be
settled by the other aspects of regulatory decisionmak-
ing.

INFORMATIONAL NEEDS

To make intelligent public policy decisions concern-
ing EHS regulations, decisionmakers need information
on the costs associated with alternative regulatory ac-
tions as well as the beneficial effects that are anticipated
from such actions. Methods of analyzing some of these
costs and benefits as well as data requirements are dis-
cussed, in turn, below. Detailed discussion of estimating
the health benefits from EHS regulations is relegated to
the next section.
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ESTIMATING THE COSTS OF REGULATION

Under various executive orders and legislative man-
dates, agencies have been required to estimate the costs
of implementing many of their regulations.'" Even
though no aspect of this process is simple, the theory
behind this cost estimation is relatively straightforward
and uses well-known techniques. Nevertheless, cost es-
timates for specific policies have exhibited wide ranges.
For example, 1977 estimates of the cost of environmen-
tal control produced by the Council i-mt Environmental
Quality (CEQ) from EPA data were only $19.3 billion,
of which at least $2 billion were public expenditures and
$5 billion were the cost of controls on private vehicles.
Yet, EPA estimates (made between 1975 and 1977) of
the prospective control costs for just five major indus-
tries forecast 1977 costs for these industries to be $7.8
billion. E'trapolation of this estimate to all industries
would place the total at $25 billion in 1977, substantially
higher than the CEQ estimates.'

Perhaps one source of confusion is that in ordinary
usage "cost" means the monetary expenditure required
to purchase a good or service, for example, the money
outlay for pollution control equipment. To economists,
however, "costs" means opportunities foregone. Thus,
in evaluating the costs of regulatory policies, the ques-
tion to be answered is: What resources must society give
up in order to devote more to implementing specific
types of regulations? The value of these foregone op-
portunities represents the true costs of the regulations.
For example. the costs of pollutioncontrol include re-
quiring new abatement equipment, modifying existing
equipment, and operating the equipment. More subtle
costs relate to the many current and prospective pro-
cesses and designs that can no longer be used since they
slo not meet newer and stricter regulatory standards.
There are also less direct costs associated with pollution
control, including those incurred when plants of limited
profitability shut down because they cannot cover the
costs of new controls. Finally, there are the costs of
administering the control program itself. In each case,
society's scarce resources are being channeled away
from other possible uses.

There is an inherent bias toward overestimating the
costs associated with many regulatory actions. For ex-
ample, one common way of measuring the costs of pol-
lution abatement is to estimate the expenditures of add-
ing "end-of-pipe" devices to "representative" facilities
in an industry."' But adding such abatement devices to
old facilities is often economically inefficient since it
may also decrease operating efficiency. In the long run,
it may be more economical to construct new facilities.
One way to improve our estimates of the costs associated
with regulatory policies would be to undertake some ret-
rospective analyses of the diffc, ence between estimated
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and actual costs. For example, one might select the area
of air pollution control and examine the difference be-
tween estimated and actual control expenditures for in-
dividual plants. Such a study could enable one to esti-
mate not only the degree of bias in estimating costs, but
also the quality of the estimates and sources of bias or
dispersion.

Another important aspect influencing the costs of reg-
ulation is the role of new technology and technological
improvements. Current cost estimates are based almost
inevitably on existing technology. At best, only educated
guesses can be made as to the effects on costs of ad-
vances in technology. Thus, by their very nature, such
guesses are subject to considerable uncertainty and their
usefulness in estimating costs is extremely limited; gen-
erally, analysts do not assume any advances in technol-
ogy. Thus, to the extent that major technological ad-
vances occur in the future and other assumptions are not
overly optimistic, current cost estimates will overstate
the realized costs of certain regulatory actions. Again,
retrospective studies are needed to look more closely at
specific areas of regulatory policy in order to determine
how changing technology has affected costs.36 Questions
to be answered include: How rapidly have solutions to
specific problems been developed? How have resources
dedicated to research and development led to less costly
solutions?

ESTIMATING THE BENEFITS OF REGULATION

Estimating the benefits of EHS regulations is ex-
tremely difficult. For example, the benefits of air pol-
lution abatement stem from reduced morbidity and mor-
tality rates; decreased damage to animals, plants, and
materials; less foul-smelling air; greater visibility; and
a general increase in the quality of hfe.37 Measuring
these effects is extremely complex as detailed in the next
section on estimating health effects. This section focuses
on analyzing the other categories of benefits.

To explore the effects of air pollution on plants, ani-
mals, and materials, two basic types of approaches can
be taken: experimental or statistical. For example, sup-
pose one were interested in determining the effects of
air pollution on the frequency of repainting. Experimen-
tally, one might expose a painted surface to polluted air
in a city and compare its useful life with that of a control
surface exposed to relatively unpolluted air. Unfortu-
nately, a number of other factors could be expected to
influence the useful life, such as exposure to sunlight.
In addition, it is necessary to determine when repainting
is necessary. Is discoloration sufficient to require re-
painting? Whose judgment should determine when the
useful life of the painted surface is over?

Statistically, one might analyze data for different areas
of the country on the frequency of repainting, the levels

of air pollution, and other relevant factors such as cli-
mate, The main advantage to this approach is that actual
consumer behavior serves as a gauge in valuing the ad-
verse effects, rather than experimental evidence. How-
ever, such statistical approaches are not without diffi-
culties because they require comprehensive data banks.
We are at a rather primitive stage in placing a value on
less odors, improved visibility, more sunny days, and
other such quality-of-life factors. Conceptually, econo-
mists value these types of effects by "willingness to
pay." For example, residents of Pittsburgh might be
asked how much they would be willing to pay to reduce
the odors associated with the steelmaking facilities.
While simple conceptually, it is very difficult to elicit
reliable information since incentives to bias answers are
overwhelming. Valuing intangibles is an area in which
new ideas are needed and to which further research dol-
lars should be devoted.

Even if one knew the desired ambient air quality, it
would be extremely difficult to estimate the amount of
,:missions abatement required to achieve this goal. To
do so, one would need an inventory of current emissions.
Then diffusion modeling could be used to infer how
these emissions were distributed geographically. Finally,
atmospheric chemistry and physics could be used to pre-
dict the chemical transformation, creation of aerosols,
long distance transport, and deposition rates. For ex-
ample, sulfur dioxide emitted in New Mexico is subject
to diffusion over a wide area, with some sulfates reach-
ing the Eastern seaboard:" sulfur dioxide can be ab-
sorbed by plants or soil, can be converted to sulfates,
can be adsorbed on small particles, and can remain in
the atmosphere for weeks. Clearly, advances are needed
in diffusion modeling as well as atmospheric chemistry
and physics.

ESTIMATING THE HEALTH BENEFITS OF EHS
REGULATIONS

As do environmental programs, health and safety reg-
ulations focus on protecting the public health. Thus,
even a cursory examination of such regulations would
conclude that their primary benefits were u. some way
related to improving the health status of society. How-
ever, it is not enough to answer only qualitative ques-
tions such as: Does air pollution cause ill health? Is oc-
cupational exposure to benzene related to the incidence
of leukemia? Will ingestion of small amounts of lead
result in damage to the central nervous system or be-
havioral change? Policymakers also need information of
a quantitative nature, answers to such basic questions
as, how much?

But estimating the effects of pollutants on humans is
extremely complicated. We are exposed to pollutants
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through a variety of pathways, including the respiratory
system, the digestive system, and the skin.'0 Depending,
in part, on the pathway and chemical form, the pollutant
is taken up in the body, transported to other sites, me-
tabolized, and excreted. When concentrations are high
enough to produce acute effects, isolating the effect is
relatively straightforward. However, when exposure is
to low levels of interacting insults over a long period of
time, it is much more difficult to infer the effect of
exposure.

The chief aim of many EHS regulations is prevention
of chronic disease effects. Because both exposure and
effect may take place over decades, the concept of caus-
ality becomes blurred.' To observe an association (or
correlation) is not to establish cause. Today many sci-
entists are willing to agree that "smoking causes lung
cancer." However, this was a long time in coming and
there are still credible scientists who do not accept this
hypothesis as proved." As a further example, we see
that a strong correlation exists between incidence of can-
cer of the colon and per capita meat consumption. How-
ever, the causal situation is ambiguous." It may be the
meat itself, the absence of high grain consumption in the
diet, the way in which the meat is cooked, or some
unrecognized factor. Much careful research is needed to
investigate possible causal relationships in the EHS
areas.

A National Academy of Sciences (NAS) committee
has distinguished-between three types of approaches to
study health effects in these areas: investigations of the
biochemical and physiological mechanisms, toxicology,
and epidemiology.44 Each has its strengths and its weak-
nesses. No one research approach alone is sufficient to
provide adequate information on health effects. In the
following discussion we begin with an examination of
the possible contribution of laboratory experiments (cov-
ering the first two approaches identified by the NAS
committee) and then turn to epidemiology, highlighting
some of the difficulties associated with this method. Fi-
nally, we treat the difficult topic of monetizing estimated
health effects.

LABORATORY EXPERIMENTATION

Laboratory experiments designed to reveal the
"mechanisms of action" provide important information
to aid in formulating regulatory policies. For example,
in examining the mechanisms by which air pollutants
affect health, such studies have suggested that sulfur
dioxide is less harmful than acid sulfates and that par-
ticulates in the respirable range of 0.5 to 3M microns
are more damaging to the lower respiratory tract than
are larger particles."

At the same time, such laboratory studies have their
limitations. For example, even if it is hypothesized that

high levels of air pollution harm people, it would not be
ethical to conduct experiments that expose subjects to
such levels. Even aside from the eurical issues, it is
unlikely that long-term, low-level effects on humans
could be uncovered in a laboratory setting." As a result,
researchers often turn to the use of small animals, mi-
croorganisms, or cultured human cells.

Animal bioassays can demonstrate qualitative effects
such as cancer or birth defects that might occur in hu-
mans and can suggest quantitative, dose-response rela-
tionships. However, they, too, suffer from some serious
limitations. First, a number of uncertainties are associ-
ated with attempts to relate data on one species, such as
mice, to possible effects in other species, such as hu-
mans.'' Small mammals have relatively short lifespans
and differ physiologically from humans. Furthermore,
in the laboratory it is virtually impossible to duplicate
exposure conditions in the "real world," either in terms
of the other factors and variables that are present," or
in terms of the dosages. In addition, such experiments
are expensive. A study of a single chemical is likely to
require at least 500 animals (including controls) and a
period of more than three years, at a cost of at least
$250,000." .Finally, when effects of very low-level,
long-term exposures are the object of investigation, sta-
tistically valid measurements require either that a very
large population be exposed,' or that doses substantially
higher than those encountered in the ambient environ-
ment be used.5' Accordingly, researchers sometimes
turn to dose-response extrapolation techniques to esti-
mate exposure effects.

Any extrapolation technique, which can use one of
several mathematical methods, should also be based on
what is known about the underlying biological mecha-
nisms. Unfortunately, this knowledge is rarely present.'
The most commonly used methods involve the linear,
nonthreshold model and the long-probit model.' The
use of such techniques is generally believed to result in
conservative regulatory actions, since they tend to over-
estimate the health effect of the pollutant in question.54

Because of all the problems noted above, there has
been a great deal of interest in alternative approaches.
In particular, the development of short-term bioassays
to identify potentially hazardous chemical substances has
generated increased attention. The most thoroughly stud-
ied of these, developed by Bruce Ames, is based on the
relationship between the carcinogenic activity of some
compounds and their production of certain types of mu-
tations. Over the past 15 years Ames and his colleagues
have shown that about 90 percent (158 out of 176) of
the organic chemical carcinogens tested were also mu-
tagens, and most mutagens appear to be carcinogens.
Only a few (13 out of 108) "noncarcinogens" tested
were mutagenic and many of these, argues Ames, are
close relatives of carcinogens.'' In its current form, the
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Ames test costs between $300 and $1,000 per chemical
and is used in as many as 1,000 laboratories.' Even
though the knowledge gained from such short-term
bioassays as the Ames test is very valuable, the NAS
has concluded that "experience does not yet warrant
reliance on mutagenicity as a substitute for carcinogen-
icity testing."' Furthermore, there remains the impor-
tant question of the quantitative usefulness of such short-
term tests."

EPIDEMIOLOGY

Epidemiologists observe humans directly in their nat-
ural environment. When associations are discovered be-
tween patterns of disease and patterns of exposure, ep-
idemiological studies can provide evidence about the
quantitative (dose-response) relationship. Furthermore,
when such epidemiological studies are supported by lab-
oratory findings, a relatively sound basis for policymak-
ing is assured. Unfortunately, as with the other ap-
proaches used to study health effects, epiddmiology is
not without its associated problems.

Spurious correlation is always a possibility. Many fac-
tors simultaneously affect human health. making it dif-
ficult to isolate specific causative agents: hence, any sin-
gle, observed association may be an artifact of thP.
particular data and population under investigation.59 Fur-
thermore, the use of epidemiological approaches to iden-

tify mutagens or carcinogens becomes even more prob-
lematic because of the long latency periods. This can be
illustrated in the case of cigarette smoking."" Men started
smoking cigarettes in large numbers in 1900, but the
resulting increase in lung cancer did not appear until 20
to 25 years later. Similarly, women started smoking in
appreciable numbers during World War II, and now their
lung cancer rate is climbing rapidly (see figure I).

Finally, there are serious deficiencies in the availa-
bility and quality of data for epidemiological studies.
First, there are problems with the measures of health.
For example, mortality data are not always recorded in
consistent forms. Furthermore, because other factors af-
fecting mortality must be controlled," more extensive
information than is currently being obtained should be
collected, at least for a sample of death certificates. The
need for a national registry of death certificates has been
recognized for some time,"2 particularly in view of the
mobility of the U.S. population. Because morbidity data
are much more sensitive indicators of health status than
mortality information, more effort should also be de-
voted to compiling illness records. What few large-scale
morbidity samples exist contain inconsistencies and se-
rious informational gaps.° Thus, there is a need for
more comprehensive data including national registries
for major diseases. Other useful morbidity information
may be obtained from health maintenance organizations
(HMOs) such as the Group Health Association and the

FIGURE I. Relation between cigarette smoking and lung cancer.
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Kaiser Foundation Medical Care Plan. While these in-
stitutions represent a potentially rich source of large-
scale morbidity data, current information is often quite
limited in terms of specific diagnostic data and other
factors that should be controlled (for example, smoking
habits and socioeconomic status).

In addition to data pertaining to the general popula-
tion, information on the health status of persons in par-
ticular occupations can be extremely useful. This follows
from the fact that the best epidemiological results are
obtained when there is a well-defined, relatively ho-
mogeneous group of people who have undergone similar
exposures." Nevertheless, no national occupational
morbidity reporting system exists in the United States,
although there are ongoing'programs in several western
states." OSHA has now proposed rules that would re-
quire companies to keep careful records of exposure and
health status for all employees exposed to any toxic sub-
stance.' Tens of thousands of workers are covered by
these rules,67 thus providing an invaluable data base if
adequate information is collected on such factors as
smoking habits, other personal factors, and residential
history.

MONETIZING EFFECTS

Once the information is obtained to enable quantifi-
cation of the relationship between exposure and health
effects, then predictions can be made as to how reduc-
tions in exposure would change these health effects. The
next step is translating the predicted changes into mon-
etary equivalents. This is surely one of the most contro-
versial areas in which economists intrude. Some say that
putting a monetary value on human life is insensitive,
crass, and even "inhuman." However, this view does
not give sufficient weight to the fact that both individuals
in their day-to-day actions and governments in their de-
cisions about social policy do in fact make tradeoffs that
involve the probability of death as well as goods with
explicit dollar prices. These tradeoffs 'implicitly attach
price tags to human life."

Perhaps the controversy would abate somewhat and
the dialogue would improve if the focus shifted from
concern with placing the "correct" price tag on human
life, to emphasis on estimating the value of lifesaving.
The notion here is quite simple. Society has only limited
resources to devote to lifesaving activities. The question
is, where can those resources be used in the most cost-
effective manner? Should we be spending one million
dollars to prevent a cancer death by breast cancer screen-
ing or one hundred thousand dollars to save a life by
getting people to buckle their seat belts?'

There is no denying that legitimate difficulties exist
with placing monetary values on health effects or life
itself. The problem is made even more difficult by the
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recognition that the values placed on such untoward
events depend upon the probability of occurrence, the
number of people affected, the specific type of effect,
and people's general familiarity with the type of risk in
question. Social psychologists have investigated the
"psychology of risk" and found that a number of these
dimensions influence whether individuals perceive a sit-
uation to be risky." This, in turn, means that the values
attached to such risks must often be situation-specific
or, at the very least, tailored to the probability of oc-
currences, type of effect, and so on.

Economists have attempted to find clever ways of cir-
cumventing some of the problems of valuing life,7' but
their efforts are still regarded with suspicion, and often
properly so. Nevertheless, government programs and
other collective decisions involving the EHS issues can
be analyzed carefully to determine the implied (or ex-
plicit) values placed on health effects, human life, or
changes in the probability of death. This, in turn, could
give insight into collective attitudes toward life valua-
tions and, perhaps more importantly, could lead to
greater consistency across public policies in these areas.

INSTITUTIONAL ARRANGEMENTS

In our review of "Informational Needs," we dis-
cussed briefly some of the difficulties associated with
estimating the costs and benefits of EHS regulations. In
the following section, we then detailed the complexities
associated with estimating the health effects of such reg-
ulations, including problems of identifying causation,
estimating dose-response relationships, and valuing the
estimated health impacts. It is essential to nave a variety
of disciplines represented in the underlying research ef-
forts characterized in these descriptions; to be success-
ful, this work must involve adequate communication
between fields. Furthermore, sophisticated methods of
data collection are needed, including survey research.
Finally, for much of the research outlined above, the
large data banks must be manipulated by use of elaborate
statistical programs and analysis.

These problems have implications for the institutions
needed to carry out this research. The above require-
ments give rise to a picture of a sizable research or-
ganization that is interdisciplinary and that possesses ex-
cellent data collection facilities and computer hardware
and software. If the interdisciplinary effort is to accom-
plish its goals, researchers must be willing to make the
necessary investment to communicate with people from
other disciplines." At the same time, data collection and
analysis procedures must be developed to permit ex-
tremely high capabilities. Together these factors suggest
that such an institution requires long-term funding and
support.
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Several types of institutional "homes" are possible.
Universities have the, advantage of offering colleagues
from a number of disciplines as well as graduate students
who can contribute to the research. In addition, they
tend to be relatively free of political influence. Govern-
ment research facilities, such as the National Cancer In-
stitute, offer a high degree of expertise in specific subject
areas. At the same time, they are often in closer contact
with policymakers, which can clearly be advantageous
for undertaking research in support of regulations. Re-
gional facilities, such as those found in Research Tri-
angle Park, North Carolina, can forge simultaneous link-
ages to universities, business, and government, without
necessarily developing intimate associations with any
specific sector.

The prospect of progress in the scientific and tech-
nological areas that can enhance EHS regulations seems
adequate justification for experimenting with several in-
stitutional settings in order to provide information on the
pros and cons, suitability or unsuitability, of alternative
ways to accomplish this necessary research.
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Crime and Technology: The Role of
5 Scientific Research and Technology in

Crime Control
by Peter K. Manning*

SUMMARY

Crime is a major social problem in the United States. It
concerns politicians, the public, and social scientists, but
most of all it concerns the police. Americans believe
that progress more often than not is brought about by
applying technology to problems. It is not surprising,
then, that the urban police in America in the last 50
years or so have become both more concerned about
crime and more technologically advanced. The police
have differentially accepted innovations designed to im-
prove their crime control capacity, but in the last 20
years especially, and since the founding of the Law En-
forcement Assistance Administration in 1968, crime and
technology have become intimately linked. In a sense,
technology developed in other settingscomputers,
communications systems, and high-powered machines
such as automobiles, helicopters, and fixed-wing air-
craftwas introduced into a traditional, conservative,
multicentered, or decentralized organization. Still re-
maining are the constraints on policing (including both
procedural and statutory law); the lack of resources, in-
formation, and citizen cooperation; the private nature of
much crime; and the problem of maintaining public order
concepts that differ widely in a pluralistic society.

Technology developed outside of policing is seen as

* Professor of Sociology and Psychiatry. Michigan State University.

having great promise in crime control, even though there
is not a deep understanding of its effects by the police
nor, conversely, a deep understanding of police orga-
nization by many researchers involved in introducing
new technologies to police work.

Technology, defined as the means by which an or-
ganization transforms or works on inputs to produce
products, can be subdivided into knowledge technology
or information used in the workflow; operations tech-
nology, which shapes the sequencing and patterning of
the workflow; and material technology, which has to do
with the physical properties of the objects used in work.
The police use a human material technology and an op-
erations technology that is highly individualized, non-
routine, and patterned by situations. They do not have
a theory of policing that systematically organizes their
work to produce maximal effectiveness. The impact of
new technologies developed outside policing always
must be seen in the context of present police technology,
activities, focuses, and segments. In addition, new tech-
nology will interact with present or conventional tech-
nology.

Information and its flow through police organizations
is perhaps the most important object on which policing
works and which in turn can be considered a "product."
The police are highly dependent on many kinds of in-
formation. The segments of police departments, their

5 538
607



608 SCIENCE, TECHNOLOGY, AND SOCIOECONOMIC GOALS

activities, and their knowledge resources each pattern
the effects of technology on policing. Police deal with
primary, or environment-gathered, information received
by officers; with secondary, or once-processed infor-
mation in investigative units; and with tertiary infor-
mation or data about information and its organization,
assembled at the administrative level of an organization.
The bulk of information is not systematized in depart-
ments, links between levels of information are asym-
metrical, and the effects of technology vary within a
department.

There are three basic police operational strategies or
patterns of relating to the environment. These are the
preventive approach, which involves deterrence or pre-
vention of crime; the proactive approach, which in-
volves reconstruction of the crime, creation of the con-
ditions under which it will occur, and active intervention:
and the reactive approach, the traditional and most dom-
inant strategy of responding to, investigating, and trying
to solve or otherwise clear a crime already committed.
In each, the role of information and of technology varies.
In preventive policing, information of every sort (pry-
spective, retrospective, and applied) is seldo7.-n used be-
cause the means to get it are not precise, definitive goals
are ambiguous and often unstated, and resources are
scarce. In proactive policing, prospective intelligence is
used to identify and surveil possible villains, and retro-
spective intelligence may be used to link those arrested
to others, but the limits of the knowledge available, as
well as the great discretion of individual officers, means
that shared knowledge is a very small part of the total
knowledge held in the police unit. In reactive policing,
significant technological innovations have been made:
files of arrestees, outstanding warrants, and vehicle and
license numbers have been computerized in many de-
partments. These are largely retrospective uses: little if
any prospective intelligence is gathered, and applied in-
telligence can only be used where officers have some
understanding of the links between the crime, the sus-
pect,, and other individuals.

echnological innovations have been of two kinds,
those based on primary and on secondary information.
The first kind involves attemp, : to reduce response time
and to increase the visibility and presence of the police.
Research in the second area has focused on thi! impact
of more professional juvenile units, more effective case
screening for investigators, and reorganization of detec-
tive work. In general, research does not yield unequiv-
ocal results, and the precise consequences of technolog-
ical innovation where primary information is involved
are as yet not established. In the case of secondary in-
formation, some efficiencymeaning the use of re-
sources to achieve an aimis gained by case screening,
but it is not clear that clearing cases should be the aim
of detective work. Other values may be served by po-

liOng, and screening large numbers of cases may not be
in the best interests of the department in terms of public
contacts, information, victim assistance and reassurance,
and police prestige. For example, police juvenile units
using knowledge technology still leave enormous dis-
dretion to the officer and the unit.

The paradox of technology is that although it was seen
as a clear and present mean of producing more effective
policing, especially in the area of crime control, it did
not produce simple outcome: .-)r effects. Many techno-
logical innovations have fai!!::!. to take into account the
salient features of the social organization of police work.
Technology has had no narrowly predictable outcomes
because its effects are patterned by the arena in which
it works; the activities and strategies involved; the level,
quality, and amount of information available; and the
constraints within society, such as lack of citizen co-
operation. Clearly, there are many factors that help form
a crime pattern. The police have only marginal effects
on those factors, and new technologies can make only
limited increments in crime control, given this basic fact.
Thus the precise effects of new technologies on crime
cannot be established at this time.

INTRODUCTION

Crime is a major social problem in our nation. It
concerns politicians, the public, and social scientists, but
most of all it concerns the police. Americans believe
that progress more often than not is achieved by applying
technology to problems. It is not surprising, then, that
the urban police in America in the last 50 years or so
have become both more concerned about crime and more
technologically advanced. Thf police,have differentially
accepted innovations designed to improve their crime
control capacity, but in the last 20 years especially, and
since the founding of the Law Enforcement Assistance
Administration (LEAA) in 1968, crime and technology
have become intimately linked. In a sense, technology
developed in other settingssuch computers, com-
munications systems, and high-powered machines like
automobiles, helicopters, and fixed-wing aircraftwas
introduced into a traditional, conservative, multicen-
tered , or decentralized organization. Still present are the
constraints on policing, including both procedural and
statutory law; the lack of resources, information, and
citizen cooperation; the private iature of much crime;
and the problem of maintaining public order concepts
that differ widely in a pluralistic society. This chapter
will assess the contribution of ,echnology to crime con-
trol by the police in the context of the social organization
of police work. It will also review the research available
on technological innovations in policing and their impact
or, crime.
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THE CONTEMPORARY CRIME FOCUS OF
URBAN POLICE

American police perform a variety of functions, only
a small minority of which can be construed as crime
focused) Police claim and accept as central and most
significant their law enforcement duties, while they rou-
tinely perform diverse other social services that they
view as onerous, self-demeaning "dirty work." Thus,
although they claim one central function, they are in fact
obligated to carry out a number of others.

There are other major institutional contradictions in
the police organization, and each contributes to the col-
lective wish of police to define their role as thief takers
and crime stoppers. Although they wish to seem fair and
eqditable, they must selectively enforce the law and must
face public criticism for "bias," "repression," and
other chargeseven from the middle classes with whom
they identify. In short, they must be aware of toeir po-
litical base, even as they assert their apoliticaiity. Al-
though they are legally required to enforce the law and
maintain public order, the police often have little legal
power to do so (e.g., when crime is committed in private
or among complying citizens). In all crime, they depend
on the nature of the actions and groups involved: the
more organized the criminal activities, the more effec-
tive they can be.' Procedural guarantees constrain their
work. Standards of order differ among social classes and
ethnic groups, and the police must judge what is ac-
ceptable. They are dependent upon witnesses, informers,
and the public for information and cooperation, upon
prosecutors for charges, and upon co: rts for convictions.
They must conceal information from some public seg-
ments while revealing it. to others, and this often leads
to lying and deception.' They must rely on other orga-
nizations and police units to cooperate in providing in-
formation.

These constraints on the police are affected by tech-
nology to some degree, as we will see, and they are the
primary reasons why the police dramatize and publicize
their crime-related functions while making efforts to
conceal and understate the non-crime-related functions,
as they define them.' Similarly, dlr; seize upon and
display symbols of authority and power that are associ-
ated with the state, morality, and the law. The police
tend t 'udge themselves with reference to their crime
work c r "real police work."

Administrators, while taking a somewhat broader
view of policing and its responsibilities, tend also to
1.dopt the crime-fighting rhetoric, even when it would
appear to be a rather modest part of the role of the po-
liceas in suburban or largely middle class communi-
ties where the crime rate is relatively low and of little
public concern. The problem of assessing technological
effects on crime thus hinges upon the definition of the

key terms "crime" and "crime focused." The degree
of crime focus varies from officer to officer,' from seg-
ment to segment within a department,' and from de-
partment to department.7 The capacity of the police to
be crime focused and the extent to which they realize
that capacity have not been carefully studied until very
recently, and most of the available studies use question-
able official statistics generated by police departments.
Most of the available measures assess the means of con-
trolling crime, rather than tte.: objectives or goals of
crime control. When speaking of the crime focus of the
police, one is speaking of an ideological justification, a
distribution of attitudes and functions or roles, and of
actual time spent. Each of these is subject to measure-
ment and should not be seen as either a present or absent
phenomenon in large city police departments. However,
there remains little consensus on the definition of crime-
focused policing."

Although academic debate surrounds the definition of
crime-focused police work and the most appropriate sort
of data needed to measure crime and crime effectiveness,
the police use their ,..vn statistics, standardized to a lim-
ited degree by FBI instructions, and they maintain con-
trol over the gathering, processing, dissemination, and
analysis of those statistics. They do so for rather obvious
reasons, in spite of repeated systematic criticism." They
are able to control what is accepted as "crime" because
they receive the calls, process them, decide if a crime
has actually happened, and shift the ecological bases of
counting the calls (to show increases or decreases by
areas). They can use the calls to show trends, even
though there is no theory to account for changes, the
explanations offered are usually ad hoc (the introduction
of a new patrol strategy, changes in the weather, new
beat allocations), and statistics have a scientific cast to
them.

Although the actual amount of crime in a society is
unknown and unknowable and every measure is only a
partial one, "' crime is a police construction. That is, the
crime rate is based upon crimes known to the police,
and crimes found by them, and it omits unreported, plus
unfounded crimes, the so-called dark figure. Finally, the
police present crime as if it were all of a piece, rather
than an incredibly diverse set of events that are variably
subject to police control and/or suppression. Perhaps it
is the constraints on the police and their wish to control
crime that has led them to accept, especially in the last
few years, a variety of technological innovations de-
signed to increase their capacity to control crime.

TECHNOLOGY AND THE POLICE"

The police developed as a decentralized, highly dis-
cretionary system of social control that was ecologically
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or territorially based, subject to rather limited command
and control, and employing rather simple technology.
There are a number of reasons why the police in Amer-
ica, in the last 50 years in particular, have adopted in-
novations from other systems of work processing. New
forms of technology might lend prestige to the profes-
sionalization movement within policing and might sat-
isfy the status aspirations of police administrators.'
Newer and more powerful weapons systems, mobile
computers, faster vehicles, and instant radio communi-
cation with centralized dispatch were viewed with cau-
tion by many officers, but they also appealed to their
sense of adventure and excitement and confirmed the
crime-fighting role. They provided distance, symbolized
Control, and produced respect from the public.

At the social organization level, the symbols associ-
ated with the new technologies decrease police account-
ability because they induce a heightened sense of police
power and control among the policed. The attitudinal
and social isolation of the police historically is amplified
by the symbolism of technologies, and they use this sym-
bolism to maintain a formal, almost mythical, claim to
control crime. !ntemally, in terms of everyday function-
ing, it is not clear that the substance of police work has
been radically modified in the last 150 years. At least
the argument can be made that the structural, functional,
and symbolic dimensions of policing have remained re-
markably similar and that the power of the occupational
culture is the single most important influence on officers
and on policing." The degree to which new technologies
have changed these practices is a significant research
question.

The control of the occupational culture over police
practice is profound, In concert with the uncertain nature
of the work, the non-routine nature of the problems
faced, the uneven demands for time and effort across
events, and the situational uncertainty faced by the of-
ficer, characteristics of the occupational culture mediate
the internal rules and pcocedures and the external public
or environmental demand features. The occupational
culture of policing is the context into which any new
innovations must be introduced; it includes the tradi-
tional devotion of the police at every level to a clinical,
face-to-face view of their essential work, a correlate re-
sistance to planning and to rational anticipation of prob-
lems, and a distrust of science and knowledge that is
probably based in class origins and level of education,
as well as in the enduring influence of socialization in
the organizationthe cultural, social, and political iso-
lationof the police and their local character.

An important determinant of marginality of new
technology in policing is the very traditional, almost pa-
trimonial, nature of police bureaucracy. In contrast to
the classic Weberian formulation of rational legal bu-
reaucracy, which emphasizes formal rules and proce-

dimes, the structure of offices, and defined rules and
attitudes as routine ways of achieving ends, police or-
ganizations resemble patrimonial bureaucracies." More-
over, the patrimonial nature of police organizations
means that loyalty, fealty, and ascribed attitudes toward
persons vitiate alternative rational forms of work orga-
nization.' For example, the ecological proximity of
units in policing (e.g., detective functions are clustered)
is a structural substitute for formal coordination by rule
and procedure.'" Each unit functions in semiainonomy,
and the organization acts as a se: of loosely linked do-
mains."

In an echo of the Wickersham Report of 1931 (which
emphasized the utility of new technologies and the need
for scientific statistics), of the President's Crime Com-
mission (1967), and of the National Commission on Pro-
duCtivity and Goals (1973), LEAA has recently funded
a variety of innovations in technology. These include
efforts to create better statistics on crime, more rapid
response time, and better weapons, uniforms and other
equipment. LEAA has focused especially on funding
central computerized systems of command and control
as well as information storage and retrieval. Many of
these innovations, as Coulton has noted, were based on
simple assumptions about the nature of the police role
in crime control.'" It was assumed that the problems
were technical in nature. If they could he solved, inno-
vations supported by a small group of administrators
(regardless of their degree of understanding) and quickly
implemented would rapidly bring positive results with-
out unanticipated or negative corollaries. These assump-
tions were only partially true, and many innovations ex-
perimental or otherwise failed as a result.

The following sections define'technology, identify its
organizational effects, and assess the research based on
technological innovations in' policing. Organizational
constraints, such as structure and information processing
and strategies, along with external constraints, such as
citizen cooperation, available information, and the vari-
able nature of crime, exercise controlling effects on the
police, and reduce the hoped-for effects of new tech-
nologies.

TECHNOLOGY AND POLICE ORGANIZATION

Techne. a Greek word, means an art, craft, or skill.
Technology is defined in Webster's as (1) 'a technical
language," (2) "an applied science" or "a technical
means of achieving a practical purpose," and (3) "the
totality of means employed to provide objects necessary
for human sustenance and comfort." Although these
broad terms imply a very general method that is system-
atic and logical, technology is used in several specialized
senses in the literature on organizational behavior. The
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assumption is that no social variable contributes more to
the determination of organizational structure than tech-
nology. Work processes and flow are said to shape or-
ganizational structure, and work processes, to a greater
or lesser degree, are patterned by technology. However,
there is no agreement in the organizational literature
about the phenomena to which technology refers:

. . . the concept of technology has been operation-
alized in terms of the extent of task interdepend-
ence, automation of equipment, uniformity or com-
plexity of the materials used, and the degree of
routineness of the work . . . there seems to be gen-
eral agreement that organizational technology in-
volves either the mechanical or intellectual pro-
cesses by which an organization transforms inputs,
raw materials, into outputs."

Important distinctions are made between types of tech-
nology. Operations technology involves sequencing and
equipping the activities in the workflow, or the ways in
which input is processed and output is produced and
distributed. Material technology has to do with the phys-
ical characteristics of the materials used in the workflow.
These materials are quite variable, from people to
prunes, from gas to gastronomes. Knowledge technology
refers to the characteristics of the knowledge used in the
workflow.' The amount, quality, and specificity of the
relevant knowledge and what is used in production may
vary. These analytic types of technology can coexist in
an organization, they may be in conflict or be compat-
ible, or they may either increase or decrease integration
of the various subsystems, producing structural differ-
entiation and autonomy.

In police work, the officers have substantial discretion
to shape tasks: the ordering of tasks, the kinds of tasks
sought and available, and the resolution of them are not
routine. Policing is individualized, and the sequencing
of tasks is controlled and shaped by organizational 'de-
cisions at every point, especially those made by the of-
ficer on the street. The material technology of policing
processes human "units"human interactions and group
structures that are abstract, variable, and unpredictable.
People have the choice to do other than what is mandated
in the production process. Finally, knowledge technol-
ogy, the standardized information available about the
varieties of objects processed, is little developed. The
police do not have clear standards to apply to people,
their "raw material "; they do not have a set of routine
procedures for processing that material, nor a systematic
theory of causality explaining their work purposes.' The
knowledge available is of a general sort, and it does not
include consensually defined categories of information
that is relevant to standard situations. The knowledge is
more a "recipe knowledge" passed on through appren-

ticeship relations, by oral traditions, and through actual
experience.22

Finally, there is a basic difficulty in defining the en-
vironment to which technology is directed, and how it
shapes and determines the internal structure of the or-
ganization. Aside from the perceptions, strategies, un-
derstandings, and actions of the organizational members,
it is virtually impossible to measure the environment to
which such organizations are said to be responding and
adjusting to their technology.' Among people-process-
ing organizations, much of what the organization does,
why it does it, to what and whom, and by what means,
is patterned by tradition, culture, history, and the auton-
omy and power of various organizational segments. It
is as rational to argue that organizations create a sense
of the environment to which the organization adjusts
over time, shaping its rules, procedures, and postulates,
as to argue that environment, working through technol-
ogy, creates and sustains the organization.

In summary then, the traditional technology of the
police is non-routine, the material means used are lim-
ited and they are applied to people, and the knowledge
available is nonsystematic situational knowledge rather
than theoretically derived causal theories. Historically,
the police have used very little of the formal technologies
found in manufacturing; they.11ave been content to re-
strict their technology to semi-routinized processing.
Higher forms of technologythat is, rational routine
types found in mass production, or material technology
used in large batch workare also associated with ra-
tional legal bureaucratic forms. In the police, bureau-
cratic organization of a special sort is combined with
low rcutinization, limited amounts of material technol-
ogy, and a quasi- logical or commonsense theory of po-
licing.

Finally, the police have in the past used rather unsys-
tematic files, records, and systems of intelligence gath-
ering, processing, and storage. We follow here Zey-Fer-
rell's definition of technology as the means by which an
organization transforms raw materials or inputs into pro-
cessed outputs.' We make several further distinctions.
The ways in which the police presently or traditionally
work of course involve a technology a nonroutinized,
tacitly articulated technology. Police technology is the
way police agencies work. Knowledge or information
(defined below) both shapes the technology and is trans-
mitted through or worked on by technology. Tasks are
the subcomponents of the work process, accomplished
by means, or technology, which can be modified.
Whether a modification of a task by technology means
that a new technology has been applied or the task has
been redefined is difficult to answer. Workflow is the
sequencing of tasks.

Finally, bureaucracy consists of the formal rules of
procedure, offices, functions, and the associated struc-
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ture of authority. The term technology refers both to
traditional, rather disorderly, police technology and to
"new technologies" associated with other work sys-
tems. Both the present police technology and new tech-
nologies are d!scussed here as they interrelate and as
they affect crime. When one speaks of technological
innovations in policing, one is referring to the attempt
to introduce new means of defining and interfacing with
the environment and of processing the product. Thus the
innovations reviewed here are sometimes in operations
technology (such as in the development of new process-
ing schemes in detective work), are sometimes in ma-
terial technology (such as the use of computers and cen-
tralized radio dispatching), and are sometimes in
knowledge technology (such as the development of new
models or strategies of enforcement and deployment of
resources). To understand the introduction of these tech-

nologies into police work, the social organization of po-
lice work as traditionally practiced must be considered
in concert with the innovations.

SEGMENTS, ACTIVITIES, AND RESOURCES

The role of technology in policing is patterned by the
segments of police organizations (col. 1, table 1), the
product of historical developments in policing; thefocal
activities of each segment (col. 2, table 1); and the
knowledge resources of departments (col. 3, table 1).
Information and its patterning further divide the sub-
stantial areas (see below). Three focuses of patrol are
apprehension. deterrence, and intelligence gathering,
although other functional classifications have been
evolved.25 All active units share these activities to

Table I. Illustrative Outline of Police Segments. Activities. and Resources*

Objective Demands Activities Resources

Substantive Area Focus of Activity Components

Hardware Software

Patrol** Apprehension, deterrence,
intelligence

Traffic

Juvenile

Monitoring and facilitating
apprehension

Liaison, deterrence.
apprehension

Vice-Narcotics Apprehension. intelligence.
seizure reeulation

Detective Work

Internal Affairs

Administration

Investlgation, clearance. case-
preparation

Supervision, intelligence

Policy-setting. command
controlsupervision,
budgetingallocation

Research and Planning Intelligence, evaluation.
planning

helicopters, planes, radios
( personal and force). mobile
computers/force computer.
automobiles, weapons systems

See Patrol

See Patrol

Force computer. radios
(personal and force), cameras.
video equipment; body mikes.
transmitters: transponders:
automobiles: weapons: radio
equipmentforce computer.
automobiles

Weapons. tape recorders.
cameras

See Vice-Narcotics

Information storage. processing
and retrieval systems

Information storage. processing
and retrieval systems

Officers, non-sworn personnel.
files. records. dispatch tapes

Officers, non-sworn personnel.
files, court records. staff

School records. court records.
officers and staff, files:
personnel. case. informant

Files. officers, non-sworn
personnel, informants

Files. informants

Case records, data files.
informant files

Programming. recordkeeping
files '

Programming, staff, data. files

* These examples are illustrative and not exhaustive.
* The resources and technology of patrol, more than any other unit, are generally available to other segments in the organization.
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greater or lesser degrees, with additional variations such
as liaison and investigation. The resources of informa-
tion technology, divided into software and hardware, are
shown in the third column. The distinctive technology
of internal affairs, narcotics-vice activities and, to some
degree, detective work stands out. The administrative
and planning and research units have formidable amounts
of technology and staff. While the largest propor.ion of
resources, personnel, and equipment is used by the pa-
trol division, the capacity to synthesize information lies
in administration.

INFORMATION SYSTEMS

The material in table I can be analyzed by noting the
informational correlates of the first column. The first
five substantive areas listed in col. I carry out line func-
tions (although some departments consider vice and nar-
cotics enforcement to be staff functions), the others staff
functions. The range of tasks, although diverse, includes
variants on the type of information processed, the degree
of differentiation of the information storage system, and
the extent to which the unit monitors or acts as a meta-
integrative unit for other kinds of information.

Organizations are structures of information processing
(as well as structures of material and operations pro-
cessing), and they contain levels of information about
information. The entire police department is dependent
upon primary information, which flows in from citizens
(according to one observer, approximately 87 percent of
all requests for services are initiated by citizens), through
central communication to patrol units.'" Primary infor-
mation is received to a lesser degree by units such as
vice-narcotics, traffic, juvenile, and internal affairs. This
information can be used to act immediately, or re-
sponded to as a spontaneous demand. It can be the basis
for planned requests, such as providing officers to serve
as crossing guards, at parades and demonstrations, or at
athletic events. Police can also create demand, such as
when they define a pattern of crimes, public concerns,
or anticipated problems as being in need of control and
then act to control it. This is the bask of much of the
work initiated by vice-narcotics, but other units also act
on created demand."'

Other segments of the organization, such as juvenile,
vice, and detective, depend on secondary information
that has been previously encoded and classified by other
agencies, informants, or other officers (principally in
patrol). Upon receiving primary information, each of
these unit4 must decode it and then encode it into terms
useful for their practical activities. For example, patrol
may forward to a narcotics unit a report that someone
is "selling dope" in a particular neighborhood, or that
an arrestee was found with heroin in his car. This initial
bit of data, if perceived as useful, must be transformed

into an information report, assigned to an investigator,
and investigated as to veracity. Conditions for an arrest
are then established if possible. (This process takes place
in organization-centered drug units where such infor-
mation is systematically decoded ,and encoded. In others,
it is left to individual officers to decide whether to pro-
ceed further on any information received.) In the ad-
ministrative, internal affairs, and research and planning
units, information may be primary or secondary, but
most of it is tertiarythat is, information about primary
and secondary information in the system.

A distinction that to some extent elaborates upon the
primary-secondary-tertiary classification is the degree of
differentiation of the information system. Another term
for this is entropy, or the equivalence of the amount of
information across the segments of police work. Patrol
systems are most information intensive, and most tied
to the inputs flowing from the environment, and their
exchanges with the environment are most likely to be
written or recorded in the form of official paperwork
such as activity logs and other reports, plus recorded
data from radio communication. (These files and records
are not cross-indexed except by the nar,.,:es of the arres-
tees, although computerized systems could be designed
to do this.)

The traffic division shares these characteristics. Little
new information is gathered once a call is answered or
investigated. This task falls to other-officers who deal
in both primary and secondary information and are thus
legs environment dependent than the patrol and traffic
segments, more autonomous in processing information,
and more entrophic. Juvenile and detective officers are
most dependent on primary information passed on to
them, and narcotics-vice police are least dependent be-
cause a substantial minority of their information comes
from their own efforts, or those of their informants. In
this way, they resem.--,le internal affairs and research and
planning. Administration is most differentiated from the
other police segments because the diversity of informa-
tion is greater there. Although it possesses more general,
abstract, and synthesized information; administration
work depends upon the information processing capaci-
ties of patrol officers and the realization of those capac-
ities. It is very weakly linked to external information
sources.

From an information perspective, primary information
is tied most closely to tasks and demands in the envi-
ronment, secondary information is encoded and related
to the flow of knowledge technology within the system
and, finally, tertiary information systems perform the
integrative function. In some sense, then, the movement
of the information through the organization from bottom
to top involves a change in both the amount of infor-
mation and what Donald MacKay has called the meaning
of information:

5 4



614 SCIENCE, TECHNOLOGY, AND SOCIOECONOMIC GOALS

Information can now be defined as that which does
logical work on the organism's orientation (whether
correctly or not, and whether by adding to, replac-
ing or confirming the functional linkages of the
orienting system). Thus, we leave open the question
whether the information is true or false, fresh, cor-
rective or confirmatory, and so on . . . . The mean-
ing of an indicative item of information to the or-
ganism may now be defined as its selective function
on the range of the organism's possible states or
orientation, or for short, its organizing function for
the organism.23

INFORMATION TECHNOLOGY

MacKay's formulation suggests that the problem of
applying new information technology to the police crime
quest is not entirely a question of information levels, or
of the gathering, processing, or application of informa-
tion. The problem is rather one of meaning, or how
information can be used to effect a change in the orga-
nizing function.

These distinctions concerning the quality, level, and
kind of information are reflected in the final column on
technology (table 1). Police technology includes both
software and hardware. Perhaps the most common ex-
ample of hardware is computer machinery and related
input systems for processing and producing data such as
card-reading machines, tape storage and associated
memories, and printers or screens that generate or dis-
play output. The various trained personnel who main-
tain, run, adjust, and repair the machinery and the pro-
grams they write to put the data into usable format, the
forms, flow charts, and the like, are viewed as software.
In practice, software and hardware are inextricable.

This technological capacity is limited by certain as-
pects of police work. Information that is worked on by
members, or processed, is not of the same quality, spec-
ificity, and amount across units and persons. Aspects of
the social organization of police work ensure that the
information available remains located primarily in the
heads of officers, and secondarily in their own case files,
private notes, or log books. Only under certain specified
conditions does it become universally understood, gen-
erally shared, and reproducible knowledge held collec-
tively by the organization. The fragmented and person-
alized state of the knowledge among officers, designed
inpart to protect them from supervisidn and discipline.
is nowhere systematized into a uniform, comprehensible
set of data files that are cross-referenced, retrievable,
shared, in universal format, and ;ailable to all officers.
Thus:

One consequence of this state of affairs is that even
the most advanced among our police departments

are not anywhere near the objective of developing
adequate information storage and retrieval systems.
Even if the present efforts to make use of modern
electronic technology would succeed in codliig ex-
isting information, this would not encomitmss the
knowledge that is currently neither shared nor re-
corded.29

The social organization of police work adds to the
asymmetrical nature of primary, secondary, and tertiary
information flow. It does so for the following reasons.
The basic and fundamental knowledge of policing is be-
lieved to be the facts at hand gathered on the scene that
only the person there can understand fully and in depth.
All valid police knowledge is thought to be contextual
knowledge, surrounded by unexplicated, tacit assump-
tions and meanings. The essential knowledge of police
work is thought to be substantive, detailed, concrete,
temporally bounded, and particularistic in nature. The
validity of this type of knowledge is derived from a
police belief that police officers should learn and know
social life in precisely this detailed and grounded fash-
ion. In fact, the evidence suggests that most officers do
not possess this rich knowledge, in part because they do
not seek it; in part because they are not trained to do so;
in part because they are not systematically rewarded for
being active, observant, and interested; and in part be-
cause they rarelyat least in large citieshave the op-
portunity to spend a great deal of time in the same area,
with the same partner, during the same period of the
day .3°

Often it is worthwhile for the officer to retain infor-
mation for personal use. Information is rarely shared:

. police departments accommodate a colossally
complicated network of secret sharing, combined with
systematic information denial . . . the overriding rule
(is) that no one tells anybody else more than he abso-
lutely has to."3' The reporting system thus becomes a
parody of its intended controlling function, and it tends
to include material that is not vulnerable to misinterpre-
tation or is nonproblematic, rather than items that are
rich in information, problematic, and interpretable when
combined with other information. Wilson observed that
the reporting system in police departments is "not de-
signed to insure that the problem will be solved (often
it cannot be) but to protect the department against a
charge that it 'did nothing.' "32 The several kinds of
files listed in table I are not cross-referenced, except in
the heads of patrol officers. No system articulates, for
example, detective or juvenile records; the narcotics in-
formation files on nicknames, modus operandi, inform-
ants, or cases; departmental arrests and charges; police
dispatch tapes; phone messages files; and detectives'
case files.
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THE POLICE AND THE ENVIRONMENT:
OPERATIONAL STRATEGIES

These previous conceptualizations are largely based
upon the ways in which information flows into the police
department, through various segments, creating and,
shaping demand. If one turns the analytic focus and asks
how the police using this information interact with the
environment, one has to draw other distinctions. Al-
though we have argued that the determination of orga-
nizational structure by the environment is unproven,
some patterning comes as a result of the nature of the
events with which the police are routinely asked to deal.
Primary information has as its root source citizens, and
thus citizen cooperation is the fundamental basis of all
police work, and of most of their interactions with the
environment. The mandate also has been defined in such
a way that the police are required also to anticipate or
deter some kinds of events, and this is one of the bases
for the accumulation of secondary and tertiary infor-
mation. When the police react to citizen demand, they
are directed in large part by citizen information; when
they create demand, or act on the basis of secondary or
tertiary information, they are engaging in proactive po-
licing.'" They may also act preventively. Each of these
can be considered a strategy by which the police attempt
to control or interact with the environment. These types
of policing are considered operational strategies. and
can be classified by the time at which the police inter-
vention takes place, the aim of the intervention, the place
of the agent in the process, and the relevant technology
(see table 2). While table I involves a general classifi-
cation of policing by functional units, the strategies
shown in table 2 are analytic modes that cut across or-
ganizational segments. The two presentations should he
considered complementary ways of tracing the possible
relationships between police functions, information, and
technology.

The preventive strategies of the police are considered
tangential to achieving their unspecified aims, and police
community relations units and crime prevention units are
thought of as low status, marginal, and ancillary to po-
licing. They function without clear goals, direction, pur-
pose, and supervision.'" Little if any prospective intel-
ligence is gathered by community relations and crime
prevention officers because there is no theoretic concep-
tion of the causes of crime and therefore the type of
information required is not defined. Applied intelligence
may he used to mount advertising campaigns, to carry
out Operation Identification campaigns (where police
offer to mark valuable property with an identification
number on file with the police), or to mobilize burglary
prevention operations in areas where there are perceived
crime problems. Retrospective intelligence stands in iso-
lation from operations. In effect, crime prevention units

provide no new primary or secondary information.
The proactive strategies of the police differ from the

preventive and reactive strategies in the time of the
crime, the aim of the strategy, the place of the agent,
and the role of technology and information. In proactive
policing, the police actively generate information and
attempt to create the conditions of arrest (as in making
drug buys that are later used as the basis for making an
arrest for the sale of an illicit substance) or to intercept
crime via "stakeouts," saturation operations, or road
blocks. Prospective intelligence gathering is used prior
to the commission of a crime, and usually after infor-
mation is received from informants or undercover op-
eratives. Retrospective intelligen..? is also used, in that
once crime is known to have been committed and is
either written up in case files or arrest records, it be-
comes a data file for identifying potential perpetrators
of newly discovered crime. Applied intelligence, al-
though used in proactive policing, has its most frequent
use in reactive work.

In the case of crimes detected or viewed by the police
as a result of reactive strategies, or brought to their at-
tention by citizens, technology serves different functions
and has quite different capacities. The crimes at issue
come to the attention of the police after their commission
is known: this includes the vast majority of crime, both
personal and property offenses, as well as much traffic
and juvenile crime. The purpose of technology in these
kinds of crimes is to organize and systematize the data
received into a workable format. These sorts of opera-
tions are typically constituted by statistics gathering:
mapping and charting crimes as to time, location,
amount of property involved, and type of crime by dis-
trict and by unit or person(s) responsible for investiga-
tion. Little attempt is made to use the information in a
predictive, preventive, or evaluative fashion.

Dominating reactive strategies is the role that tech-
nology plays in organizing information. Once a possible
crime has been identified and the police have informa-
tion as to its content, personnel, location, and conse-
quences, both prospective and retrospective intelligence
are used. Typically, prospective intelligence is gathered
through informants, confessions, or clearance of some-
one who admits to previous known crimes, or by detec-
tives' interviews of persons involved. The use of latent
fingerprint or voiceprint information to establish sus-
pects is largely a media myth, given the enormous num-
ber of data points that would have to be checked to
match a given print against a file of prints. More so-
phisticated data processing can contribute little to. the
transforming processes necessary to link passive infor-
mation (files. records, documents, messages) with a
crime and thus convert it into active, or suspect-relevant,
-information.'

A second use of technology in reactive police strate-
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gies is retrospective in the sense that it makes available
to patrol officers information on other past crimes by
suspects currently under investigatione.g., outstand-
ing warrants, the most important of this sort cf infor-
mation. Stolen vehicles, license plates,. and driver's li-
censes and criminal records are among the systematized
types of data.36 For situations where an officer intervenes
and is indecisive about the status of the suspect with
regard to arrest or detention, such computerized systems
may assist decisionmaking. They will provide the nec-
essary information that will allow the police to hold and
perhaps charge a person who might otherwise not be
questioned or arrested and charged with a crime or vi-
olation for which a warrant has been issued. These ar-
rests represent small, but important, increments for po-
lice departments. Traffic warrants, once computerized,
can be used effectively in making arrests and in gener-
ating income and have thus gained popularity in some
cities.37

APPLICATIONS OF TECHNOLOGY

The effects of technology on the police efforts at crime
control are patterned by policing segments, activities,
dominant strategies, and information types, as well as

by the kind and icvel of technology. Table 2 shows that
technological innovations in units where primary infor-
mation predominates are found primarily in patrol. In
segments where secondary information is predominant,
technological innovations are less commies and more
difficult to characterize. In units where tertiary infor-
mation predominates, no published social research sug-
gests that increases or decreases in crime control are the
result of technological innovations. These generaliza-
tions are tentative, as the review below will show, in
part because the measurement of crime itself is indirect
and sometimes unmeasured, and the impact of police
action must be inferred from other data.

Primary Information

In research on units dependent on primary informa-
tion, several assumptions have been made about the re-
lationship between crime and police activity. Three of
these assumptions are that reduced police response time,
once a call is received, will decrease citizens' fears; that
increases in the visibility of vehicles will increase ap-
prehension rates; and that police presence will increase
the probability of apprehension. These assumptions have
been addressed in recent research using semiexperimen-
tal methods.

TABLE 2 "TYPES OF POLICE OPERATIONAL STRATEGIES" REMOVED
DUE TO COPYRIGHT RESTRICTIONS.
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RESPONSE TIME

An assumption of the task force report on crime and
technology, issued by the President's Crime Commis-
sion (1967), was that there were at least three ways to
deter crime: rehabilitating identified offenders, removing
such offenders from society, and deterring potential of-
fenders. The report argued that increasing the apprehen-
sion capability of the police increased the -fiskibenefits
ratio for criminals, which served to deter crime. It was
further argued, on the basis of preliminary data from
Los Angeles, that "the chance of arrest was appreciably
higher when the police responded more rapidly-62 per-
cent for response of one minute and only 44 percent for
all cases of 14 minutes or less.""" This suggests that the
means of reducing response time could be a significant
factor in increasing the apprehension capacity and, by
inference, the deterrence capacity of the police. A num-
ber of alternative means to reduce response time have
been considered, including setting priorities for types of
calls,3" using civilian community service officers to re-
spond to calls not thought to require sworn officers:4"
and trying to equalize workload, miles traveled within
precincts, patrol frequency, average travel time to calls,
and time devoted to crimes occurring outside precincts.'

Research has shown some results that link response
time to increased apprehension.' According to Chaiken,

the fraction of responses that resulted in an arrest is a
constant plus an exponentially decreasing function of
response time."'" Other studies did not yield these re-
sults.44 BieLk's studies of response time set out to ana-
lyze the contributions of each of three components of
response time to the total: time between event and citizen
call, processing time within the department, and time
between dispatch and arrival on the crime scene. This
researcher found in a series of careful studies in Kansas
City, Mo., that more time elapsed between the recog-
nition of events by citizens (according to their recollec-
tions) and a call to the police than between the receipt
of the call and processing and between the processing
time and arrival of the vehicle on the scene. The citizen
decision and the time elapsed prior to notifying the po-
lice are much more important in determining the total
time elapsed than the police response. Using observers,
citizen interviews, and dispatch tapes, Bieck found that
rapid response time produced an arrest in only 3.7 per-
cent of the Part I (serious crimes). This study concludes:
"Because of the time citizens take to report crimes, the
application of technological innovations and human re-
sources to reduce police response time will have negli-
gible impact on crime outcomes."' Further, the number
of arrests effected by more rapid travel time is small.
The costs of attempting to reduce response time, includ-
ing accident risks, computer costs, vehicle maintenance,
and public dissatisfaction, were they to raise public ex-

pectations and fail, might not be balanced by benefits.
Thus there is no evidence that rapid response acts as a
deterrent to future or contemplated crime.

There are other research problems. As Chaiken writes,
officers may race to calls knowing a suspect is being
held or is on the scene, thus' making shorter time for
arrests spurious.4" These findings also are supported by
those of Larson, Colton, and Larson from research that
tested the effect on police operations of computer dis-
patch, prioritized calls and automatic vehicle locators
(AVMs), which transmit a signal shown on a central
dispatch screen and facilitate on-line tracking of vehi-
cles. These researchers asked if such systems would re-
duce response time, improve command and control ca-
pacities, increase officer safety, and reduce voiceband
congestion. The reduction in response time amounted to
about 6 percent overall, and they conclude: "If the St.
Louis M.P.D. is interested in average response time re-
ductions, it should concentrate on aspects of the police
response system that are not directly related to A.V.M."
In regard to command and control, no clear evidence
was derived, but the study showed that AVM did not
produce variation in the response time for given priority
calls of levels I , 2, and 3. The study concluded overall
that "AVM may potentially be useful in improving the
efficiency and effectiveness of the patrol force, but this
aspect of the system must still be tested."'

When these findings are combined with the data from
victimization surveys'" that show roughly 50 to 70 per-
cent of all crime goes unreported, and with data showing
that because of legal limits and the invisible or private
nature of much crime, about half of all crime is highly
resistant to any effect of policing,4" some limits on the
police impact on crime suppression are revealed. Control
of the police through calls, control of information given,
space and time limits, and the tendency of the police to
ratify the citizens' expressed desires in crime incidents5"
means that lowering response time may not yield sig-
nificant crime control results.

PRESENCE AND VISIBILITY

As James Q. Wilson once wrote. the police are not
clear whether their aim in crime control is to concentrate
crime in one area, or to disperse it equally across all
areas.' Models of allocation have been of primary con-
cern to researchers who have explicitly attempted to dis-
perse crime, at least insofar as police presence serves to
deter or increase the probabilities of apprehension by
fortuitous placement.' These experiments, or models of
allocation, were known by the acronyms LEMRAS (Law
Enforcement Manpower Resource Allocation System,
upon which other models were based) and PCAM (Patrol
Car Allocation Model). the latter designed by Chaiken
and Dormant. After noting the use of these models to
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determine staffing levels, the allocation of officers to
geographic areas and shifts, and the hours at which shifts
should begin, Chaiken and Dormant note that such
models are used by only a handful of departments and
that no department uses all their capacities on a regular
basik. Further, they note that for simulation models
which examine the effects of changing dispatch rules,
or setting up a car locator system, of specializing vehi-
cles to functions, and of reallocating across precincts,
"no example of sustained use of simulation models was
found, nor did we find a single instance of important
decisions made based on the output from such a
model.''' Beat queuing of calls, linear progvamming for
scheduling patrol cars, and manpower scheduling models
are rarely used, and when used (as in the case of beat
design), their aim is workload equalization.

Other experiments with police presence can be ex-
amined historically, beginning with the Kansas City Pre-
ventive Patrol study carried out by the Kansas City, Mo.,
Police Department and the Police Foundation.' The im-
portance of this study is that it specifically tested. the
assumption of technological. innovation, made in the
technology task force report of the President's Crime
Commission (1967), that increased police presence
would increase arrests (apprehension capacity) and, by
implication, deterrence. Using an experimental design,
three conditions were employed. One condition, the con-
trol, maintained patrol at previous levels; the second had
patrol set at two to three times the previous level, while
a final condition permitted cars to enter the area only on
calls for assistance. The last condition was intended to
have no preventive patrol. The results showed that citi-
zen satisfaction and victimization rates, measured by
survey interviews, were not statistically different across
conditions. The amount of reported crime was also es-
sentially equivalent. It was found that in 60 percent of
the time in three conditions, officers were "driving
around," and in only 19+ percent of the time were they
acting in a strictly "crime-related" or proactive capac-
ity, such as checking suspicious circumstances or inves-
tigating crime.'

Several analysts conclude that routine preventive pa-
trol (the time left over after crime-related activities and
administrative duties are subtracted and a proportion of
time that varies from study to study of police workload),
is largely "unproductive" by the measures employed.'"
Cordner's excellent review of the content of workload
studies suggests that 30 to 70 percent of all calls are not
dispatched but are handled internally by dispatchers and
operators, thus showing the enormous internal discretion
of the department. Only a small proportion (about 13
percent) is narrowly defined, crime related, or even re-
lated to law enforcement. A small amount (4+ percent)
is narrowly defined and not crime related; most of the
calls are "ambiguous in nature." Half of patrol time is

"driving around time" and another 10 to 20 percent is
spent on nonduty activities such as "girl watching" and
"taking breaks." Finally, a highly variable but impor-
tant proportion of time is spent in administrative duties
(10 to 50 percent).''

These data show that if there is to be any increment
in the effect of police on crime, it must result from
direction or structuring of the time that presently comes
under driving around, administrative duties, and non-
work-related times. Although it is a substantial propor-
tion of time, the discretion of the officer is such that
only innovations of a major sort, such as the Wilming-
ton, Del., split-force experiment or the Rochester, N.Y.,
team policing idea (see below) will serve to constrain
officers.'

The Wilmington split-force experiment in policing
divided the patrol force into two units, a structured, or
directed, patrol and a basic patrol force. The first was
to be crime focused, would make immediate crime-re-
lated responses, and would do directed, problem-ori-
ented patrol, while basic patrol handled other calls. The
results of a year-long experiment in Wilmington showed
that overall reported crime decreased in the city slightly
(6.1 percent), but the numbdr of crimes cleared also
decreased, in spite of an increase in patrol, clearances
(-105.5 percent). The reason was that detective clear-
ances dropped dramatically (-61.4 percent), causing an
overall drop of some 28 percent in the total depart-
ment's clearance rate. Further, the actual number of ar-
rests overall dropped in spite of these new techniques,
in part because the monthly average number of arrests
made by detectives decreased more than 50 percent,
while patrol arrests increased very slightly on the aver-
age of fewer than one a month.'"

This study illustrates the dilemma of many studies of
pcOice performance and the crime-related effects of tech-
nological innovations. As the authors state, the aim of
the study was not to test the effects of the experiment
on crime reduction, changes in clearance rates, or citizen
satisfaction (although these data were gathered), but to
test a concept of allocation. The irony is that crime was
reduced during this time. Clearance rates and arrests
dropped overall, as did charges made on the basis of
these arrests. These changes cannot be attributed to ex-
perimental effects.

Other deployment experiments uskog knowledge tech-
nology suggest that (a) police deterrence of crime is not
clearly established, although there are suggestions that
more aggressive patrol tactics may produce increases in
the apprehension rate;" (b) some "tipping effects'. oc-
cur and arrest rates diminish, given increases in man-
power;"' (c) displacement effects, or the movement of
crime from one locale to another as a result of police
pressure, do seem to occur for residential burglary;"2 (d)
saturation patrols may produce temporary crime-repres-
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sion effects;'' and (e) personnel increases per se may
produce increased police presence. However, not all of-
ficers are on patrol, deployment patterns differ, and ar-
rest rates are differentially produced by police segments
and officers." Research suggests that a deterrent effect,
as measured by arrests made, is produced by personnel
increases.°

These experiments involving software modifications
in technology are fraught with methodological and log-
ical errors, making claims for police effects question-
able. The first error is the confounding of the arrest rate
and the crime rate, and the subsequent attributing of
deterrent effects to arrests. Since arrests seem to be at
least partially a response to resources and resources rise
following a rise in crime, there are few examples of
resources producing ari increase in arrests. This means
that "the effect of total police resources on crime rates
is not therefore understood."" Further, even research
such as Wilson and Boland's, which used simultaneous
equations for comparing arrest rates and victimization
rates, is cross-sectional and does not show longitudinal
effects.7 Secondly, the units of analysis vary and city
size seems to pattern the effect of resources on crime."
The actual proportion of time spent on crime work varies
from city to city, and research has not controlled for this
fact, nor have the arguments for a deterrent effect in-
vestigated the actual circumstances and events that lead
to an arrest. Clearly, as Black, Clark and Sykes, and
Pepinsky have shown, the interactional context is per-
haps the single most important basis for arrest.''"

The methodological problems of such studies are a
function of their strengths in other respects. By aggre-
gating the statistics of a number of departments, re-
searchers may obscure the difference in strategies in dif-
ferent departments so nicely inferred by Reppetto.7" On
the other hand, detailed case studies may be too sensitive
to idiosyncratic features of given departments, their his-
tory and traditions. Studies based on crime-related per-
formance measures use official statistics, and treat the
internal processing of information and the actual occur-
rence or situation of arrest as a given. As Wilson and
Boland write, for example: "None of these studies of
the impact of police presence made a significant attempt
to monitor what the police actually did." From this
perspective and a general methodological review of find-
ings, one can conclude that the precise effect of tech-
nology on police behavior, given primary information,
is still unclear.

Studies that attend, to the introduction of knowledge
technology which might increase police effectiveness
primarily in terms of retrospective and prospective in-
telligence gathered and made available by crime analysis
units in support of patrolshow that these units are not
well used. Reinier et al., on the basis of a large study
of 23 departments' use of crime analysis units, found

that the equipment was viewed with suspicion by offi-
cers, and though they generally thought that crime anal-
ysis might be useful, police felt that crime analysis does
not "contribute significantly to meeting on-going prob-
lems of allocation and deployment of patrol resources.-72
Furthermore, the more formalized the modes of analysis
(e.g., involving computer analyses), the less they are
used. In effect, the more likely that the analysis is pre-
cise, abstract, general, formal, and conceptual, the
greater potential it has for shaping effective decisions
according to information theory, and the less likel:, it
will be used by officers. These conclusions are consist-
ent with the previous review of models by Chaiken.'

Secondary Information

The most important technological innovations bearing
On processing and using information are models of case
screening employed by detective and juvenile units.
These 'arre basically software chariges in operations tech-
nology, although they also have knowledge technology
implications.

Three recent studies focus on the effectiveness of de:
tectives, and technology is one of the variables studied.
The most significant of these studies is the work of
Greenwood, Cbaiken, and Petersilia, which attempted
to describe the detective function and to evaluate the
effectiveness of it, as measured by case clearances." A
clearance is a crime for which the police have decided
that sufficient reason has been established to state that
a case is rdeared.' More specifically, once a case is
referred to the) detective division and screened for in-
vestigation, an officer can dispose of the case in a num-
ber of wayse.g., by arrest, by confession, by issuing
an outstanding warrant, by transferring the case to an-
other jurisdiction, etc!"

The number of cases cleared is one of the common
measures of the worth of a detective. Using a question-
naire sent to 300 large urban departments (153 returned
the questionnaire) and observations in 25 sites, the three
studies concluded that differences in training, staffing
levels, workload, or investigative procedures had no sig-
nificant effects on arrest or clearance rates; that special-
ized units had little effect on arrest rates; and that the
organization of units had little impact on arrest or clear-
ance rates. They found that 64.8 percent of serious
crimes received only superficial attention, and that only
about half of all cases were investigated at all. Cases
were solved primarily as a result of information given
to officers on the scene by the victim; this was the single
most important determinant of whether an arrest will be
made.

A study of what has come to be called the Rochester
System was undertaken at about the same time, and used
the idea of a team of patrol officers (around 30), four
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investigators, patrol sergeants. and a patrol lieutenant.
Although before-and-after measures are not available,
team and nonteam groups were compared, and the teams
made more arrests; cleared a larger proportion of bur-
glaries, robberies, and larcenies; and made more on-
scene arrests than did nonteam personnel."

Using screening approaches to assign investigators to
cases, two recent studies have shown that if elements of
a case (e.g., whether a witness is present, whether phys-
ical evidence was found on the scene, how long it has
been since the crime was committed) are weighted and
a cutoff point is established, much time can be saved by
screening out cases, without significant loss of cases that
might be c:eared.78 In general, this model will serve to
eliminate cases that experience shows will not be solved.
It should be noted, however, that all these studies use
clearance rate as a dependent variable, and that they are
retrospective studies of cases already processed by of-
ficers. This means that the definition of what a clearance
is varies from department to department studied and that
other measures of police effect are not gathered. As Keli-
ing has noted, ". . . with the exception of the Rand
study, which did attempt a modest analysis of how in-
vestigators spend their time, the studies provide no link-
ages between what investigators do and the ultimate out-
come of the case. In essence, all are 'black box' studies
which look at the relationships between input (detec-
tives' time) and output (clearances). "79 We have no idea
how those outcomes are produced, nor how the cases
are themselves founded in the various departments (i.e..
legitimated as crimes to be investigated). It can only be
inferred on the basis of the Greenwood, Chalk,. Pe-
tersilia study that, in general, knowledge (e.g., investi-
gative strategies and resources technology) does little to
increase the clearance rate but may reduce time invested
in cases that will not produce clearance results."

There is evidence that where police action in second-
ary information-dependent units depends on transactions
across organizations, the police attitude toward the
agency involved and the number and kinds of formal
linking mechanisms available more strongly determine
information flow than the technology used to gather.
assemble, or analyze the data involved.8' It is likely that
closer links between subsystems within the criminal jus-
tice system tend to increase prosecutions for vice and
narcotics crime, at least on the basis of preliminary evi-
dence." Other studies of juvenile units do not explicate
the links that produce additional arrests for juvenile
crime but suggest that a professional sort of police de-
partment, with higher levels of formal education and
training, increases the level of arrest when two socially
comparable cities are studied."

Research on technological innovations in police work
carried out by systems theorists and engineers very often
has relied on a model of police organization that uses

the analogy of the computer. They may therefore un-
derestimate the effects of segmented work, the different
focuses of activities, and the primary, secondary, and
tertiary information distinction. New technology cnn
only be used to transform or systematize available in-
formation; strategies of policing set constraints on the
impact of innovation. New technology must function
within the previous social organization, meanings, praxis,
and values of the groups into which it is introduced.
New technology produces no narrowly predictable ef-
fects because it is grafted onto established lines of social
organization and information flow. There is a pattern of
resistance to new innovations, as the perceptive Larson
report on the St. Louis AVM project candidly revealed."

There is little awareness in police research of parallel
research on the introduction, for example, of automation
into banks and assembly lines.' From the perspective
of public opinion and the consequences of increased
technology, there is serious doubt whether, looking at
the wide range of police performance measurescitizen
satisfaction, citizen cooperation, reduction in charges of
brutality, etc.technology will have any appreciable
effect." It would appear, in fact, that motorized patrol
and computerized dispatch may reduce the quality of
police citizen contact.° If one examines conventional
measures of police performance; such as crime control
or suppression indexes, the picture is not very clear. As
Colton has remarked:

Not unlike other non-technical innovations, it is
very difficult if not impossible to evaluate a police
technological innovation on crime impact alone.
The failure of allocation and command and control
projects to demonstra,.: clear improvements in po-
lice patrol performance have already been pointed
out. Perhaps a greater failure was the original ex-
pectation that was set up in the 1960's, that we
might be able to establish such linkages. Criminal
activities are based on a wide range of factors, only
a small portion of which are influenced by police
activity (emphasis added). Changes in deployment
patterns or response rates may have some modest
influence, but criminal statistics are far too impre-
cise to measure these differences or isolate the por-
tion of the changes attributed to police allocation
or technology as opposed to changes, for example,
in the weather or in the unemployment rate.88

Simple random variation in rates, as well as variations
in crime reporting patterns, are greater than the amount
of variation explained :3y any known police practice,
v.ith or without technological innovations.8" The maxi-
mal effect of police is still minuscule when compared to
the effects of social values, personal attitudes, class in-
terests, and informal modes of social control." In other
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words, the precise effects of technology on crime cannot
be measured accurately at this time.

CONCLUSIONS

Assessing the general problems and prospects of tech-
nological innovations in crime control, one can draw
several tentative conclusions. The work on crime and its
relationship to police activity is not theoretically
grounded.

The various functions of the police must be seen in
concert and in conflict, rather than seeing all operations
as complementary. They are not. For example, Los An-
geles instituted a computerized dispatch that would send
the nearest car to the scene of a crime, regardless of the
precinct boundaries, whereas another system of assign-
ment emphasized the importance of community knowl-
edge in Crime prevention. The two issues worked at
cross-purposes, one emphasizing rapid response and the
other community cOntact.9' Logically, other innovations
work in the same fashion. For example, drug enforce-
ment drives involving a large number of hand-to-hand
buys and sweeps to "eyeball" and arrest persons in a
selected area work against attempts to create good com-
munity relations because they stir up anger and resent-
ment and suggest repressive, or at least discretionary,
enforcement tactics. Similarly, case screening may focus
attention on cases viewed as "solvable," while other
positive consequences of investigation, such as victim
reassurance, information on other activities in the neigh-
borhood, and establishing police presence, are lost. The
resultant trade-offs, since they are complex and value
laden, are not weighed by changes in procedures. The
research on technological innovation and crime control
uses rather crude indexes of crime control and may in-
duce a rather narrow view of the implications of the
work.

The argument that general technological advances
should be reflected in the practice of contemporary po-
licing is unassailable. However, for a number of reasons,
the police are both vulnerable to those innovations and
unable to judge their value themselves. Some research
designed to test the effects of technology is not socio-
logically informed. The performance measures chosen
in that research were based on official police data on
crime. The relationship between such data as arrests and
charges and the crime rate or victim rate is clouded by
interactions between independent and dependent vari-
ables, shadow effects (rate changes not produced by the
police), time-sequence problems, and the inability of re-
searchers to control exogenous variables such as weather,
changes in insurance practices, and the reporting behav-
ior of citizens.92

Police organization is treated isomorphically with pre-

dictable and nonproblematic information flows, and with
the nonadditive effects of changes in information levels
within police segments. External constraints on police
actions to control crimesuch as legal and procedural
guarantees, citizen reporting practices, the diversity and
private nature of much crime, the nonrational or unpre-
dictable nature of some crime eventsall act to make
police effects marginal, and technological effects are a
small but undetermined portion of those effects. Social
research will meet resistance, and police resistance does
not indicate that the innovations are inappropriate or
should be abandoned. Looked at in the perspective of
the coming decades, the bare outlines of research needs
are just being set. Only in the future will the precise
effects of technology on crime be established.
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Crime Control: Science, Technology, and
U the Institutional Framework

by Richard A. Myren*

SUMMARY

Discussion of the rote of scientific research and tech-
nology in crime control requires an understanding of the
context in which our substantive criminal law is created
and administered. The most important single factor in
control of crime is citizen support of the criminal justice
system. A second important factor is congruence be-
tween the criminal law prohibitions and the value sys-
tems and ideologies of the residents of a jurisdiction.
Without congruence, there will be little citizen support.
Without citizen support, the most diligent and efficient
crime control agencies using the latest results of scien-
tific research and technology will find their efforts
thwarted.

There are definite limits on what science, particularly
social science, can do for governments. Social scientists
must be careful to limit their work to description and to
avoid prescription. Despite that limitation, the potential
contribution of scientific research to crime control is
great. In an attempt to realize that potential, the Federal
Government has established the National Institute of
Law Enforcement and Crimif :11 Justice (NILECJ). In its
first decade, the Institute spent $212,597,000, but not
all of that was for research; NILECJ also has a mandate
from Congress to carry out related activities. An edu-
cated guess is that about $80 million of the budget has
gone for research.

* Dean. School of Justice, American University.

Critics maintain that much of the NILECJ budget has
been spent unwisely. The problems cited have been pri-
marily in policy and management. Many of these have
now been corrected, and Congress seems to be moving
toward making NILECJ more independent of other Law
Enforcement Assistance Administration (LEAA) opera-
tions, another recommendation of the critics. Although
NILECJ has the largest Federal budget, other Govern-
ment agencies support some crime-related research rel-
evant to their primary missions. Private agencies also
make their contribution to support of criminal justice
research.

Scientific research can contribute to crime control in
a number of ways. It is useful in defining the problem
of crime and determining its causes; in planning pro-
grams believed capable of preventing significant amounts
of crime; in establishing policies for the formal govern-
mental reaction of society to crime; in deciding how
individuals will be proved to have violated the criminal
law; and in planning what to do with persons convicted
of crime. Law, philosophy, and the social sciences (an-
thropology, economics, political science, psychology,
and sociology) contribute most heavily to most of these
processes. The natural and life sciences and modern
technology are useful primarily in demonstrating that
crimes have been committed and in identifying the per-
petrators.

A society's investment in crime research should be
broad based, long range, and cumulative. Support
should also be given to studies on research utilization.
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Special efforts should be made to increase the research
capacities, of university programs, which can aid state,
regional, and local criminal justice planning units. Such
arrangements will assure that research continues as an
institution in our society, that the scientific method re-
mains a part of our cultural heritage, and that its potential
contribution to crime control is realized.

INTRODUCTION

This essay considers the role of scientific research and
technology in crime control, a role that must be viewed
in its institutional context. Crime is a complex concept
and an even more complex reality. Significant 'factors
that both create the potential for and set limits on major
contributions by scientific research and technology to
crime control include community support of efforts to
contain crime and an appreciation of the role in and
impact of ideology and value structure on the success of
crime control methods. A third factor is the difficulty in
effectively using the knowledge created through scien-
tific research. But first there must be aereement on what
scientific research and technology mean in this setting.

DEFINITION OF RESEARCH, DEVELOPMENT, AND

TECHNOLOGY

The Task Force on Criminal Justice Research and De-
velopment of the National Advisory Committee on
Criminal Justice Standards and Goals defined research
as "an activity that involves the generation of knowledge
that will lead to significant solutions to criminal justice
problems and is based on replicable scientific proce-
dures." Research was contrasted with development,
which was defined as "an activity that involves the
translation of new knowledge into improved criminal
justice practices or techniques." The task force found
technology to require a more lengthy treatment:

Hard and soft technologies are labels commonly
used in the applied sciences. Hard technologies re-
fer to tangible materials, though the idea also en-
compasses the physical embodiment of any idea.
Soft technologies are more conceptual and analyt-
ical. though they can have profound effects on peo-
ple's lives when implemented. Often innovations
contain a mix of both hard and soft
technologies. . . . The use of these terms should
not be intenareted in the same sense as in hard and
soft ,cient r, or technology R&D that is analytically
1;,u'i ( rigorous) or analytically soft (nonrigorous).
The terms do not connote the same values, and care
should be exercised in their use.'

ExteJing the example, both the soft and hard technol-

ogy in an information system will have been developed
by scientific research; the adaptation of the technology
to the needs of the criminal justice agency is develop-
ment. In a very real sense, all technology is the product
of applying the results of scientific research.

In discussing the role of scientific research and tech-
nology in crime control, it is first necessary to describe
the context in which research and technology are used
in that effort. First, there is today general agreement
among criminologists that there is no single, simple
cause of crime. Causation is pluralistic, with elements
in both the individual and the environment.2 Second,
perhaps the most important element in crime control in
any community is the support of area residents. That
support can take a number of forms, and the foremost
is a general respect and support for the local government.
If the residents hold government or any part of it in
contempt, they are n'ot likely to support or cooperate
with crime control efforts by criminal justice officials.

IMPORTANCE OF CITIZEN SUPPORT

One important, specific kind of support is allocation
of sufficient financial resources to allow justice systems
to function effectively. The extent to which local citizens
are willing to tax themselves, to support bond issues,
and to vote for elective officials who will propose anti-
crime actions determines in part the adequacy of justice
agency staffs in terms of not only their numbers and
initial level of competence but also specialized education
and training later.

Another way in which citizen support for the local
criminal justice system shows is in the reporting of
crimes. Recent national surveys indicate that less than
half of committed crimes are ever reported to the au-
thorities, which means that our justice systems actually
deal with only part of their potential business.' There
are a number of reasons for failure to report offenses:

In the national survey of households those victims
saying that they had not notified the police of their
victimization were asked why. The reason most fre-
quently given for all offenses was that the police
could not do anything. . . . The next most frequent
reason was that the offense was a private matter or
that the victim did not want to harm the
offender. . . . Fear of reprisal, though least often
cited, was strongest in the case of assaults and fam-
ily crimes.

Other
time"

reasons listed were "did not want to take the
and "too confused or did not know how to re-

port.'
Still another way in which community residents can

demonstrate cooperation or lack of it is by serving as
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witnesses when they have knowledge about a particular
case. Here again, there is a wide range of attitudes
among potential witnesses. There have been recent con-
centrated efforts by the National Institute of Law En-
forcement and Criminal Justice (NILECJ) of the Law
Enforcement Assistance Administration (LEAA) to make
those in the justice system aware of practices that dis-
courage people from reporting offenses and coming for-
ward as witnesses.5 It is hoped that these efforts will
result in greater citizen support for justice agencies.

It is also possible for citizens to participate directly in
the justice system as volunteers and auxiliaries. They
can work as members of citizens' groups in continuing
evaluation of the performance of justice agencies. And
they can seek to create mechanisms for direct citizen
participation in setting policy for agency operations.' An
interested and actively participating citizenry is the basic
element in successful crime control. Without that base,
the most diligent and efficient agencies using the latest
technology and other results of scientific research will
find their efforts thwarted.

IMPACT OF VALUE AND IDEOLOGICAL SYSTEMS

Another very important element in crime control is
congruence between the prohibitions of criminal law and
the value systems and ideologies of area residents. A
striking example of that premise was the prohibition ex-
periment. In recent years, the lesson has been relearned
with laws against the possession and use of marihuana.7
Another issue on which the scales seem to have tipped
recently is the criminal law prohibiting abortion.' In both
of these areas, controversy still rages. Controversy has
also developed over the role of our economic system in
the genesis of crime. A group sometimes known as .crit-
ical/Marxist criminologists argues that insight into crime
can be obtained only through "understanding social life
in relation to the underlying mode of production and the
class struggle. This criminology mainly focuses on the
relation of the economic system to the production of
crime. A materialist analysis of criminality and crime
control is required."" At the moment, the question of
whether this critical/Marxist approach will gain headway
is still very much uncertain."

TRANSLATING RESEARCH INTO PRACTICE

Yet another caveat to be kept in mind is that research
results are not automatically transferred or transferable
into practice. Ideally, research findings should be tested
promptly in real-life situations. But in carrying out this
process of developing theory through testing in govern-
mental and other social settings, research personnel must
recognize and work within the constraints of political
systems. Social and behavioral scientists must strive to

be amoral and value free while generating new knowl-
edge but must then, when testing their models as sci-
entists in a democratic society, consider the morals and
values of the system in which that testing is done. The
difficulty of playing this role has been well delineated
by Kalman H. Silvert. He stated that under the very best
of conditions, the social scientist can do the following
for governments with his special skills:

generate and make available new data.

order these data.

indicate relevant theoretical patterns for the inter-
pretation of the data.

indicate the probabilities of effectiveness of var-
ious selected courses of action.

indicate which choices are foreclosed.

indicate which new choices will be made avail-
able.

Silvert noted that very few if any scholarly documents
submitted to any government have satisfied these diffi-
cult requirements and that temptation to take the easy
path from description to prescription is great." This
means that there must always be some distance between
research personnel and practitioners, and the result is the
almost inevitable dynamic tension between the two
groups. The mutual obligation of each is to insure that
this tension is constructive rather than destructive.

BACKGROUND AND CURRENT STATUS OF
RESEARCH

ROLE OF NILECJ AND OF THE LEAA

Modern official concern with the potential for using
scientific research and technology in crime control began
with the appointment of a Science and Technology Task
Force in 1966 by the President's Commission un Law
Enforcement and Administration of Justice. The task
force produced a report that led to inclusion in the Om-
nibus Crime Control and Safe Streets Act of 1968 (Pub-
lic Law 90-351) of provisions creating the National In-
stitute of Law Enforcement and Criminal Justice within
LEAA. NILECJ has now completed its first decade of
funding scientific research and technology projects de-
signed to help control crime.

Through the fiscal 1969-79 years, LEAA has been
authorized by Congress to spend $10,620,111,000. Ac-
tual appropriations for these 11 years amounted to

6'!7
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$7,213,145,000, about 68 percent of the authorization.
Of the LEAA appropriation, $265,625,000 (3.7 percent)
has been allocated to NILECJ; table 1 shows the year-

Table I. NILECJ Funding, in thousands of dollars

Year Appropriation 01.-Aigated Expended

1968-69 $ 3,000 S 2,824 $ 3

1969-70 7,500 7,348 2,626
1970-71 7,500 6,024 6,081
1971-72 21,000 19.825 9,558
1972-73 31,598 30,365 19,900
1973-74 40,098 29,961 34,500
1974-75 42,500 40,925 39,201
1975-76 32,400 35,743 41,672
Transition Quarter 7,000 7,001 8,906
1976-77 27,029 19,644 27,410
1977-78 21,000 39,164 22,740

Subtotals 240,625 238,824 212,597
1978-79 25,000 - -

Totals 265,625 238,824 212,597

Source: NJLECJ /LEAA: LEAA Appropriations History Record. Office
of the LEAA Budget Director

by-year record of Institute funding. Note, however, that
not all of the NILECJ budget is used to fund research.12
Although estimates vary, an educated guess is that about
$8 million is spent annually on projects that qualify as
research.

CRITIQUE OF NATIONAL INSTITUTE OF LAW
ENFORCEMENT 'AND CRIMINAL JUSTICE

Perhaps the most comprehensive critique of the Insti-
tute's performance has been that of the National Acad-
emy of Sciences (NAS), under an award made by NI-
LECJ itself. In a 1977 report, Understanding Crime: An
Evaluation of the National Institute of Law Enforcement
and Criminal Justice, the Academy's Committee on Re-
search on Law Enforcement and Criminal Justice sum-
marized the findings of its 18-month study as follows:

We conclude that the Institute has not been the cat-
alyst or sponsor of a first-rate and significant re-
search program commensurate with either its task
or resources. It has clearly had some successes with
individual projects and has begun to develop some
basic and vital data and a research community
. . . , but structural and political constraints have
all too often deflected the Institute from its true
mission. . . . Furthermore, we conclude that . .

the Institute in its present form is not likely to be-
come a significant and quality-oriented research
agency. We also conclude, however, that there is
a need for a program of research on crime problems
that is national in scope. . . . Consequently, we

ti

recommend both structural and conceptual reorder-
ing of the Institute itself and of its research
agenda. 13

The Academy report made 19 specific recommendations
of which some of the most significant are highlighted
here:

The Institute should develop more programs that
are cumulative in nature.

The Institute should use a long range set of prior-
ities.

The Institute should use devices for making fund-
ing choices that would force it to take deliberate
and systematic stock of what related research has
already been undertaken, to tighten research de-
signs, and to determine appropriate grantees and
contractors.

Upon completion of their projects, all NILECJ
grantees and contractors should make their data
available for secondary analysis, replication, and
verification.

The Institute should use announcements of areas
of interest as the primary means of generating
concept papers and proposals.

The presumption Lhould be in favor of granting
rather than contracting as the Institute method for
obtaining research.

The Institute should use a variety of mechanisms
to establish more positive relationships with a
broadly defined research community and to en-
rich the dialogue between staff and quality re-
searcher....

The Institute's budget should not be increased in
the near future. The Institute should change its
emphasis .o smaller proposals.

* * *

The Institute should employ a less obtrusive
monitoring system that would allow more flexi-
bility to grantees.

Substantive program areas . . . should be the
basis for creating the framework for program
administration and budget allocation.
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Funding levels should not be rigidly fixed within
substantive areas.

Strict funding cyclestwo or three a year
should be established and adhered to.

The structure of NILECJ's research program
should have appropriate evaluation, dissemina-
tion, and technology development functions in-
tegrated into the major research effort.

. . . LEAA's domination over the Institute must
be eliminated.

. . . overall program priorities should be set by
a statutorily authorized criminal justice research
advisory board.

. . . the National Criminal Justice Statistical
Service, the National Institute of Juvenile Justice
and Delinquency Prevention, and Project
SEARCH should all be in the NILECJ structure.
We endorse the idea of a bureau of criminal jus-
tice statistics; the ideal arrangement would be to
locate this bureau within an independent NI-
LECJ. 14

REORGANIZATION OF LAW ENFORCEMENT ASSISTANCE

ADMINISTRATION

In response to the NAS report, the NILECJ published
a statement that "major efforts have been made to im-
plement all fifteen recommendations within the authority
of LEAA and the Institute to implement."16 Those re-
quiring reorganization are now before Congress. The
Senate Judiciary Committee recommended creation of
an Office of Justice Assistance, Research, and Statistics
(OJARS) in the Department of Justice. It would super- -

vise and coordinate the activities of LEAA and two new
agencies, a National Institute of Justice and a Bureau of
Justice Statistics. In the House, a Kennedy/Administra-
tion bill has also been passed, but with somewhat dif-
ferent provisions. The two are in a conference committee
at this writing.'6

NILECJ's administrators (7 in II years) have devel-
oped, through trial and error and as a result of such
constructive criticism as that in the NAS report, a
method of funding that includes a long range (five-year)
research agenda. Considered in setting that agenda were
the Institute's congressional mandate; priorities set by
the Attorney General and the LEAA Administrator;
judgments of the Institute's professional staff; recom-

mendations of the Institute's advisory committee; and
the reactions of a large group of criminal justice re-
searchers, practitioners, and Federal, state, and local

Items on the agenda for fiscal 1979 are correlates and
determinates of criminal behavior; violent crime and the
violent offender; community crime prevention; career
criminals and habitual offenders; use and deployment of
police resources; pretrial process (consistency, fairness,
and delay reduction); sentencing, rehabilitation, and de-
terrence; and performance standards and measures for
criminal justice. This set of priorities corresponds largely
to that recommended in the NAS critique.

In addition to this basic and applied solicited research
agenda, NILECJ operates an unsolicited research pro-
gram "to widen the range of creative responses to crim-
inal justice research issues." Two funding cycles are
underway this fiscal year (1978-79), with a total antic-
ipated commitment of $750,000.

Legislatively assigned objectives have also resulted in
a number of Institute-administered programs in addition
to research and development. These include evaluation
of criminal justice programs; field tests of promising
research findings and advanced criminal justice prac-
tices; training for criminal justice practitioners and as-
sistance to the research community through fellowships
and special workshops; service as an international clear-
inghouse for criminal justic information; and support
for a science and technology program that tests and de-
velops standards for equipment used by criminal justice
agencies.

ROLE OF THE CENTER FOR RESEARCH ON CRIME AND
DELINQUENCY

Second most active in funding crime-related research
among Federal agencies has been the Center for Re-
search on Crime and Delinquency (CRCD) of the Na-
tional Institute of Mental Health (NIMH). This center
was established because of the frequency with which
mental health problems are involved in crime and delin-
quency. It sees itself as the focal point in NIMH for
research, training, and related activities in the areas of
crime and delinquency, individual violent behavior, and
law and mental health interactions. Most of its grants go
to scholars working in traditional university and research
institute settings, although the center does fund dem-
onstration projects that involve the careful development,
articulation, testing, and evaluation of program models
Nhich can then be of benefit to other agencies and ju-
risdictions with similar needs. Its annual budget of about
$5 million is small compared to that of NILECJ. 18

ROLE OF OTHER FEDERAL AGENCIES

Among other Federal agencies, the National Science
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Foundation, the Department of Labor, and the Depart-
ment of Health, Education, and Welfare also fund an
occasional significant crime-related research project be-
cause of the direct relevance of crime to their primary
concerns. As a quasi-governmental agency, the National
Academy of Sciences has also become active in the crim-
inal justice area. In addition to its evaluation of the per-
formance of NILECJ, the Academy has had substantive
projects dealing with deterrence, rehabilitative tech-
niques, and legislative impact on the courts."

In 1975, the LEAA established the National Advisory
Committee on Criminal Justice Standards and Goals
NAC) to continue the work of the earlier National Ad-

visory Commission on the same subject. One of the sub-
units established by the new Committee was the Task
Force on Criminal Justice Research and Development. -

The task force set three major purposes for its final re-
port:

First, the report addresses issues of the support
and conduct of R&D in criminal justice, rather than
the topics that might be researched.

Second, this report is intended to serve the needs
of criminal justice R&D policymakers over the mid-
dle range (e.g., 5 to 10 years).

Third, the report attempts to draw together for
the criminal justice community many issues on the
conduct and management of R&D that have fre-
quently been raised, but usually outside of the crim-
inal justice field."

MANAGEMENT OF FEDERAL RESEARCH EFFORT

The report contains 50 recommendations dealing with
the support of research and development, conducting
criminal justice research and development, research and
development utilization, technology research and devel-
opment, research on criminal justice organizations, and
research on new criminal justice problems. These six
topics are divided into two sections. The first three deal
with the planning, management, and evaluation of
funded criminal justice research and the last three dem-
onstrate how the principles discussed can be applied in
three subject matter areas. Note that much of the NAS
critique of NILECJ also dealt with the management of
research. Concern about the effectiveness of that effort,
particularly at the Federal level, is not unique to the
criminal justice area; the conclusion from the literature
seems to be that there is no comprehensive U.S. science
policy. In fact, it is suggested that science and manage-
ment are essentially opposing ideals, although "they can
nonetheless nourish one another."'

SETTING CRIMINAL JUSTICE RESEARCH PRIORITIES

of the role of scientific research and technology in crime
control leads the author to conclude that the research
agenda for criminal justice is set largely by LEAA/NI-
LECJ because that agency has the largest share of the
funds currently being expended. As indicated before,
NILECJ has evolved a formal procedure for setting an-
nual priorities. There is little doubt that the prime mover
in establishing those priorities is the will of Congress,
as perceived by LEAA administrators. Those adminis-
trators divine congressional will from the statutory pro-
visions creating LEAA, as modified since original pas-
sage; from the questions and statements of Congressmen
during hearings on LEAA's budget and periodic reau-
thorization; from the content of bills introduced in both
houses to modify LEAA and its programs; and from
correspondence and other personal communications with
individual Congressmen. But congressional will sets
priorities only in the broadest of terms, leaving the de-
tails to other mechanisms.

Within those general parameters, the LEAA profes-
sional staff assesses the input of the research community,
practitioners, and public officials at all levelsboth di-
rectly through personal contact and through the repre-
sentatives of those groups on NILECJ's Advisory Com-
mittee. Other Federal agencies and private philanthropy
will fund only projects not on the NILECJ priority list
that advance the special interest of the agency or foun-
dation. Although documentation cannot be obtained
within the time and financial resources available for this
essay, it is the considered judgment of the author that
*1-^ research and technology budget allocations for crime
zontrol projects of both private foundations and other
Government agencies vary inversely with those of NI-
LECJ. As the expenditures of NILECJ have increased,
their expenditures for criminal justice have decreased.
The author believes that there will be a corresponding
increase as NILECJ outlays decrease.

INFLUENCE OF PUBLIC INTEREST ON RESEARCH BUDGET

It also seems obvious that public interest and concern
about crime as a social problem dictate the level of
congressional appropriations for criminal justice re-
search. When crime was first mentioned in the polls of
citizen concern, LEAA's budget increased. Now that
inflation, energy shortages, and environmental pollution
have captured citizen interest, budgets for criminal jus-
tice research have fallen and will probably continue to
fall.

KNOWLEDGE ABOUT THE CRIME CONTROL RESEARCH

COMMUNITY

To the best of my knowledge, there has been no
This brief sketch of the background and current status published study of the nature of the research community
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that has responded to the program of NILECJ. There is
some discussion in the NAS critique, reflecRed in rec-
ommendation seven of that report (see above). Again
my impression is that there has been heavy reliance,
particularly for programs involving very large sums of
money, on nonuniversity/commercial and nonprofit re-
search organizations. However, the smaller, more the-
oretically oriented projects do go to colleges and uni-
versities. Among the latter, there also seems to have
been a shift as LEAA/NILECJ matured toward support
of projects in universities with solidly established repu-
tations for sound research, generally in the social and
behavioral sciences. An aversion has definitely devel-
oped to the risk inherent in making awards to untried
younger scholars in institutions without an established
reputation for excellence in research.

BENEFIT TO CRIME CONTROL FROM RESEARCH AND

TECHNOLOGY

Crime control benefits from current scientific research
and technology are uneven and difficult to assess. Many
of the resulting reports go unheeded. However, there
have also been dramatic successes, one of which is the
Prosecutor's Management Information System
(PROMIS), originally developed by the United States
Attorney for the District of Columbia. With the aid of
the Institute for Law and Social Research, the computer
version of PROWS is now in operation in 21 jurisdic-
tions and the manual version in another 18. Transfer to
the system is underway in 37 additional jurisdictions.
Four states (Colorado, Michigan, New Jersey, and New
York) are now in the process of implementing PROMIS
on a statewide basis, using grant money obtained under
LEAA's Incentive Fund Program. The Colorado system
will be regional. Planning for implementation of PROMIS
is underway in 36 additional jurisdictions, including 6
more entire states.22

Five principal objectives are listed for PROMIS:

to give visibility to the differences in the impor-
tance of cases and to assure even-handed and
consistent justice.

to give special intensive pretrial preparation to
the more serious cases, to which PROMIS as-
signs high numerical ratings.

to know immediately when accused persons have
multiple criminal cases pending at the same time,
and to have instantaneous access to case status
information on any pending case.

4.

to develop statistical reports on prosecution and

court activity that illustrate bottlenecks, training
needs, crime trends, legal problems, and social
problems.

to aggregate empirical data about the court pro-
cess, crime trends, and socio-legal problems in
order to discover what is successful and to devise
ways to improve and sustain success.

Results claimed for PROMIS include conviction rates
for cases involving serious matters, reduction in time lag
before indictment, establishment of legal paraprofes-
sional positions to assist attorneys in certain tasks re-
vealed through PROMIS to be performed unsatisfacto-
rily, provision of comprehensive training programs for
attorneys to combat deficiencies in prosecutive skills re-
vealed by PROMIS, development of comprehensive
charging manuals to document policies and procedures
regarding the prosecutor's filing of criminal charges, and
the initiation of criminology research projects to analyze
the PROMIS data base. One of the latest research reports
is A Cross-City Comparison of Felony Case Processing,
in which 13 jurisdictions that have operational PROMIS
systems are compared.

Although development and spread of the PROMIS
system is not a typical case, it does illustrate the potential
of scientific research and technology in crime control.

POSSIBLE CONTRIBUTIONS OF RESEARCH TO
CRIME CONTROL

Any scheme for categorizing the contributions of sci-
ence and technology to crime control depends on the
mission of the person making the categorization. For
purposes of this essay, the contributions are classified
according to their usefulness in defining the problem of
crime and determining its %.auses; planning programs
believed capable of preventing sig:!ificant amounts of
crime; establishing policies on the formal governmental
reaction of society to crime; determining how individuals
will be proved subject to governmental crime control
processes; and planning what to do with persons who
have become subject to those processes. To facilitate
further discussion, the criminal justice system is defined
as those units of government that create and administer
the criminal law. This includes legislative bodies of
many kinds; planning agencies; police and other inves-
tigative units; the offices of prosecutors; courts and other
adjudicative bodies; and institutions and other agencies
given custody of selected persons processed by the sys-
tem.

IN DEFINITION OF CRIME

Defining crime is a process of translating value judg-
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ments and ideological preferences into the statutes and
judicial decisions that make up our substantive criminal
law. Particularly useful in that process are the scientific
research findings of lawyers, philosophers, and all kinds
of social scientists, anthropologists, economists, politi-
cal scientists, psychologists, and sociologists. Research
from these disciplines can identify and clarify competing
values and ideologies, provide insight into public atti-
tudes on those concepts, and illuminate such issues as
whether the substantive criminal law is an effective way
to control a particular behavior problem.

Promulgation of the American Law Institute's Model
Penal Code23 is an example of the collaborative process
of lawyers and persons from these disciplines in pro-
ducing a code that has had a great deal of impact on the
substantive criminal law of many states. But there is still
far from complete agreement that our definition of crime
in the United States is fair and just. Typical of a view
that is being voiced with ever increasing clarityeven
though it has not yet had the impact on actual criminal
codes that more traditional views have achievedis that
of philosopher Jeffrey H. Reiman, who states in a recent
book:

The dangerous acts and crimes unique to the
wealthy are either ignored or treated lightly, while
for the so-called common crimes, the poor are far
more likely than the well-off to be arrested, if ar-
rested charged, if charged convicted, and if con-
victed sent to prison-. Hence the failure of the crim-
inal justice (system) has a pattern: the rich get
richer and the poor get prison. (Emphasis in the
original .)24

Crimes that Reiman would formalize and emphasize
include creating and maintaining industrial hazards,
causing death and serious injury through improper emer-
gency medical care, contaminating people through
chemicals.. (air pollution, cigarette smoking, and food
additives), and institutionalizing poverty. This debate on
the values and ideologies to be protected and furthered
by the substantive criminal law is an important one. Sci-
entific research can contribute light where heat has been
more characteristic in the past.

IN DETERMINATION OF THE CAUSL, OF CRIME

Determining the causes of crime is a process that has
been going on for centuries. It is now generally accepted
that there is no single simple cause of crimethat crime
causation is pluralistic. The search goes on for crimi-
nogenic factors both within individuals and in the social
environment. Both medical science and psychology are
useful in the search for causes within human beings,
although the search for organic biological causes has

been both relatively unsuccessful to date (except in a
negative sense) and discredited by generalizations that
tend to brand categories of persons as "criminal types,"
a practice that favors racism and genocide.

Research on biological factors as possible causes of
crime does continue, however. Recent studies explore
the possibilities that being less physically attractive can
influence young persons toward delinquency; that men-
strual and premenstrual tension may lead to commission
of crime; that the children of female offenders may be
characterized by a high rate of antisocial personalities
even when removed from the cultural influence of the
mother through adoption: that the presence or absence
of XYY chromosomes may be a genetic influence on
disposition toward human aggression; and that twins
might show the same behavioral traits because of a com-
mon hereditary endowment.25 Considerable insight has
been gained into the pathologies that invade mental
health through the contributions of psychologists and
psychiatrists in such areas as learning theory, under-
standing the elements of human motivation, and under-
standing the impact of stress on individuals. Specific
areas investigated recently have included intelligence
and juvenile delinquency; learning disabilities and ju-
venile delinquency; lunar cycles and homicides; extro-
version, neuroticism, and delinquency; personality and
criminality; and pornography and its effects.2"

Anthropologists and sociologists contribute to a
greater understanding of humans as social beings, of the
formation of social institutions, and of the formation of
both conforming and deviant (including criminal) rela-
tionships by individuals and groups with social institu-
tions. Titles in a recent collection of such studies include
investigation of dishonesty in the Soapbox Derby; ti-z.
broken home and delinquency, American women an
crime; race, social status, and arrest; status origins, track
position, and delinquency; delinquency and the school
dropout: the influence of church attendance on delin-
quency; television violence and children; gang violence;
disparate treatment of delinquent gangs of upper-middle-
class and lower-class youths: girls in gang violence: and
population density and crime.22

Through their research, economists give us greater
insight into economic crimes, particularly organized and
white collar crime.28 Political scientists help us under-
stand the corruption of government that is a frequent
concomitant of economic crime.2" Thus it is the behav-
ioral and social sciences that are most useful in deter-
mining causes of crime.

N PLANNING PROGRAMS TO PREVENT CRIME

Planning programs believed capable of preventing sig-
nificant amounts of crime again draws upon the research
primarily of behavioral and social scientists, with law-
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yers and social workers also becoming involved with
program implementation. Most social planning that leads
to crime prevention is a positive development that leads
to healthier social institutions and eventually to healthier
communities for all. Some of these programs are de-
signed specifically to serve groups of individuals con-
victed of violating the criminal law, processed by the
criminal justice system, and then released back into the
community. Such programs are designed to continue any
rehabilitative efforts begun ir the system by helping the
releasee become reintegrated into the community.

Other pianning programs will use technological ad-
vances for "target hardening"making it more difficult
to commit a crime. An example of that kind of crime
prevention is developing better door and window locks
and intrusion alarms to frustrate burglars. To further the
search for new ways to prevent crime and to publicize
better what is already known, LEAA has funded a Na-
tional Crime Prevention Institute at the University of
Louisville (Kentucky).

IN ESTABLISHING POLICIES

Establishing policies for the formal governmental re-
action of society to crime is a process that calls once
more on lawyers, philosophers, and all types of social
scientists. Involved here is the familiar decision of how
much restraint should be imposed on individual freedom
in order to increase social order. There is general agree-
ment today that there should be governmental rather than
individual reaction to antisocial conduct defined as crim-
inal. The question of what that reaction should be and
how it should vary with the kind and seriousness of the
offense is essentially political, involving, as does the
der f..nion of crime itself, the application of value sys-
tems and ideologies. For this reason, the research results
discussed before in terms of defining crime are useful
here, too.

IN DETERMINING GOVERNMENTAL CRIME CONTROL
PROCESSES

Determining how individuals will be proved subject
to governmental crime control processes gets us into the
design of police, prosecution, and adjudication agencies
and the definition of their procedures. The detection of
covert crime raises issues of invasion of privacy. For
example, requirements that all individuals should carry
identity cards perhaps bearing one or more of their fin-
gerprints, that their daily movements be recorded and
reported, that homes and workplaces should be open to
inspection at all times, that the mobility of the population
be severely limited, and that guns and other implements
frequently used in committing crimes be registered could
no doubt result in more effective crime control. But such

measures also restrict privacy and other freedoms and
would not be tolerated in the United States. Determining
what procedures will be allowed is again a political pro-
cess that involves weighing values and ideologies. Phi-
losophers, political scientists, and lawyers produce re-
search useful in that process. They in turn will frequently
apply the work of anthropologists, economists, psy-
chologists and sociologists. The American Law Institute
Model Prearraignment Code° is the result of such col-
laboration.

Once permissible procedures have been decided upon,
lawyers and those political scientists whose specialty is
public administration will be useful in setting up police
departments, prosecutors' offices, and court systems. In
so doing, they will call on the research of sociologists
and others into organizational theory and behavior. They
will also find most useful the computerized information
systems, one of the modern technological advances most
useful in crime control.

As the police and other investigators begin gathering
evidence tending to prove or disprove the participation
of a given person in a violation of the criminal law, they
will use the research results of forensic scientists. Here
the natural and life sciences can assist the investigator
with chemical analyses, microscopic comparisons; and
other procedures useful in determining the facts to be
presented in court. It is here that the hard sciences and
the modern technologies they have produced are most
helpful in crime control. Their contribution is apprecia-
ble, but it comes largely after the tasks of defining the
substantive criminal law and designing the criminal jus-
tice systems necessary for its administration.

IN PLANNING RESPONSE TO CONVICTIONS

Planning what to do with persons convicted of crime
again involves the very difficult task of applying social
and behavioral science knowledge to the process of mak-
ing value and ideological judgments. The decisions to
be made involve not only the extent to which it is pos-
sible to modify human attitudes, motivations, and value
systems but the extent to which it is ethical, moral, and
in keeping with democratic ideals of government to ap-
ply what we know in modifying, punishing, and inca-
pacitating our fellow human beings. Here once more the
best work of philosophy, jurisprudence, and the behav-
ioral and social sciences is needed to make wise deci-
sions.

One very difficult area in which the guidance of these
disciplines is sorely needed is in the exercise of discre-
tion in criminal justice matters. Indeed, a great deal of
discretion is built into the administration of our substan-
tive criminal law. Some of that discretion is openly au-
thorized and used; some of it is unauthorized and hidden.
As the work of Leslie Wilkins, Don Gottfredson, and
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others has demonstrated,3' criteri used in the exercise
of discretion, whether open or cove , can be identified,
recorded, and systematized. When su aced in that way,
the criteria can be evaluated both by th e who are using
them and by the public at large.

When discretion is mandated by statute, there is no
problem with issuing standards for its Like. When the
statutes are silent, discretion is usually required by the
exigencies of a situation. Thus, guidelines officially
adopted as a basis for making necessary choices are de-
sirable. An open statement by an official stating the need
fcr discretion and the guidelines for its exercise is a kind
of accounting for stewardship. It makes possible a public
evaluation both of the case for discretion and the criteria
guiding its use. The pertinent policy-setting entity to
which the official is responsible can then make its own
decision, both as to the need for discretion and the fitness
of the criteria being used to guide decisionmaking.

Where independence on the part of the decisionmak-
ing official may seem desirable (as may well be the case,
for example, with judges sentencing persons convicted
of crime within limits permitted by statute), voluntary
adoption of carefully drafted and recommended stand-
ards should not be a problem. Refusal by such an official
to adopt reasonable standards should be a matter of pub-
lic record that can be considered by those responsible
for ongoing evaluation of the official's performance. In-
dependence does not mean freedom from accountability.
There is no official, appointed or elected, who is not
ultimately responsible to the people and who cannot be
removed by some method, even though it might require
the heroic and seldom used process of impeachment.

Without a doubt, the most difficult case for adopting
standards to guide the exercise of iiscretion occurs when
discretion appears to be forbidden by law. An example
is the frequent provision in statutes requiring police of-
ficers to enforce all of the law all of the time. However.
there is probably no large city police department in th.::
United States today that has the resources necessary to
meet such a mandate. Thus, setting prioritiesmaking
decisions as to where enforcement resources will be con-
centratedis a practical necessity. And, it is particularly
important that both the process for setting priorities and
the end result expected be formally publicized and made
known to the policy-setting entity to which an official
is responsible. Having been so identified, both the pro-
cess and its result can then be evaluated."2

In sum, this very brief sketch of possible scientific
and technological contributions to crime control indi-
cates that the natural and life sciences and the wonders
of modern technology are useful primarily in demon-
strating that crimes have been committed and in arriving
at the identity of the perpetrators. Law and the social
sciences, on the other hand, are the sources of knowl-
edge that is useful in defining crime, in gaining insight

into crime causation, in planning crime prevention pro-
grams, and in deciding what to do with persons adjudged
guilty of committing criminal acts.

THOUGHTS ON THE FUTURE OF RESEARCH
FOR CRIME CONTROL

In considering the future role of scientific research
and technology in crime control, one can only hope that
the current move toward balanced budgets in govern-
ment at all levels in the United States will not lessen that
role. A strong argument can be made that this generation
has an obligation to those yet to come to invest in the
development of new insights into crime and the more
general problems of social justice. As John Rawls has
said:

Each generation must not only preserve the gains
of culture and civilization, and maintain intact those
just institutions that have been established, but it
must also put aside in each period of time a suitable
amount of real capital accumulation.""

Investment in scientific research is a very real intel-
lectual capital accumulation, a responsibility that rests
not only on government but on the private sector as well.
The very first recommendation of the Task Force on
Criminal Justice Research and Development begins with
the statement that "Criminal justice R&D should be sup-
ported by a variety of sourcesFederal, state, local, and
private."' Not only does such a broad base of support
guarantee a "suitable amount" of research, but it allows
greater diversity in the approach to problems. One hopes
that it also will lead to the expenditure of funds to es-
tablish creative environments that can lead to surprise
results in criminal justice research. Leslie Wilkins argues
often that the amount of surprise generated by a research
projectresults neither planned nor anticipatedmay
well be a measure of the worth of that project.

SUPPORT BASE FOR CRIME-RELATED RESEARCH

Assuming that criminal justice research not only sur-
vives but broadens its base of support, the testing, val-
idation, and technical assistance programs of LEAA now
underway should also be continued. In fact, a new sub-
specialty of research on knowledge utilization has come
into being and is now beginning to be applied to criminal
justice.'' This process recognizes that there are a number
of knowledge transfer issues related to criminal justice
that are significantly different from those found in such
fields as agriculture, medicine, and education. A recent
research proposal lists six issues that "hold promise for
profitable analysis: (1) the impact of values and moral
judgments on the determination of criminal justice pol-
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icies, (2) the frequency with which major policy is made
within the confines of the political arena, (3) the diver-

of points of view, (4) the characteristics of the actors
who play major policy roles, (5) the limited nature of
the Federal role, and (6) the lack of continuity and con-
sistency in Federal policy. "36 The research being funded
in this subspecialty should help produce profits from the
capital investments now being made in substantive re-
search on crime control.

LONG-RANGE PRIORITIES

Also welcome is the acceptance by NILECJ of the
principal recommendations of the NAS critique. A long
range set of priorities should yield more cumulative re-
search. Studies on research design and methodology
should be encouraged, and research project data should
be made available for secondary analysis, replication,
and verification. In addition, more attention should be
paid to development of the criminal justice research
community. A rudimentary infrastructure is now in place
to support such a community: College and university
teaching and research programs that are transdisciplinary
in nature and have identity as separately structured and
administered units now exist and are flourishing. Text-
book, monograph, and treatise series in criminal justice
are now favored lines with many publishers; journals
devoted to criminal justice research and policy matters
abound. Professional and scholarly associations have
sprung up; in addition, the specialized criminal justice
developments on our campuses, together with the avail-
ability of increased financial support for crime-related
research, is leading to the more frequent choice of crime
problems as vehicles for research by scholars from var-
ious disciplines. The last development is shown by the
increasing number of reports in the disciplinary research
journals dealing with crime-related matters.

UNIVERSITY JUSTICE STUDIES PROGRAMS

One of the characteristics of the new justice studies
programs is that most of them are in state-supported
colleges and universities. That fact makes it particularly
easy for such programs to establish long-term relation-
ships similar to that recommended by the NAS report
between a new independent NILECJ and LEAA, with
state, regional, and local planning units being respon-
sible for crime control in their areas. Investment of funds
from all sourcesFederal, state, local, and privatein
the nurturing of such relationships is well warranted.
Longstanding Institutes of (Local) Government in many
state universities exemplify the many values inherent in
such collaboration. Some of the more important benefits
are that research capacity is built into a local institution,

that research data are archived locally, and that actual
use of research results is made easier.

It has been true in the past that only a small handful
of justice studies programs have had a sophisticated re-
search capacity in their faculties, but that situation is
rapidly changing. There are now at least a half dozen
programs that are as good as any in other fields, and the
addition of young research-oriented members to their
faculties (which is the order of the day) is generating
research nuclei in many other areas. The development
of at least another 20 research-oriented justice studies
faculties, building on current potential wherever it may
be found, deserves a subsidy. The result will be an in-
valuable national resource capable of bringing about a
much more significant role than before for scientific re-
search and technology in future crime control.

UNDERPINNING VALUE JUDGMENTS

Because of the recognized importance of the genera-
tion of new knowledge about the control of crime and
because many of the issues are moral and political, it is
imperative that they be addressed by scientific research.
As one observer points out:

Where there are important value choices, there
would seem to be good grounds for invoking public
input of information. Furthermore, if we are asking
the public to make value choices . . . it follows that
we have a duty to inform the public.

The position of the research scientist may be al-,
gued in the same general terms. Research is an in-
stitution in society. Some might think a highly pres-
tigious institution. The scientific method is a part
of our cultural heritage. If the general public have
(sic) a stake in accountability of officials in the
public sector, the research community has a special
stake.37

This plea for consideration of the research function was
a reaction to a rigid and unthinking application to social
science research of principles derived from medical re-
search and designed to protect human subjects where
potential serious physical harm and even death are in-
volved. This application was made in a way that threat-
ens to stifle social science research. But the application
also can be read as an eloquent statement of the partic-
ular importance of the role of scientific research and
technology in crime control. That role should not only
be continued but expanded.
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1 Science and Technology in State and Local
I Governments: Problems and Opportunities

by Irwin Feller*

SUMMARY

This paper addresses several policy issues relating to th,.:
formulation of Federal policies to promote a more ef-
fective utilization of scientific and technical (S&T)
knowledge by state and local governments. In particular,
it is concerned with the issues of (I) how state and local
governments perceive their needs for S&T . nowledge;
(2) the appropriateness of a Federal role in providing
assistance to state and local governments in this area;
(3) an assessment of Federal efforts to provide S&T as-
sistance to state and local governments; and (4) needed
additions to any such future Federal programs.'

The paper draws heavily upon an emerging body of
research findings on the processes of adoption, diffusion
and utilization of S&T knowledge by state and local
governments.2 These findings point to a more complex
set of relationships that affect the utilization of S&T
knowledge by these jurisdictions than is currently ac-
counted for in many Federal programs. For purposes of
this paper, the central importance of these findings is
that they point to basic incompatibilities between the
way in which the Federal Government is organized to
provide S&T assistance and the elements which influ-
ence the effective utilization of this assistance by state
and local governments. These incompatibilities relate to
differences between the product orientation of Federal

Director. Institute for Policy Research and Evaluation and Professor
of Economics. Pennsylvania State University.

agencies and the process-orientation needs of state and
local governments: to different perspectives on what
constitutes success, both in terms of the measurement of
output and the time period over which activities are
evaluated; and to a lack of incentives for Federal agen-
cies to support the type of activities that are increasingly
viewer as the essential elements in developing effective
capabilities to ut;lize S&T knowledge within state and
local governments. The range of activities that Federal
agencies conduct that relate to S&T assistance to state
and local governments is broad, transitory, and devoid
of systematic evaluation.' This paper thus provides an
assessmentin part well documented and in part im-
pressionisticof patterns, tendencies, and trends rather
than categorical judgments.

THE USE OF SCIENTIFIC AND TECHNOLOGICAL
KNOWLEDGE BY STATE AND LOCAL
GOVERNMENTS

State and local governments employ S&T knowledge
in much the same way as the American populace ern
ploys the English languageon a daily basis, unques-
tioningly, and at less than technically attainable stand-
ards of performance. The utilization of S&T knowledge
by state and local governments as a discrete public policy
issue is of relatively recent origin, dating from the mid-
1960s. The emergence of this issue involved the con-
vergence of several streams. These included concerns
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over the increased technical complexity of public policy
issues and the deteriorating financial conditions of state
and local jurisdictirns. The latter were, in part, attrib-
uted to low levels of productivity found to characterize
public sector operations. Also contributing were the ef-
forts of Federal agencies to promote the utilization and
transfer of findings from research undertaken with their
support. This Federal push arose from the belief that the
technical and managerial know-how that had success-
fully placed a man on the moon could readily be applied
to the solution of many domestic problems.

The euphoria of the mid- 1960s, symbolized by the
transition of the moon-ghetto metaphor from a hortatory
slogan for action to the analyst's description of the in-
nocence of an earlier period, has dissipated.4 There have
also been changes in the forms that specific policy issues
have taken. For example, the urban fiscal crisis of the
1960s has given way to the Proposition 13 mentality of
today and the then pressing concerns with air and water
pollution are now being supplanted by requirements
upon states to develop policies on energy and toxic ma-
terials. In the face of these changes, the root needs of
state and local governments for the more effective uti-
lization of S&T knowledge remain the same: ( I ) im-
proving the quality and efficiency of the delivery of serv-
ices by :-tate and local governments; and (2) improving
the quality of decisions (formulation, enactment, admin-
istration, and review) made by these levels of govern-
ment. They reall;rt the same for amumber of reasons.
The social forces that gave rise to these problems have
not changed much. The assistance offered by the Federal
Government to strengthen the S&T capacities of state
and local governments has been both modest in scale
and not always employed successfully. Finally, the
needs remain the same because specific assistance proj-
ects have yet to evolve from the vulnerable and halting
status of demonstration projects or quasi-experiments to
permanent programs.

A recurrent problem in the formulation of Federal in-
tergovernmental science and public sector technology
transfer programs is the tendency to treat the above-cited
concerns of state and local governments as a mirror im-
age of Federal endeavors to achieve other valid and over-
lapping policy objectives. Prominent among these other
subsidiary objectives are (1) augmentation of the rate of
technological (and presumably productivity) change
within state and local governments; (2) development of
strengthened policy management capabilitiesthe Hen-
tification of needs, analysis of options, selectim o pro..
grams, and allocation of resourceson public issues
containing S&T components; and (3) substantive appli-
cation of S&T knowledge in specific policy fields, such
as health care, energy or environmental protection. The
complementary aspects between the two core objectives
and these other objectives are readily discerned. The

conflicts arc less obvious; nevertheless they exist.
In the late 1960s. example. low levels of economic

activity in defense and aerospace industries gave rise to
proposals to "couple" or otherwise improve the "inter-
face" between these industries and state and local gov-
ernments. Meshing of the technical capabilities of these
industries with what were perceived to be the technically
based needs of state and local governments had a surface
logic (as well as obvious political appeal). Individual
projects directed at promoting these linkages have re-
ceived favorable evaluations (e.g., California Four Cit-
ies program and Baltimore Applications Project)..' But
these projects have also unco,,ered problems relating
both to the characteristics of tin technologies being de-
veloped and to the organizational and individual incen-
tive systems that have served to limit the replicability of
such demonstrations.

Conceptualization of the use of S&T knowledge by
state and local governments has undergone several
changes over the past decade. Chief among these
changes are the recognition that the processes which
shape such use are more complex than initially articu-
lated in such documents as Public Technology or The
Struggle to Bring Technob cy to the Cities, and that so-
lutions are more difficult tnan originally envisioned. It
is now recognized, at least by some, that there are sev-
eral different elements contained within the broad head-
ings of S&T knowledge for state and local government
or of intergovernmental science relationships. There are
also several different processes at work that affect the
utilization of S&T knowledge (defined to include both
the adoption and incorporation of new technologies and
the search for and utilization of S&T information). Fur-
thermore, these processes are only imperfectly under-
stood.

State and local governments already employ a variety
of approaches in their efforts to maintain more system-
atic utilization of S&T knowledge." Governors, for ex-
ample, have desigt, _Li science advisors, established sci-
ence advisory boards, and built a scientific and technical
capacity into central management agencies, such as bud-
geting or planning. State legislatures have employed des-
ignated staff scientists; they have added individuals with
training in the physical and biological sciences to stand-
ing committees; and they have established liaison ar-
rangements with the faculties of colleges and universi-
ties. Cities have established municipal science advisory
bodies; they have employed technology transfer agents,
sometimes as part of a separate initiative, other times as
part of larger projects designed to foster the spread of
innovations among a cluster of cities. National organi-
zations (e.g., National Governors' Association, National
Conference of State Legislatures, International City
Management Association) have similarly become in-
volved in projects designed to foster the dissemination
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of S&T information among their constituent members.
These and other national organizations have likewise
become involved in efforts to generate "user-based" re-
search and development (R&D) agendas. These agendas
are designed to induce an R&D project selection pattern
by Federal agencies that is consistent with the needs of
state and local governments.

Se;cral general observations concerning these ap-
proaches are more useful here th:-.n detailed descriptions.
The utilization of S&T knowledge involves several dif-
ferent elements; I have classified the elements within the
S&T label as follows: (1) R&D (which includes both
state and local R&D activities and state and local in-
volvement in R&D agenda setting at the Federal level);
(2) Technology Utilization (which includes the processes
and procedures employed by state and local governments
to search for, assess, and "routinize" new practices,
ir.z;nding those offered by both the private sector and
the public sector); and (3) Scientific Information and
Advice (which includes. the processes and procedures
employed by state and local governments to search for
and assess policy-relevant S&T information).

The importance of these elements appears to vary
across levels of government. Within the executive
branch of state government, the governor's office is ap-
parently concerned principally with access to S&T in-
fczmation and advice' and relatively unconcerned with
the p:,:eesses by which line agencies acquire ne. tech-
nologies. Une agencies evince a high interest in obtain-
ing access both to information and to new technologies.
The concerns of the state legislatures parallel those of
governors." State legislators want access to S&T infor-
mation; they are relatively unconcerned with issues of
technological change. Most critically, they want an in-
dependent access to S&T information. Legislatures have
been found to employ line agencies as a major source
of their information. However, with the political resur-
gence of this branch of state government has come an
increased number of statements to legislators' needs for
sources who are responsive and/or accountable to their
special working (and political) environments. City gov-
ernments have generally been more active in direct tech-
nology transfer programs than in strengthening their ac-
cess to S&T information. 'n many ways. this relative
emphasis reflects the division of responsibility among
levels of government. In most states, city governments
are the principal suppliers of most of the public sector
services (e.g., fire protection, police protection, solid
waste collection and disposal) about which efforts to
develop new public sector technologies have centered.

The dominant view, expressed by users (practitioners)
and researchers alike, is that "local" conditions deter-
mine which of the set of alternative approaches (mode's,
mechanisms) is likely to be most effective in a given
site. The delineation of discrete models is useful mainly

at the planning stage to assess alternatives. In practice,
elements of several models can readily be combined.
Finally, the emphasis on alternative approaches derives
largely from the project format through which Federal
support has been provided for state and local activities.
Federal support for these approaches has tended to be
couched in terms of "tests" or "denionstrations" of
alternative models (or, more formally, of the hy-
potheses, often implicit, contained within proposals)
concerning the organizational determinants of the flow
and utilization of S&T knowledge. These approaches are
conceptually distinct from one another, and could indeed
remain so on an operational level. However, there is
also reason to believe that there is a convergence (or
broadening) of both objectives and tactics of approaches
over time so that initial distinctions lose significance.

RELATIONSHIPS BETWEEN FEDERAL
AGENCIES AND STATE AND LOCAL
GOVERNMENTS

Expectations for the consequences of Federal policy
initiatives in the field of intergovernmental science de-
rive from the same mood that currently affects all Fed-
eral programs. As has been noted by 'others, prescrip-
tions for future Federal initiatives are affected oy the
dampening of expectations caused by the set of experi-
ences and disappointments associated with the presump-
tive faith in large-scale Federal interventions of the
1960s." More than offsetting this dampening of expec-
tations, however, have been the positive changes that
have occurred both among state and local jurisdictions
and between the Federal novernment and these jurisdic-
tions: (1) There has been an increased awareness and
articulation within segments of state and local jurisdic-
tions of their needs for more systematic access to S&T
knowledge. In part, this increased attention derives from
self-initiated efforts; in part, it derives from participation
in federally funded projects in the field of intergovern-
mental science. (2) Federal support of discrete projects
designed to foster the utilization of S&T knowledge has
produced a sufficient number of "successes" (however
roughly this judgment is reached), to maintain Federal,
state, and local commitments to the concept that Federal
assistance can contribute to a more effective utilization
of S&T knowledge by these jurisdictions. (3) Finally.
a slow (and still only partial) acceptance has apparently
occurred on the part of Federal officials that Federal
support to state and local governments to utilize S&T
knowledge more effectively is consistent with the real-
ization of Federal objectives and, indeed, may even be
necessary for their realization.

The Federal Government can and should play a major
role in assisting state and local governments to improve
their capabilities to utilize S&T knowledge. The positive
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contributions of Federal involvement have spanned sev-
eral sequences specified in the prototypical diffusion par-
adigm. Federal assistance has helped to foster an aware-
ness among the potential adoptersstate and local
governmentsof the latent gains to he obtained through
more effective utilization of S&T knowledge. Activities
(conferences. research projects) supported by the Federal
Government have helped to clarify the concepts of S&T
knowledge for state and local governments.

Federal support has also created channels through
which state and local governments can communicate
with one another on topics relating to science and tech-
nology. This communication frequently deals with the
attributes of specific innovations (the role of information
channels in traditional diffusion paradigms). In addition.
communication takes place concerning both the political
aspects of generating change (whether it be the intro-
duction of a new technology or the introduction of new
types of information into legislative debate). It also oc-
curs in regard to the positions that state and local gov-
ernments should take as interest groups with the Federal
Government in discussing modifications in the existing,
federally dominated system of public support for do-
mestically oriented R&D. The establishment of the In-
tergovernmental Science, Engineering and Technology
Advisory Panel constitutes recognition by the Federal
Government of the role of state and local governments
in addressing issues relating to national science policies.

Federal assistance has been a major source of the
funding for the initial adoptions of the "innovative"
projects which are designed to "test" new arrangements
for improving the S&T capabilities of state and local
government. This assistance has been a necessary ele-
ment in inducing state and local governments to under-
take discrete projects directed at the utilization of S&T
knowledge. Assistance of this type is likely to continue
to be necessary in the near future because current ap-
proaches (a) do not adequately address the range of
needs of all potential users (e.g.. S&T mechanisms for
"citizen" legislators). (b) do not fully address poten-
tially significant levers for promoting a more effective
utilization of S&T knowledge (e.g.. changes in state
regulatory and procurement procedures that might facil-
itate the acquisition of new technologies by local gov-
ernments). (c) do not appear to have much promise of
overcoming specific "barriers to the generation of new
public technologies (e.g.. market aggregation). and (d)
may not be cost effective.

More fundamentally. Federal assistance is necessary
because state and local governments will not, and prob-
ably cannot, provide the resources required to create
awareness, to test and to implement new approaches.
and to communicate findings to comparable jurisdic-
tions.

Federal assistance, however. may not always consti-

tute an augmentation to self-initiated efforts by state and
local governments. Federal assistance is generally of-
fered on terms that require the recipients to meet certain
Federal objectives. Some state and local organizations
that provide S&T assistance to their constituents appar-
ently now hold the view that their ongoing efforts were
"torqued" to meet Federal agency objectives once they
began to accept Federal grants. A consequence of Fed-
eral assistance was that over time these efforts became
less useful to their constituencies. This torquing may re-
sult from Federal agency pressure to push specific
('high - ") technologies or types of information through
a delivery system in lieu of the items that were the early
staples of the project. It may result from having the
energies of the lead individuals ("entrepreneurs") in
state or locally initiated projects redirected from devel-
opment and provision of services to the user communi-
ties. to the pursuit and administration of Federal grants.

AN ASSESSMENT OF FEDERAL EFFORTS TO
PROVIDE SCIENCE AND TECHNOLOGY
ASSISTANCE

Major problems exist in the current ability of the Fed-
eral Government to provide the type of assistance that
is needed by state and local governments. These prob-
lems relate to the limited Federal understanding of the
processes of adoption, incorporation and utilization of
S&T information in state and local governments, to the
range of approaches typically supported by Federal agen-
cies, to the systems of accountability and incentives con-
fronted by Federal agencies, and to the organizational
placement of S&T assistance programs at the Federal
level."'

a. Federal S&T assistance to state and local govern-
ments is most often oriented either to the transfer of
discrete technologies (hardware or software) devel-
oped under agency auspices (either an agency's own
R&D efforts or those conducted under financial sup-
port from an agency), or to the dissemination of in-
formation relevant to an agency's mission objective.
Federal agencies tend to relate to their functional
counterparts within state and local government. There
is considerable logic to this system of vertical net-
working, particularly as it facilitates the technics'
evaluation of new approaches and serves to develop
stable channels of ':ommunication over time. The ef-
fectiveness of this approach is buttressed by recent
findings which indicate that mission agenciesin-
deed, frequently only a few individuals within these
agenciesare typically the locus for decisions to
adopt new technologies within state and local gov-
ernments.

This approach, however, contains a built-in barrier
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when efforts are made to shift support for the contin-
uation of new approaches from Federal to state or
local funding. The successful transfer of a specific
innovation program from the status of a demonstra-
tion project to a routine part of the ongoing opera-
tions of state or local organizations frequently in-
volves the creation of a broader coalition of
participants than is necessary to obtain initial partic-
ipation in the project. Thus, at the state level, suc-
cessful utilization of S&T knowledge may involve
not only a line agency which has been the direct re-
cipient of Federal assistance, but also the legislature,
which may be called upon to underwrite the costs of
a technological system after a Federal demonstration
grant expires or to enact legislation embodying state-
of-the-art S&T knowledge initially conveyed to ari
agency. Strategies which foster adoption, such as
limiting the numbei of participants, may work against
implementation. Moreover, the leverage of Federal
agencies at this transition juucture may be small. As
Robert Yin has noted: "The major conditions that
lead an ffmovation to become routinized all appear to
be internal to the specific local agency. "u

b. Federal agencies are organized and evaluated in terms
of the conduct of activities that are consistent with
their legislative mandates. Within an agency, alter-
native approaches to providing S&T assistance to
state and local governments will likely be ranked in
terms of bureaucratic imperatives concerning man-
dates and control over resources. These imperatives
are reinforced by increasing demands for accounta-
bility and evaluation. Agencies must be able to show
tangible prcducts (outputs, realization of managerial
objectives, or "nuggets") for their expenditures.
These internal pressures tend to place a premium on
programmatic approaches that lead to discrete, prod-
uct-oriented activities, such as promotion of the use
of a specific technology in a large number of juris-
dictions. In terms of the criteria by which a Federal
agency is evaluated, the contribution that this inno-
vation makes to the performance of ei'd user, may
be of secondary consequence.

From a bureaucratic perspective, the process-oriented
programs that are most needed by state and local gov-
ernments are inherently messier activities. Such pro-
grams do not lend themselves as readily to uniform proj-
ect activities, to easily identifiable project milestones,
or to evaluation efforts, since they will often reflect the
unique set of circumstances surrounding each site. They
tend to involve a greater degree of delegation of re-
sources to the users. Thus, from the perspective of a
Federal agency, such programs tend to be less attractive
than alternative approaches (e.g., field agents) for pur-
suing similar objectives which contribute to its growth.

For example, a principal cause of the increased need by
state and local governments for access to S&T infor-
mation is the catalogue of Federal legislation passed
within the past decade hich requires state implemen-
tation. Federal agencies have indeed assisted state gov-
ernments in developing S&T information systems (e.g.,
the MISTIC project operated by the National Conference
of State Legislatures). However, because state govern-
ments do not always perceive Federal agencies to be
neutral or objective transmitters of S&T information,
they have sought to improve their own capabilities to
oh ain the information. Thus a situation is created in
which a Federal agency has.an incentive to promote the
dissemination of information arising out of its activities,
while the user communities want Federal support to de-
velop information systems that will permit them to reach
out to a broader set of sources of information. There is
little incentive for single Federal agencies to support
broad-based, multi-purpose information systems among
the user communities. (Indeed, as suggested above, de-
velopment of such an information capability among the
user communities may tend to increase their abilities to
critically assess and thus possibly to reject or disagree
with information and advice generated by agency-spe-
cific information dissemination programs.)

A similar set of conflicts exists over the role of the
Federal laboratories. Despite the several reports and pol-
icy statements that recommend increased utilization of
these laboratories in an .intergovernmental context and
despite a number of examples of the successful utiliza-
tion of their services, the commitment of the laboratories
to provision of S&T assistance to state and local gov-
ernments will likely remain marginal in the absence of
explicit mandates or explicit modifications of the incen-
tive systems confronted by both the laboratories and their
employees.

The consequence of these patterns is that major gaps
exist between the type of support needed by state and
local governments and the incentives of Federal agencies,
to provide this support. Federal agencies will continue
to relate to state And local governments along functional
lines. The impact of this assistance will depend upon the
scope of the intergovernmental element within each
agency and the effectiveness of the related S&T pro-
grams (e.g., extent of user input into the development
of R&D agenda; identification of relevant decisionmak-
ers; content and format of "tech briefs"). These pro-
grams, however, will leave unmet the needs for pro-
grams which: (a) develop within state and local
governments an understanding of the potential gains to
be achieved through continuous and systematic access
to and utilization of S&T information; (b) cross-cut func-
tional areas; (c) are sufficiently flexible to accommodate
the multiplicity of cases in which applications of low
level technologies can improve public sector efficiency;
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and (d) are designed to facilitate the incorporation as
well as the adoption of discrete, federally supported en-
deavorg into the ongoing operations of the User com-
munities.

THE ROLE OF A CAPACITY BUILDING
APPROACH TO INTERGOVERNMENTAL
SCIENCE RELATIONSHIPS

In an intergovernmental context, capacity building re-
fers to those Federal policies and programs that are in-
tended to strengthen ;he capabilities of state and local
governments in the range of activities which are required
for improved public management, e.g., policy manage-
ment, program management, and resource management.

Capacity building and linkage building are "putty
clay" characteristics of such a wide variety of Federal
programs that considerable difficulties exist in defining
the relevant set of such activities and even ?pore in as-
sessing the effects of these activities. For example. the
Advisory Commission on Intergovernmental Relations
(ACIR) classification of all Federal grant-in-aid pro-
grams for fiscal year 1975 lists 30 programs whose pri-
mary objectives were held to be capacity building.'2
ACIR also notes that many other categorical grants may
have contributed to capacity building at the state and
local levels.

A capacity building approach implies that an objective
of Federal assistance programs should be a strengthening
of the capabilities of state and local governments to iden-
tify the S&T parameters of policy issues, to search for
and secure the appropriate solutions and to implement
these solutions in an effective ..manner. This approach
implies that the Federal interest extends beyond simply
making state and local governments more receptive cus-
tomers for technologies or information developed under
Federal sponsorship. Under this latter perspective, an
offer of technical assistance by a Federal agency to a
state or local agency may make the recipient better off
in the context of the single problem being addressed, but
it will tend to leave the agency in a state of continued
dependency on Federal assistance when future problems
arise. Alternatively, the Federal agency may offer assis-
tance in such a way that the state or local agency be-
comes increasingly self-sufficient over time.

By its very nature, a capacity building program will
be more open-ended and flexible than a categorical or
competitive assistance program, and even more so than
a "demonstration" project. Moreover, since it is the
users who will determine what works best, the final
products of such a program, given the diversity in initial
capabilities among state and local governments, are
likely to be quite varied, thus complicating efforts to
assess or evaluate outcomes.

Recent research findings of innovation and implemen-
tation processes in state and local governments have
highlighted the important influence of jurisdiction-spe-
cific "selection environments" or diffusion milieus on
the extent to which new technologies are adopted and
incorporated. In light of these findings, it would be dif-
ficult to generalize from the effects of capacity building
programs, broadly defined, to those which are intended
to promote the effective utilization of S&T information.
More to the point, little systematic evaluation has been
made of those capacity building programs which are
"close" to the S&T area. For example, in its evaluation
of the State Science, Engineering and Technology Pro-
gram, the Stanford Research Institute (SRI) cites four
Federal programs as having strong capacity building ele-
ments: Department of Housing and Urban Develop-
ment's 701 program (Comprehensive Planning Assis-
tance), Economic Development Administration's 302
program (State and Local Economic Development Plan-
ning), Environmental Protection Agency's 208 program
(State and Areas Water Quality Management Planning
Program), and the Coastal Zone Management Pro-
gram.' Yet for these programs, little systematic evalu-
ation exists. The few evaluations that have been con-
ducted have pointed to the problems associated with such
programs, notably uncertain political support accorded
them within the recipient organization, overlapping ju-
risdictional issues, and perhaps most important of all,
lack of technical expertise necessary to implement the
programs.

Assesing the Impact of Capacity Building Programs

Assessment activities of the type needed to gauge the
impact of capacity building programs are only now being
conducted, so the judgmerls presented here are both ten-
tative and clearly based more on my own analysis and
observations than on for,nal studies. Moreover, these
statements relate to strategies or to broad programmatic
thrusts, rather than to the contributions of individual
projects.

My summary assessment, organised about levels of
government, is as follows:

STATE EXECUTIVE

Capacity building at this level of government entails
the grersest degree of complexity of any of the three
levels of government considered here. This complexity
derives from three sources. (I) The state executive
branch is involved more extensively in the separate ele-
ments of the intergovernmental science system (e.g.,
R&D priority setting, technology transfer) than are other
jurisdictions, and is involved with issues that are not
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major concerns of other branches (e.g., R&D funding).
(2) The number and size of the different organizations
involved in the generation and utilization of S&T knowl-
edge are larger than in other branches, so that issues of
coordination and control (for example, among a line
agency, the budget office, and a governor's office), are
relatively more important in determining whether an in-
crease in the capability of a subunit is translated into a
general improvement in the capability of the total or-
ganization. (3) The executive branch has a more com-
plex history of previous efforts to utilize S&T knowl-
edgeincluding an early (misplaced) emphasis on state
science advisory boards and state science and engineer-
ing foundations, which now may constitute impediments
to renewed executive interest in S&T capacity building
programs.

The principal achievements in capacity building at the
executive level are the recognition that: this capacity
must be integrated into the policymaking process within
a given state; the formal organizational characteristics of
such a capability will vary with the policymaking pro-
cess selected by a governor; and the involvement today
of senior-level officials within the executive branch in
efforts to develop this capability. There has been an im-
portant (if largely unrecognized and unappreciated) shift
in the formulation of the meaning and role of an exec-
utive level S&T capability and of the participants in state
level efforts to secure this capability.

STATE LEGISLATURES

Significant improvements have been, made by state
legislatures to address the S&T components of policy
issues. Ten years ago it would have been difficult to
identify a state legislature which had a discrete organi-
zational unit or liaison arrangement specifically directed
at obtaining S&T information or which employed staff
personnel with advanced degrees in the physical or bi-
ological sciences. Today such units, arrangements, and
individuals exist in approximately 17 states, albeit pri-
marily in those states with "professional" legislatures.
Moreover, while a substantial portion of the current leg-
islative involvement is underwritten by Federal grants,
a transition (institutionalization) to state support has oc-
curred in some of the legislatures. The state legislative
community is also becoming increasingly sophisticated
in its understanding of an S&T capability, in its ability
to evaluate the suitability of alternative capacity building
mechanisms in the context of different legislative envi-
ronments, and in its ability to articulate its position in
discussions with Federal representatives concerning the
design cf 2_ny new system of intergovernmental science
relationships.

LOCAL GOVERNMENTS

Capacity building endeavors for local governments
now center about the establishment of a series of inno-
vation networks and groups. A major effort along these
lines, the Urban Technology System, is currently being
evaluated. Multiple objectives are being pursued under
the various local government networking projects so it
is not possible to provide a single assessment concerning
their impacts. The networks appear to have great poten-
tial utility as channels for bringing problem-solving ex-
pertise to municipal problems; they may also contribute
to an awareness within city governments that acquisition
of a comparable internal capability is a productive ex-
penditure of local revenues. Insufficient evidence has
been generated from existing network projects to permit
a conclusion concerning their effectiveness as channels
for the lateral transfer of information or of innovation.
In general, the diffusion/technology transfer potential of
networks is probably overstated. Indeed, the emphasis
on this aspect of the networks appears to detract from
their accomplishments and potential in other roles. Net-
working appears to be an effective method for generating
R&D agendas. The :ssue here is less on the input side
than on the likely effect these agendas will have on the
behavior of Federal agencies. The potential of the net-
works as a means of aggregating municipal markets to
stimulate private sector R&D has yet to be demonstrated,
and appears quite limited.

Capacity building programs inevitably encounter two
principal barriers at the Federal levec. First, the programs
arc designed to assist state and local governments to
improve their internal operations. Self-interest (or a
sense of responsibility) on the part of these organizations
would appear to dictate that they provide themselves
with these very same capabilities from their own re-
sources. (This argument is given extra force today by
the perspective which juxtaposes the Federal Govern-
ment's attempt to reduce the size of its budget deficit
with the surplus budget position of some state govern-
ments.) Moreover, even if aggregated broadly across
Federal agencies, the sums proposed for S&T capacity
building programs appear insignificant relative to total
Federal grants to the states (and to the cities via pass-
through provisions), again raising the question of why
current grants are not adequate to develop the sought-
after capabilities. Second, the capacity building concept
is a fuzzy one, both programmatically and administra-
tively. It is difficult to specify parameters for such a
program (e.g., how much capacity is needed? what is
the dollar outlay necessary to obtain this level of .,opac-
ity? how does one define a list of eligible recipients? and
how does one know when the sought-after level of
capacity has been obtained?). More to the point, little
effort has been given to providing such a specification.
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These questions w not new ones (recall the debates
over the contours of the poverty programhow poor is
poor?). However, they take on a special importance in
the S&T field today because the meaning of capacity in
this context is qualitatively less precise (i.e., less quan-
tifiable) than are other Federal objectives (e.g., adequate
health, adequate income) and because, except for the
recommendations contained in the SRI's evaluation of
the SSET program,'3 there are few specifics of what the
parameters for such a program might look like.

FEDERAL GOVERNMENT

The main issue is the degree to which the Federal
Government should support capacity building in state
and local governments for utilization of science and tech-
nology.

Despite the strictures mentioned above, a Federal ca-
pacity building approach to the use of S&T knowledge
by state and local governments is necessary for the fol-
lowing reasons:

1. Productivity improvement in state and local govern-
ment frequently involves the application of "low-
technology" or "good housekeeping" solutions.
These solutions are too mundane and too varied to
be the subject of specific Federal technology transfer
programs, yet they may constitute the "appropriate
technologies" that are most frequently needed by
state and local governments.

2. An emerging corpus of diffusion research mints to
the importance of the processes of "reinvention,"
"specification," and "adaptation" in the sequences
from adoption to routinization. States and local gov-
ernments use technologies to achieve ends not fore-
seen by the suppliers (either private manufacturers or
Federal agencies) and in altered forms. A necessary
condition for this "matching" to occur is that these
jurisdictions possess the requisite technical or man-
agerial skills to exploit the potential efficiencies la-
tent within new technologies.

3. The range, heterogeneity and urgent, but often tem-
porary, quality of state and local government needs
for S&T informationair pollution in the late 1960s,
toxic wastes at presentgive an added value to ap-
proaches in which these users can define the work
agendas of the suppliers of S&T knowledge and can
influence the format and time periods in which an-
swers are returned.

4. Capacity building may be a necessary complement
for the successful implementation of more conven-
tional Federal technology transfer and information
dissemination programs. It must not be forgotten that
a substantial portion of current state and local needs
for improved access to S&T knowledge derives from

the passage of Federal legislation which requires state
and local actions at the implementation stage. This
pattern is rife with conflict. Federal offers of tech-
nical assistance may be rejected by state and local
governments, not because these organizations make
decisions solely on "political" as compared with
"technical" criteria, but because they do not view
Federal agencies as sources of "objective," "tech-
nical" solutions to the tasks mandated for them. For
many reasons, including the view that they have tech-
nical capabilities comparable to those of Federal
agencies, state governments may seek to pursue their
own solutions.

S&T capacity building for state and local government
is itself a programmatic innovation. The failures and
limitations of efforts undertaken along these lines during
the past decade cannot be ignored. Yet these shortcom-
ings are in part the unavoidable experiences associated
with novel arrangements, regardless of whether they are
technologies or social institutions. In the conceptual
framework within which Federal policies are formulated,
there is a danger of comparing the muddled, inconclu-
sive, and often disappointing course of development of
new programs with the seeming inexorability of well-
established programs. For example, from the very be-
ginning of S&T capacity building endeavors, agriculture
has been held up as a model for emulation. The agri-
cultural system has several of the features which are
considered objectives of capacity building endeavors:
user-oriented R&D, user input into the orientation of
Federal R&D, etc. The congressional debates, state-
ments of agricultural leaders, scientists, university pres-
idents, faculty, state officials, and other participants in-
volved in the evolution of the current system, document
disputes and controversies concerning institutional roles,
missions, relationships, and funding. Approximately 70
years were required to institutionalize the system. In
brief, the entire set of issues confronted today in S&T
capacity building had to be thrashed out."
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Science and Technology in State and Local
Governments: The Federal Role
by Robert K. Yin*

SUMMARY

The purpose of this paper is to review existing Federal
efforts in supporting R&D for state and local govern-
ments, and to suggest the ways in which such support
can be improved in the next five years.

Federal efforts, while fragmented among many dif-
ferent mission agencies, nevertheless tend to focus on
either of two strategies: technology-push efforts, and
demand-pull efforts. In the former, support has been
provided to promote a wide Variety of technological in-
novations, each of which is presumed to improve local
service practices. In the latter, support has been provided
to increase the organizational capabilities of state and
local governments, so that their staffs are more oriented
toward using science and technology. In addition, a now
common demand-pull practice at the Federal level is to
engage state and local officials in setting Federal prior-
ities, with the recent efforts by the Intergovernmental
Science, Engineering, and Technology Advisory Panel
(ISETAP) being among the more prominent attempts.

As for future support over the next five years, R&D
activities must first be distinguished from two other
types of activitiescapacity building for state and local
organizations, and program analysis by such units.
Greater emphasis is recommended, especially for such
Federal R&D agencies as the National Science Foun-

Visiting Associate Professor of Urban Studies and Planning, Mas-
sachusetts Institute of Technology.

dation, on the support of R&D rather than the support
of capacity-building or program analysis activities. The
paper proposes several topics in urban social R&D that
are worthy of further investigation, including the oper-
ation of neighborhood housing markets, industrial revi-
talization, and demographic trends that are affecting ur-
ban lifestyles. Similarly, several topics in urban tech-
nological R&D should be pursued in the future, mainly
focusing on the factors associated with successful in-
novation (rather than the more traditional orientation to-
ward identifying barriers to innovation).

Federal policies also include the way that R&D is to
be supported, and not merely the substance of the R&D
agenda. First, there is a need for developing and assess-
ing programmatic strategies and relying less heavily on
the success of individual R&D projec Second, there
is a need for new policies to improve the overall quality
of R&D that is conducted on state and local problems.

THE CONTEMPORARY FEDERAL SCENE

Using Federal Science and Technology to Serve State
and Local Needs

A major aim of Federal policy in science and tech-
nology (S&T)' is to serve the needs of state and local
governments. Current S&T policy has been oriented to-
ward the support of "public" technology programs, first
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highlighted by the President's message of 1972 and rein-
forced by the March 1979 message.2 In the earlier mes-
sage, the following goals were established for Federal
support for public technology:

To develop systematic ways of communicating
to the appropriate Federal agencies the priority
needs of state and local governments;

To assure state and local governments adequate
access to the technical resources.of major Federal
R&D centers; and

To develop methods whereby the Federal Gov-
ernment can encourage the aggregation of state
and local markets for certain products so that
industries can give government purchasers the
benefits of innovation and economies of scale.

More recently, the President's message of 1979 rei-
terated several of these themes, but added the distinctive
flavor of creating intergovernmental "partnerships."

As a result of this policy orientation, Federal execu-
tive agencies have supported a wide variety of S&T ef-
forts, including programs sponsored by the Department
of Housing and Urban Development (HUD) (urban serv-
ices generally), Department of Transportation (transpor-
$,,:;o$:' Law Enforcement Assistance Administation
tpach14.: safety and criminal justice), Department of Com-
merce (fire safety and prevention), Department of
Health, Education, and Welfare (educational services),
and National Science Foundation (NSF) (science utili-
zation by state and local governments). However, no
overarching strategy has emerged at the Federal level,
and there have 'been continuing attempts to coordinate
Federal efforts, with the establishment of the Intergov-
ernmental Science, Engineering, and Technology Ad-
visory Panel (ISETAP) having been only the most recent
attempt (see P.L. 94-282).

In spite of this lack of coordination, the numerous
Federal S&T efforts can nevertheless be said to fall into
two general categories: technology-push policies and
programs, and demand-pull policies and programs. The
following sections are intended to give a brief flavor of
these current activities as a basis for discussing emerging
priorities over the next five years.

Technology-Push Efforts

State and local governments have implemented or at-
tempted to implement a wide variety of new technolo-
gies, many with Federal support. This diversity of tech-
nologies is exemplified in Table 1, which shows
illustrative technologies in five service areas (criminal
justice and fire, transportation and public works, health,

education, and planning and other), as divided among
three general types of technologies (hardware, computer
systems, and data analysis techniques).3

From the Federal point of view, support has been pro-
vided to promote specific innovation projects as well as
large-scale innovative programs.

PROJECT SUPPORT

Typical support of innovation projects, found in ed-
ucation and criminal justice, has focused on the identi-
fication and dissemination of "exemplary practices."
These practices represent innovations that have been
tested at a demonstration site, evaluated by some third
party, and then communicated in easy-to-understand
form to potential users at other sites. In education, this
process has been administered under the Joint Dissemi-
nation Review Panel, which gives "Good Housekeep-
ing" seals of approval to specific innovations that are
then promoted by the National riffusion Network, help-
ing local sites to implement these innovations. In crim-
inal justice, there is a similar program on Exemplary
Projects; and for other municipal services, the Interna-
tional City Management Association has likewise oper-
ated an Innovation Transfer Project with support from
NSF.

It should be noted that these project-oriented efforts
have increased in their sophistication and scope in recent
years. Whereas Federal funds were used only to support
the initial R&D efforts in earlier years, these contem-
porary efforts have all begun to deal with the utilization
and implementation process, with the knowledge that
user capabilities are an essential component of technol-
ogy transfer. Furthermore, many of these projects: have
been the subject of third-party evaluations, so that there
is now an extensive literature on the factors involved in
successful technology transfer efforts and the ways in
which barriers to innovation can be reduced.'

PROGRAM SUPPORT

At the more programmatic level, the Federal efforts
have included such well-known activities as HUD's Op-
eration Breakthrough, Commerce's Experimental Tech-
nology Incentives Program (ETIP), and emergent pro-
grams in the energy field that have involved the formation
of field stations and technology agents. The results of
these efforts have been more difficult to assess, and in
some cases there have been clear failures. Thus, for in-
stance, HUD's Operation Breakthrough was designed to
meet the needs of residents through modularized housing
construction. The program was discontinued after sev-
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Table I. Illustrative Technological Innovations Attempted in Various Municipal Services.

Criminal Justice
and Fire

Transportation and Public
Works Health Education Planning and Other

Hardware

Police helicopter patrol

Automatod status reporting
and emergency signaling
system for mobile patrol
units

Rapid water

Universal emergency
telephone number (911)

Bay Area Rapid Transit
System (BART)

Dynamic traffic safety
displays (lighted signs.
improved road
illumination. buzzers,
etc.)

Dial-a-ride system

Mercury and sodium
street lights

Grider sewage pumps

Godzilla vehicle system
for fully mechanized
refuse collection

Two-way closed circuit
television for
psychiatric
consultation

Vital function telemetry

Technique to extract acid
from urine to measure
lead in humans

New equipment to
streamline ordering,
procuring, and
distribution of
medication

Methadone maintenance
program

Closed circuit television

Multimedia educational
program

Televote system

Silent alarrn system

Two-way cable television
for intergovernmental
communication

Computer-assisted
information system to
dispatch multi-agency
response vehicles

Computer Systems

Remote access infrared
data file and search
system

Criminal justice
identification system

Information systcm for
dynamic deployment
of police traffic patrols
in response to traffic
flows

Automated medical
history system (AMH)

Patient monitoring
system

Computer-assisted
systcm to analyze
electrocardiograms

Automated patient
registration.
identification. and
appointment system

Blood inventory and
information system
(BlIS)(computerized
clearinghouse of
information on
regional blood
inventory)

Hospital information
system (medication
charts)

Computer-assisted
instruction

School information
system (SIS) to assist
decisionmaking in
school administration

Teleprocessing
information system to
provide data
processing to multiple
school districts

Computer-assisted testing

Information retrieval
system to assist
decisionmaking in
five-county area

Computer integrated into
science and math
curricula

Integrated municipal
information system

Minicomputer to
automate library
acquisition system

Computer program to
assist in housing-
policy decisions

Computer system to
process complaints and
violation notices and
issue activity sheets to
housing inspectors

Data Analysis

Computer programs to
allocate manpower and
devise proportional
police rotation schedules

Technique to reduce court
appcarances required of
police

Police deployment
technique

Analysis of fire-fighting
resources deployment

Mathematical models to
test effects on service of
fire company locations

Computer algorithm to
assign bus drivers to
routes

Cost effectiveness
analysis of a water
supply system

Manpower scheduling
system

Model for distribution of
mental health funds

Urban dynamics model

EMPIRIC (land use
planning model)

Computer simulation for
renewal policymaking

Computer simulation
model to test new
investment and urban
change hypotheses

Computer simulation of
emergency service
operations

SOURCE: See Note 3.
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eral years, having encountered such difficulties as the
following:

Fragmented markets precluded significant indus-
trial investments;

Overlapping state and local jurisdictions mini-
mized coordinated efforts;

Opposition - was encountered from groups with
vested interests, such as labor unions and trade
associations;

Building codes were not uniform; and

Uniform testing and performance standards for
materials, design configurations, and fabrication
methods could not be developed.5

One supposition is that Federal agencies have not yet
learned how to develop effective technology transfer
programs, and the development and assessment of such
programs is the major topic of a recent congressional
document that also exhaustively reviews technology
transfer in both the public and private sectors.'

Demand-Pull Efforts

Alongside of the Federal efforts to support specific
technology projects or programs, there have been major
efforts to improve the internal capability of state and
local governments to use science and technology. A
leading example of this type of effort has been NSF's
Intergovernmental Program, which is the successor to
two earlier NSF programs, the Intergovernmental Sci-
ence Program and the R&D Incentives Program.'

IMPROVING LOCAL CAPABILITIES TO USE R&D

Demand-pull projects give greater emphagis to orga-
nizational capacity buildingi.e., the ability of local
organizations to analyze their own needs and to meet
their objectives by using R&Dthan to the use of any
specific technological products. Thus, for instance, the
Pennsylvania Technical Assistance Program (PENN-
TAP) was formed to provide technical information on
a statewide basis to both public and private institutions.
Similar activities have been aimed at serving governors
(e.g., the Michigan science adviser), state legislatures
(e.g., the Model Interstate Scientific and Technical In-
formation ClearinghouseMISTIC), and mayors (e.g.,
the Philadelphia science adviser). The effectiveness of
these organizational efforts is very difficult to assess.'
Nevertheless, a continuing Federal policy concern has
been that appropriate assessment methods ought to be
developed and applied before larger investments are
made.

As part of the demand-pull approach, Federal agencies
have also attempted to determine the needs of state and
local governments more explicitly. Thus, in the man-
agement of new R&D projects, a common procedure has
been the establishment of a user panel, which is involved
in the design and conduct of the research project. This
has been an especially dominant activity of the Urban
Consortium (Public Technology, Inc.), as well as rep-
resentatives of state governments. However, recent stud-
ies of various user communities e.g., state legislators,
city managers, or county executiveshave shown that
the identification of user needs is tot an easy process.
The potential users are much more diverse and frag-
mented than is often anticipated; the users cannot nec-
essarily articulate their needs very well; and the needs,
when articulated, are not clearly susceptible to tochno-
logical resolution.`' Nevertheless, the solicitation of user
views about their needs has become a prominent element
of Federal policy.

ASSESSING LOCAL NEEDS THROUGH THE

INTERGOVERNMENTAL SCIENCE, ENGINEERING AND

TECHNOLOGY PANEL (ISETAP)

One of the most ambitious efforts to deal with de-
mand-pull factors has recently been undertaken by IS-
ETAP and therefore deserves to be described in greater
detail. ISETAP began by approaching state, regional,
and local authorities, public innovation groups, and the
many -public interest organizations that represent state
and local interests--e.g., Public Technology, Inc., the
National Governors Association, the Conference of
Mayors of the United States, and the International City
Management Association. These organizations were
asked to identify the most pressing state and local prob-
lems that Federal R&D programs and policies could ad-
dress. The result of this initial request was a list of some
800 problems, including statements on almost every as-
pect of human endeavor: transportation, fire suppres-
sion, management of growth, management productivity,
health, environment, and energy. These responses were
categorized by ISETAP into ten functions, with each
function subsequently covered by an ISETAP task force.
The categories are listed in priority order below:

1. Community and Economic Development
2. Energy
3. Environment
4. Fire Safety and Disaster Preparedness
5. Health and Human Resources: The Elderly
6. Health and Human Resources
7. Management, Finance, and Personnel
8. Police and Criminal Justice
9. Public Works and Public Utilities

10. Transportation
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The role of each task force is to articulate state and
local needs in the relevant topic area, and to recommend
.ways in which Federal programs can be more responsive
to these needs. In addition to the work of the task forces,
the American Association for the Advancement of Sci-
ence was asked by the National Science Foundation, on
behalf of ISETAP, to explore the problem areas under
each functional topic. Workshops were held during
1978-1979 by AAAS on each topic, to examine the op-
portunities for Federal R&D and technology transfer pro-
grams and policies:

Concurrently, ISETAP has been interacting with Fed-
eral agencies in ongoing R&D programs and policies.
Among these agencies are the Administration on Aging
(Department of Health, Education, and Welfare), the
Department of Commerce, the Department of Housing
and Urban Development. the Department of Energy. the
Environmental Protection Agency, and the National Sci-
ence Foundation. In 1978, to strengthen ISETAP's func-
tions, the Office of Management and Budget was des-
ignated as being responsible for implementing the
recommendations from the Panel. Thus, in theory. IS-
ETAP has had the ability to affect resource allocation
decisions about future Federal R&D efforts.

The Panel's activities, briefly sketched above, have
attempted to bring together a very complicated set of
relationships involving innovation groups, umbrella or-
ganizations for governors, mayors, city managers, bud-
get officers, the police, fire fighters, and other interest
groups. Each group has its own set of values, needs,
motivations, .nd policies, and the ISETAP efforts must
therefore be primarily considered a political and admin-
istrative rather than scientific venture, which is in fact
also the major characteristic of most demand-pull ef-
forts.

Summary

This section has briefly portrayed existing Federal
programs that use science and technology to improve
state and local governments. The existing programs tend
not to be centralized or coordinated, with each Federal
agency pursuing its own agenda. The efforts do, how-
ever, generally fall into one of two categoriestech-
nology-push and demand-pull effortswith the experi-
ence of the ISETAP Panel an example of the lath:
These two approaches will be continued in the next five
years, but with several subthemes that may be discern-
ible, and these are described in the next section.

DEVELOPING FEDERAL R&D PRIORITIES FOR
THE NEXT FIVE YEARS

Federal efforts to assist state and local governments
will continue to take at least two dominant thrusts re-

fleeted by the demand-pull approach: (1) capacity build-
ing of state and local agencies and (2) provision of as-
sistance to conduct what are essentially program analysis
rather than research functions. As for the technology-
push efforts, however, it may be that the appropriate
time has been reached for reassessing Federal priorities
and for expanding the Federal agenda to deal with state
and urban problems more generally, rather than limiting

'support to the assistance of state and local governments.
These governments, after all, only exist to serve citizens
and their needs, and Federal policymakers would be re-
miss if they merely targeted their efforts toward assisting
units of government without considering broader prob-
lem areas. The following sections review the potential
priorities for all three topics: organizational capacity
building, program analysis activities, and state and urban
R&D priorities.

Capacity Building

The concerns for improving the capabilities of state
and local governments to use S&T have a long history,
dating back at least as far as 1948, when "little Hoover
commissions" tried to identify ways of improving the
cost effectiveness of state and local activities."'

One priority of the little Hoover commissions was the
issue of adequate staff-mgone which has still not been
fulfilled in the past 30 years. It has been noted that, even
now, only one out of every ten state and local employees
is prepared to participate in, accept, and understand the
implementation of technological innovations." A further
problem is how to determine the availability of personnel
whose training has given them the advantage of under-
standing the innovation process. Cost effectiveness may
then be determined by the availability and allocation of
this type of manpower.

The capacity building approaches remain an elusive
strategy for pursuit by Federal agencies. First, the most
effective strategies have not yet been identified. There
have been numerous attempts, for example, to improve
capacity by encouraging personnel transfers (e.g., the
IPA program), and to instigate new organizational co-
alitions among local jurisdictions (e.g., the California
Four Cities program), or to create specific networks of
practitioners and researchers (e.g., the National Diffu-
sion Network in education). However, these various
strategies have not been well articulated, nor have they
been compared for their relative effectiveness.

Second, the assessment of capacity building efforts is
an ephemeral activity at best. Capacity building, by its
very nature, implies payoffs that are diffuse and long
term. Most evaluation researci, techniques, however, are
aimed at demonstrating specific nayoffs in a short period
of time. Whether new methods for assessment can be
developed remains to be seen. Organizational behavior

6 6.1
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in general is notoriously difficult to measure or interpret.
In the state and local setting, where job patronage and
employment are legitimate goals that parallel service
delivery objec6ves, the tasks are that much more diffi-
cult.

'Third. the Federal Government may be in a peculiarly
weak position to promote capacity building efforts.
Again, by its very nature, capacity building implies the
use of resources in a manner deemed appropriate by local
decisionmakers. Any Federal role would seem to be lim-
ited to a spirit akin to the general revenue sharing pro-
grams, where Federal funds are disbursed with a mini-
mum of Federal direction or regulation. In contrast,
Federal capacity building efforts up to the present time
have tended to be dominated by project-type awards,
where specific proposals are made for grants or alloca-
tions, and where Federal managers play an active mon-
itoring and evaluation function. Such tactics would ap-
pear to be inappropriate to the true spirit of capacity
building, and are rightly seen by many state and local
officials as thinly veiled attempts to promote Federal
rather than local agendas.

Program Analysis

When state and local officials are candidly confronted
about their R&D needs, they will admit that prograr
analysis rather than R&D per se is: what is most helpful
in dealing with their policy probilerns. The distinction

between program analysis and three types of R&D is
illustrated in Table 2)2 Essentially, program analysis
calls for the specific analysis of a real-life problem, con-
strained by existing political conditions, costs, and time
limitations. The analyst's function is to develop the best
set of alternatives, based on empirical evidence, that a
decisionmakot can pursue. However, program analysis
cannot really be regarded as a research activity in the
traditional sense, because research that seeks to identify
scientific truths cannot be constrained by arbitrary po-
litical, economic, or time limitations.

One distinctive difference between program analysis
and R&D is in the nature of the final report or findings
from the efforts. The value of program analytic findings
peaks with the opportunity to make a decision; after this
point has been passed, a fresh program analysis would
have to be conducted to suit new political realities (and
the old program analysis would only be of historical
value). In contrast, the value of R&D findings should
increase with the passage of time and with the occur-
rence of new studies that either corroborate or contradict
the initial findings. Findings that withstand these sub-
sequent challenges become accepted as robust, scientific
facts, and the original reports are often more dearly val-
ued and cited frequently.

A potential dilemma not squarely faced by most Fed-
eral S&T programs is that state and local needs may be
dominantly of a program analysis sort, even though Fed-
eral policies happen to be geared toward the support of

Table 2. Four Types of Rsearch Activitic, Illustrated by Topics on Community and Economic Development

Illustrative
R&D Topic

Type of Research

Basic
Research

Applied
Research:

Evaluation
Research

Program
Analysis

Household composition What is a household? PevelOP Methodologies Assess impact of CDBG Provide information to
and residential turnover for enumerating program on residential promote or retard

househclds; distinguish
gentrification from
upgrading

turnover rates turnover in a specific
neighborhood

Inventory of appropriate Define various inventions Indicate markets, costs Give assessments of Advise citizens on
technology and prototypes and benefits. etc.. of specific technologies procuring and using

commercial products Or programs specific technologies
appropriate to needs

Decentralization of urban What is the relationship Conceptualize and Evaluate specific Determine whether and
services between citizen and describe various forms decentralization how a particular city

government? of decentralized
governments

experiences should decentralize

Role 'f private lending Neighborht rid investment Develop models to Evaluate role of Urban Implement Community
institutions and disi.stment predict key investment Reinvestment Task Reinvustment Act;

process. including role and disinvestment Force determine declining
of neighborhood
"confidence"

points patterns in a specific
city

SOURCE: Sec Note 12.
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R&D. This dilemma was highlighted at a recent work-
shop of research investigators and state and local offi-
cials, where each group was asked to establish priorities
for "research" that would serve state and local needs in
the fields of community and economic development. The
state and local officials identified their three illustrative
priority research topics: The assessment of socioeco-
nomic and housing trends for neighborhoods; the deter-
mination of tasks that local government could appropri-
ately assign, share, or contract with neighborhood
groups; and the identification Of incentive tradeoffs, such
as tax abatements or zoning concessions, that would re-
sult in private investment in neighborhoods. More im-
portantly, however, the state and local group concluded
that:

In each of these three cases, the type of research
that was felt to be most needed was what has been
characterized as program analysis. While we rec-
ognize the importance of basic, applied, and eval-
uation research, particularly as an input into pro-
gram analysis, we feel that the immediacy of local
government problems suggests that the greatest
need at this point . . . is for good program analyses.
(Emphasis added.)"

The point of distinguishing program analysis from
these three R&D activities is that the analytic require-
ments may necessitate different types of management by
Federal agencies. The imposition of a user review com-
mittee during the conduct of an R&D project, for in-
stance, would not seem to be relevant to a basic research
effort, nor should the quality of basic research be judged
by the utilization of specific results. Instead, quality con-
trol of a more traditional, academic sort should be im-
posed. For an R&D project falling into the applied re-
search category, user requirements are potentially
relevant, but not in any major way, so that any project
advisory group should still mainly consist of research
peers. At the same time, one would not impose some of
the traditional academic standards on the evaluation or
program analysis types of research. Thus, the important
outcomes from these types of research are a set of rec-
ommendations and the substantiating evidence; no aca-
demic or even final report need necessarily be written,"
v4in project success judged mainly by the utilization
rather than the publication of resuks.

Basic and Applied R&D

Neither the capacity building nor program analysis
functions should in reality be considered R&D activities.
For this reason, it is ironic that NSF, whose main mis-
sion is to support S&T, has tended to take the lead role
in supporting capacity building and program analysis.
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These activities have dominated many of the awards
made by the Intergovernmental Program as well as some
of those by the Applied Science and Research Applica-
tions program. Such support would seem to be more
suitable to a mission agency such as HUD, whose func-
tions include the provision of support to state and local
governments.

Instead of pursuing these types of activities, Federal
R&D agencies such as NSF, the National Institute of
Mental Health, mid the National Institute of Education
should consider embarking on a more sustained effort in
a third arenathe support of basic and applied R&D to
deal with state and local problems. Note that, as previ-
ously mentioned, such problems are regarded as being
an attribute of residents, communities, and society at
large, rather than merely being the captives of units of
government. In fact, any new R&D priorities should
begin with the assumption that states and cities are ba-
sically geographic areas dominated by private activi-
tiesincluding business enterprises, housing markets,
and social relationships among neighborsrather than
strictly governmental policies.

URBAN SOCIAL R&D

At the urban level this image runs counter to, and is
probably less popular than, the prevailing government
service view of the city, in which municipal finances,
municipal services, and government regulation are seen
as the dominant urban concerns. Yet, considerable evi-
dence exists that a self-regulated city was not only the
essence of the traditional American city of the nineteenth
century, but is also the underlying condition in today's
cities.

As but one illustration, take a topic that has been of
major importance to residents, policymakers, and re-
searchers alike: public safety. In matters concerning both
policing and fire extinguishment, private affairs domi-
nated the early urban scene. Some efforts were purely
voluntary. For instance, it policing, self-help move-
ments tended to materiaiize periods when a commu-
nity's revered values, social structure, property, and
wealth were threatened. Two phases of American vigi-
lantism were distinguished: a first stage that occurred in
the late 1700s and early 1800s when citizens in lawless
frontier towns organized to apprehend criminals and
marauders, and a second stage of urban neovigilantism
that began in the mid-1800s and mainly involved the
persecution, oftentimes violent, of racial and ethnic mi-
norities.' Similarly, in matters of fire prevention and
extinguishment, volunteer fire companies were long the
backbone of American fire service. These volunteer
companies were gradually displaced in larger cities by
u paid force of civil servants, but even today such vol-

3
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unteer companies (or volunteer duty) are the norm in
suburbs and smaller cities.

Even where formal public services were initiated,
however, public safety was still a functionally private
affair, in which the relationship between servers and
served followed a form of free market exchange.' Serv-
ices were nor sr, much delivered as they were bought,
soA, or negotiated. Thus, policemen on the beat had
substantial discretion and were largely outside of the
control of central administrators. The following aptly
describes the supervisory problems at the turn of the
century:

Once the men were dismissed from roll call, their
supervisors had no certain way of controlling what
they did during their tour of work. The sergeants,
who were called roundsmen in Philadelphia and
Brooklyn during the early nineteenth century, fre-
quently assigned men 'meets,' prearranged times
and places where the supervisors could visually
check on them. The only way a roundsman had of
discovering what his men were doing was to follow
them around and make inquiries among the people
who lived and worked on the beats. If he wanted
to watch a man at work, he could, and frequently
did, accompany him, but this obligated him to ne-
glect his other duties. The men were also isolated
from each other, and their only way of attracting
attention in moments of distress was by swinging
the large rattles which city policemen had been car-
rying since the sixteenth centory.'7

The new communications technology that has evolved
since then has not necessarily overcome these problems.
Although call boxes followed telegraph networks, radio
cars followed both, and various "pulling" systems have
been adopted, no amount of communication has been
able to place the police officer under direct, consiant
supervision. So officers have continued to "coop," to
take bribes, to react independently to dangerous situa-
tions, and occasionally to be assaulted; and administra-
tors can still do precious little to regulate these encot.
ters. Moreover, the street-level world of the urban police
officer provides little clarity or agreement about the na-
ture of the service "problem" or its appropriate solution.
What is intolerable vice to one segment of the commu-
nity may be a pleasurable pastime or means of employ-
ment for others. And so police officers have had to deal
with numbers runners, prostitutes, and owners of after-
hour bars, with the knowledge that citizen demands and
preferences are sharply divided. In these cases, police
officers have had to mediate conflicting interests and
apply ambiguous laws in deciding how to act or, for that
matter, whether to act at all.

The importance of private efforts in public safety per-

sists to this day. This is reflected in the continued rise
of the private security industry,' the increasing fre-
quency of citizen efforts in forming their own pa-
trols,' and in the establishment of citizen groups,2° as
well as the general notion that residential "eyes and
ears" are an important--and perhaps majordeterrent
to crime.2'

Overall, the view of the self-regulated city is that gen-
eral improvements in the quality of urban life are deter-
mined by the collective activities of private individuals
and organizations. The most relevant R&D should,
therefore, focus on the basic social control, economic,
and demographic trends that are vital to the quality of
life and that are likely to influence the city in the future.
Thus, further R&D could be conducted on such topics
as:

What makes a good neighbor, and how do resi-
dents develop incentives for caring about their
homes and public places?

How do neighborhood housing markets operate
and, in particular, what role does neighborhood
confidence22 play in determining the viability of
a given neighborhood?

What are the basic economic conditions that fa-
vor industrial revitalization in a city?

What are the urban implications of such demo-
graphic shifts as the increase in households with-
out children or households with single-parent
families?

For these and similar topics. R&D efforts should iden-
tify the dynamics of institutional behavior, interpersonal
relationships, and individual decisionmaking (e.g., when
to relocate, what services to purchase, and what invest-
ments to make) within the overall context of self-regu-
lated systems and subsystems. How these systems work
and wily they go awry would then serve as the basis for
understanding the overall quality of urban life and how
it might be improved. Only when these and similar top-
ics are fully under investigation can the appropriate im-
plications for public policy be understr I.

Viewed in this broader context. one suspects that these
policy implications will in fact call for a much more
creative and innovative approach to policymaking. This
is because pre) ious policies arc likely to be shown to
have had negai we consequences on the social control,
economic, and iemographic trends related to improving
the quality of u ban life. Such consequences include the
disintegrative i ffects on neighborhoods of urban re-
newal, transportation, and other Federal capital improve-
ment programs, a well as the consequences of Federal
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programs not aimed toward cities (e.g., Social Security,
personal income tax regulations, and defense spending)
that have nevertheless had negative impacts on the urban
economy) What will be most challenging is whether
effective policies can be designed to promote public-pri-
vate partnerships,' and to promote neighborhood revi-
talization.25

Only in this manner are governments at all levels
(Federal, state, and local) likely to develop the creative
options needed to suit future public priorities and the
milieu produced, for instance, by passage of California's
Proposition 13. Thus, it is unlikely that new policies that
implicitly require increased government expenditures
will be satisfactory. Instead of considering such tradi-
tional alternatives as increasing the availability of Com-
munity Development Block Grants, for instance, re-
searchers will have to explore more fully the
governmental role in regulating (explicitly and implic-
itly) the affairs of the city. Other options such as the
Home Mortgage Disclosure Act of 1975 (Title III of
P.L. 94-200), calling for new regulations rather than
increased expenditures, might thus have to be developed

in order to affect urban markets, whether they are hous-
ing, industrial, or service delivery markets.

URBAN TECHNOLOGICAL R&D

In addition to the preceding R&D topics, which as-
sume the importance of the collective activities of private
individuals and organizations in urban life, there are also
important topics where state and local agency policies
are directly involved. These especially involve the use
of new technologies.' Thus, a second group of R&D
topics worthy of continued investigation have to do with
the factors associated with successful innovation. One
constructive suggestion here is that research should at-
tempt. to explain successful experiences rather than con-
tinually focus on the barriers to innovation; more is
learned about a process if it is studied under these con-
ditions.

On an agency-wide basis, urban fire services have
successfully implemented a wide range of new technol-
ogies. These are illustrated in Figure 1. which shows the
diffusion rates for 13 different innovations (see Feller').

FIGURE 1 Cumulative percentage of adoption of fire-fighting technologies by cities (Wo based on 551 respondents)
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In general, these curves indicate the degree to which
technological innovation is a relatively recent phenom-
enon, the bulk of the adoptions having occurred only in
the past 15 years. For this reason, the research literature
regarding the status of urban service innovation has
lagged, thus hindering our understanding of why inno-
vation occurs.

One criticism of many of these technologies has been
that they tend to be less visible to the public and may

.
not involve dramatic changes in service delivery. How-
ever,, two illustrative innovations may serve to dispel
these 'notions: the paramedic service (public health) and
the use of breath-testing equipment (public safety). In
both cases, the innovations have been adopted on a wide-
spread basis and have led to service benefits that are
clear to both administrators and the public (see Yin,'
for more detailed descriptions of the life histories of
these innovations).

In the first case, paramedic or mobile intensive care
units (MICUs) provide emergency care away from a hos-
pital facility. The unit consists of a specially equipped
vehicle and a paramedic team that can administer a range
of medical care upon instruction from a centrally located
physician. The key technological element of this inno-
vation is thus the communication capability of the
MICU: the mobile staff can maintain voice contact with
a physician, and physiological data about the patient's
condition can be sent to the physician via radio telem-
etry. As such, the MICU goes much beyond either the
traditional ambulance service (which provides transport
service only) or the traditional first-aid provided by fire
or police officers (which is limited to basic first-aid and
is not based on immediate physiological measurements
or advice from a physician).

The MICU has another distinctive featurethe use of
specially trained paramedic personnel. These personnel
receive extensive training (i.e., several hundred hours
by medical doctors and nurses) and may be alternatively
referred to as paramedics, advanced emergency medical
technicians (advanced EMTs), or firemedics. These par-
amedics can perform a variety of medically sophisticated
tasks: e.g., cardiac defibrillation, intravenous therapy,
electrocardiographic (ECG) telemetry, drug administra-
tion, and endotracheal intubation. The paramedic per-
sonnel should not be confused with less advanced tech-
niciansusually referred to as EMT-Ambulance or
MET-As. The latter are generally ambulance personnel
who have received an 81-hour course in basic life sup-
port, and they can perform such tasks as cardiopulmon-
ary resuscitation, spinal injury management, splinting,
hemorrhage control, and emergency childbirth. Nor
should paramedics and MICUs be confused with mobile
coronary care units, which were under experimentation
several years ago and in which physicians and nurses,
rather than paramedics, traveled as part of the unit.

6

There have been few specific evaluations of the serv-
ice benefits from MICUs. This has been unfortunate,
because the obvious impression at any MICU site is that
service payoffs have occurred and can easily be deter-
mined. The payoffs can include: lives saved (paramedics
describe their life-saving experiences in almost reli-
giously fervent terms), amount and type of treatment
provided at the scene, and greater satisfaction by clients
and practitioner personnel. The absence of evaluations,
however, has led to confusion because the organizational
payoffs (as in regional systems) have been unclear and
are confused with the service payoffs. However, a sure
sign of the success of MICU operations has been their
continued diffusion and implementation throughout the
country, in urban, rural, and regional settings alike.

In the second case, local law enforcement agencies
have recently implemented many improvements for test-
ing and analyzing the amount of alcohol found in a per-
son's breath. These improvements have been a response
to both technological developments in breath testing
which can be conducted through processes involving gas
chromatography, photometric colorimetry, or infrared
photometryas well as to the continued rise in traffic
accidents attributable to persons driving while intoxi-
cated (DWI).

The main breath-testing instruments that have been
adopted include the Breathalyzer, the Alco-Limiter, the
Gas Chromatograph, and the Alcohol Screening Device.
The most common breath-analyzing instrument has been
the Breathalyzer, a machine that uses photometric co-
lorimetry and that infers the blood alcohol concentration
(BAC) of a person on the basis of a sample of the per-
son's breath. Before such breath-analyzing instruments
became available, law enforcement agencies typically
had to collect a sample of a person's blood or urine for
analysis by a laboratory. In comparison to breath testing,
these older procedures were highly complex, costly, and
inefficient. Thus, breath testing offers the following ad-
vantages over older procedures:

Less discomfort and inconvenience for the per-
son being tested;

No need for medical personnel to be present dur-
ing testing;

A shorter period of time away from patrol duty
by the arresting officer;

No delay of several days between the adminis-
tration of the test and the reporting of the labo-
ratory results; and

No need to coordinate law enforcement proce-
dures with those of a central laboratory. (The
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older procedures had to be careful to establish a
direct chain of evidence to assure that none of
the samples had been exchanged or had acci-
dently become contaminated.)

The preceding illustrations are only two of a larger
number of innovations that have been successfully im-
plemented in the past five to ten years by local govern-
ments. Further research is needed to identify other ex-
amples, to assess the benefits from these innovations
more formally, and to examine the factors associated
with these successful innovations.

FEDERAL MANAGEMENT OF SCIENCE AND
TECHNOLOGY (S&T) PROGRAMS

The preceding section has outlined some of the sub-
stantive topics on which further R&D might be produc-
tively focused. A general suggestion has been that future
NSF efforts might be targeted more toward the support
of basic and applied R&D rather than capacity building
efforts or program analysis. Beyond the question of the
substance of the R&D agenda, however, is the equally
important question of how Federal R&D should be man-
aged in the future.' New policies need to be developed
regarding Federal support for S&T oriented toward serv-
ing state and local needs, and two managerial concerns
in particular ought to be addressed. The first has to do
with the potential conflict between the way that R&D
progressesi.e., through the incremental cumulation of
knowledge over a long period of timeand the fact that
Federal agencies are often forced to demonstrate their
achievements on a project-by-project basis. The second
has to do with improving the technical quality of the
research that is supported.

Reviewing R&D on an Aggregate Basis

Regarding the first, numerous observations of the con-
duct of science have shown that R&D progresses in a
series of small steps rather than as a result of dramatic
breakthroughs." Single research projects must be seen
as only producing findings, and not scientificfacts; the
latter only emerge after a series of replications and mod-
ifications by a host of other research projects or exper-
iments.

Unfortunately, individual research projects have in-
creasingly become the focus of attention in recent years.
First, most applied R&D programs supported by the Fed-
eral Government require that each research project gen-
erate its own "utilization plan." This procedure was
installed in NSF's applied programs, for instance, in
May 1974. Second, attempts to improve the technology
transfer process have often focused on the dissemination

of project-based results. Thus, previous hearings on
R&D utilization held by the U.S. House Committee on
Science and Technology3° were based on three perspec-
tives, of which one was that new policies could inprove
"Efforts within the Administration and the Executive
agencies to coordinate R&D funding for dissemination
and utilization of results from successful projects."
(Emphasis added.) Third, there has been an increasing
attempt to judge scientific progress on the basis of the
design and outcome of single projects. Thus, R&D agen-
cies have been forced to scrutinize individual projects
and to avoid such dubious honors as the receipt of the
"Golden Fleece" award.31 Fourth, in terms of R&D
utilization, an increasing complaint among users is that
when they have attempted to make organizational changes
on the basis of recommendations from a single study,
they find that subsequently a new study has come out
with contradictory recommendations.

The dilemma that has not been adequately confronted
is that Federal R&D agencies generally operate on the
basis of making individual project awafdswhich may
be defined as a contract, grant, or other agreement
whereby an R&D-funding agency supports a specific re-
search projectand administrative accountability is a
valid concern in dealing with each award. Such valid
concerns include whether the funds were used in a fis-
cally responsible manner, and whether the outcomes of
the project met the objectives stipulated for the project.
Current proposals to improve the accountability process,
including the implementation of the Federal Grant and
Cooperative Agreement Act of 1977, P.L. 95-224,

should therefore be strongly supported.
However, new policies and procedures are needed to

assess the overall value of scientific progress and impact.
These policief should not be based on the results of
single research projects, nor should specific R&D utili-
zation efforts be mounted for each individual project.
Instead, some type of aggregate function needs to be
performed, in which: progress from numerous individual
projects is synthesized, a consistent set of scientific facts
is accumulated, and these facts are made the basis for
actual dissemination and utilization. The shape of such
policies or procedures is unclear and should be explored
in the future. The questions to be discussed include:

How should the aggregate contribution of R&D
efforts on a 'given topic be assessed, and who
should conduct such assessments?

How can these assessments be related to per-
formance by '.nz.cific programs?

In what ways can the aggregation process
whereby results of individual projects are com-
pared, replicated, and extendedbe facilitated?
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What are the realistic criteria e.g., sound fiscal
management but not necessarily utilization im-
pactby which individual projects should be
judged?

Improving the Quality of Urban R&D

Regarding the second managerial concern, recent
pressure to produce immediate solutions to significant
urban problems has in part led to shortcuts in the normal
quality-control processes for conducting research. For
instance, a major quality-control procedure in scientific
research is the publication, of results in refereed journals.
The review and publication process, together with the
time needed for other investigators to_assimilate and

2

react to Published reports, usually occurs over a multi-
year period. Although the process is time-consuming, it
is one of the few ways in which scientific ideas may be
sorted: some ideas never reach publication, others are
published and ignored, and yet others are published and
either refuted or extended. Unfortunately, this lengthy
process has forced many agencies to develop alternative
forms of communicating R&D results. Thus, a common
requirement imposed on urban research projects today
is the issuance of a final report, which describes an entire
study and becomes the basis for policy recommenda-
tions. Such final reports may be seen as being available
on a more timely basis; however, the reports are not
usually subjected to the same rigorous review as journal
articles or other academic publications. As a result, less
quality control is imposed.

Publication in refereed journals is but one quality-con-
trol procedure used in scientific research. Other proce-
dures normally used by R&D-funding agencies include
peer review of initial proposals, the maintenance of a
balance between solicited and unsolicited research, the
use of advisory committees in the course of conducting
research projects, and the employment of staff members
who are technically competent in the relevant fields.
None of these procedures works with great efficiency or
effectiveness, and none is a substitute for the more cas-
ual indicator of high-quality researchi.e., the partici-
pation, whether direct or indirect, of individuals of ac-
knowledged excellence in a research enterprise.

Recent reviews of various applied research programs
have noted that such programs have often been deficient
in their ability to support high-quality researchi.e.,
research that is based on the rigorous application of sci-
entific procedures.32 At the present time, the appropriate

. courses of action are unclear and might thus be the sub-
ject of future inquiry. Even though R&D results should
be disseminated in a timely and compact manner, it is
unclear, for instance, whether investigators in urban re-
search projects should only be judged by their ability to
produce final reports; it may be that requirements for

such reports should be complemented by requirements
for formal academic presentations, whether in refereed
journals, professional meetings, or some other commu-
nications medium within the scientific community.
Overall, the questions to be discussed might include the
following:

How can high-quality investigators be attracted
to do applied research?

What policies and procedures should be imple-
mented by R&D funding agencies to improve the
quality of research projects?

What incentives and requirements should be
made in the conduct of research projects to im-
prove their quality?

How can applied research projects and their re-
sults be better integrated within the scientific
communitye.g., through the publication of re-
sults, discussion in scientific meetings, or other
collegial activities?

Inquiry into these and related issues can result in im-
proving the quality of research, which in turn is likely
to improve the overall impact of R&D on state ai . local
affairs.
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The Impact of Technological Change on
the Quality of Urban Life
by John Paul Eberhard*

SUMMARY

Since World War H, the United States has made enor-
mous investments in the development of science and
technology. However, 90 percent of this investment has
been directed at programs in the three areas of defense,
space, and atomic energy. An opportunity exists to mine
the wealth of research and development capability we
have created to improve both the hardware and software
systems of our metropolitan areas.

This report documents the key technological changes
likely to emerge over the next five years and assesses
their probable impact on the quality of urban life. Fol-
lowing is a short list of "primary" technological devel-
opments and bodies of knowledge identified as the likely
driving forces for change over those years:

Electronicsespecially as incorporated in micro-
processors and minicomputers.

Visual communicationsespecially television as
it expands the human experience.

Space technologyespecially as incorporated in
satellite communications.

Nuclear energyespecially as incorporated in
electrical generating plants.

Director, Architectural Research Associates, Inc., Washington,
D.C.

Life sciences--especially as they reduce disease
and increase life expectancy.

Systems theoryespecially as used in modeling
complex urban interactions.

Each of these primary inventions will in turn be in-
corporated in other technological developments and bod-
ies of knowledge available to improve the human con-
dition. How well they serve to advance the quality of
urban life will not be easy to measure because of the
complex interrelationships of human institutions, the
economic system, and our collective will. Ways must be
found to allow technological competition in urban mar-
kets or the new inventions now under development will
have great difficulty in displacing the older inventions
all of which depend on high rates of use of fossil fuel
energies. A special program of experimental innovation
incentives is advocated to set aside the large amount of
"paralysis by analysis" presently surrounding policy
decisions.

Modifications in housing technology, positive re-
sponses to the special needs of the elderly (an increasing
sector of the population), the beneficial use of commer-
cial satellite communications, major support for the de-
velopment of alternative forms of energy (especially so-
lar), and increased emphasis on public health and safety
are all advocated as policy issues for Congress and the
executive branch. By doing so, the civilization we have
come to experience in the latter half of the 20th century
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can advance the quality of life for all who live and partic-
ipate in our urban places. This would raise the level of
concern for the problems and opportunities of our cities
to one that deals with the welfare of the nation as a

= whole.

BACKGROUND

No matter how completely technics relies upon the
objective procedures of the sciences, it does not
form an independent system, like the universe: it
exists as an element in human culture and it prom-
ises well or ill as the social groups that exploit it
promise well or

More than 45 years ago, Lewis Mumford pointed out
the dilemma for policymaking in those areas of our so-
ciety where public actions and private needs overlap.
We have, in the United States, largely built our huge
and successful edifice of science and technology around
the three areas of national defense, space exploration,
and atomic energy. For most of the years following
World War II, 90 percent of our Federal expenditures
for science and technology has been devoted to these
three areas of research and development. Civilian issues,
especially those that involve design, production, and use
of the components of our urban areas, have been left to
the private sector to develop. For some time now, we
have been attempting to mine the scientific knowledge
gained and the technologies created by our Federal R&D
expenditures to improve the lot of those of us who live
in the expanding urban areas of our country. In the next
five years we will still be testing whether these earlier
R&D expenditures can be exploited to improve the qual-
ity of urban life.2

The nature of our urban condition is determined by
the complex interaction of the "hardware" systems
(buildings, machinery, transportation, communications,
energy) and the "software" systems we have devised
for using this hardware to accomplish our social pur-
poses (education, health care, recreation, life-safety, and
employment). The questions of whether we enjoy the
kind of life such interactions afford uk., whether we re-
ceive satisfaction from the support these systems are able
to provide, whether we gain personal benefits from the
efforts we expend in such a context involve both a per-
sonal assessment and a societal one. The effective meas-
ures of these interactions in some cumulative (and
largely elusive) way determines the "quality of life" we
experience. Social indicators to account statistically for
such things as the level of schooling achieved, number
of infant deaths, and unemployment rates can provide
useful indicators at the societal level, but they fall short
of reflecting individual taste or style. Living in San Fran-

cisco is ti;frerent qualitatively than living in New York
City or Louisville, Kentucky, but for most people those
differences, while important, remain unquantifiable.

Science and technology can have a wide range of im-
pacts on either the hardware or software issues of our
urban condition, or on their capacity to interact. Some
urban issues can and will be improved over the next five
years by wise applications of science and technology;
other issues may or may not respond to such applica-
tions; and still others will likely be aggravated by a con-
tinuation of the present trends in spite of, or because of,
technological developments. This document intends to
discuss current trends in the urban condition, develop
some of the issues to which science and technology can
apply, and to set out related policy alternatives for the
consideration of Congress and other policymaking bod-
ies.

Science can be thought of as the cumulative body of
knowledge that is divided into categories such as physics
or biology. It is also a mode of practice for a large
number of highly trained persons in our society who
share a technique of problem solvingthe scientific
method. This method has limitations in terms of value
systems (hence much discussion these days on the ethics
of science) and in terms of application to human vari-
ability (thus the difficulty experienced in applying the
social sciences to design decisions). In an attempt to
avoid the pitfalls of prolonged debate on basic research
versus applied research, this document will treat science
as bodies of specialized knowledge we have available to
draw on in addressing our urban condition during the
next five years.

Technology is the cumulative set of tools and tech-
niques we have developed to design, manufacture, and
test the artifacts we create. The term "technology" is
used in other ways, but for the purpose of this document
it will be used to mean tools and techniques. A tech-
nology thus defined can be as simple as fastening to-
gether two boards with a nail and a hammer or as com-
plex as launching and guiding a spacecraft to explore
Saturn. Although not all technologies can be applied to
the urban condition, in recent years we have made some
progress in finding ways to use tools and techniques
developed for defense programs or space exploration to
design and build better urban hardware systems. In some
cases we have even managed to find applications in the
urban software systems as well.

In his book Technics and Civilization, Mumford re-
flected on a concept he called "primary inventions."
That is, what are the inventions that are the means to
other inventions or knowledge that is central to the ex-
pansion of knowledge? He suggested that between 1000
A.D. and 1750, the primary inventions or new ideas
were mechanical clocks, the telescope, the scientific
method, cheap paper, print, the printing press, and the
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magnetic compass.' Without the benefit of history, it is
less easy to suggest a similar list for the primary inven-
tions and new paradigms for knowledge that will be
dominant in the next five years, but the following seem
to fit his definition:

Electronic technologyespecially as incorpo-
rated in The computer.

Visual communicationthe special form of elec-
tronic communication that has broadcast images
to expand the personal experience of people
everywhere.

Space technologywhich makes it possible to
get beyond the earth's field of gravity with de-
vices such as communications satellites.

Nuclear energyespecially as applied to electri-
cal power generation, with all its inherent dan-
gers.

Life sciencesthe body of knowledge that is
dramatically changing our understanding of the
human condition.

Systems theoryan intellectual technology of
major importance that allows us to model the
relationships of complex interactions.

To attempt to confine the scope of this document
within manageable limits, these six primary inventions
will be the principal focus. In the analysis that follows
and the issues discussed later, it would have been pos-
sible to include hundreds of ideas, problems, and op-
portunities. Time and context simply will not make that
possible. However, it is the author's judgment that these
six primary inventions will be the base for key scientific
and technological areas of impact on the urban condition
during the next five years. Consequently, they are the
ones most important for policy consideration in urban
areas, as related to science and technology.

ANALYSIS

Urban areas are m..ither easy to definewhere does
New York stop as an urban area as contrasted to a po-
litical jurisdiction?nor to encompass by human thought.
Trying to observe an urban area is like observing a living
organism in which life cycle processes have been
speeded up by time-lapse photography. It is virtually
impossible for us to recognize all the changes that are
going on simultaneously. We know that there are inter-
relationships that cause one set of changes to affect oth-

ers, just as a decrease in the oxygen supply of humans
will cause our lungs and heart to respond differently.
We can often understand how these interrelationships
work by collecting data on the pei brmance of the sep-
arate elements, but even as we do the analysis we also
know from experience that the set of relationships is
changing. For example, to suggest that a modification
in the traffic patterns of a city would improve the eco-
nomic aspects of downtown merchants is probably log-
ical; however, not enough of the variables are likely to
remain constant to let us measure the results of our pol-
icy decision.'

Still another difficulty in bounding the urban condition
is the fact that every metropolitan area in the United
States presently consists of many urban nodes, even
though there is usually a center city that is commonly
referred to as "downtown." Recognition of these urban
nodes makes it less clear where to draw the line between
urban and suburban areas. It is not uncommon to find
clusters of working places (office buildings and light
industry) surrounded by shopping malls, hotels, theaters,
churches, and even medical clinics located just on the
edge of the historical city limits of the central city. Such
urban nodes have all the physical facilities usually as-
sociated with urban as contrasted to suburban areas.
Therefore, in looking at how science and technology
influence such factors as population distribution, it is
less useful to speak of "urban nodes," "residential
neighborhoods," or "central cities" and "suburbs"
than to speak of cumulative urban areas as "metropo7i
tan" and to distinguish them from "rural" areas simply
on the basis of population densities.

Trends

An analysis of some key trends can give us clues to
the metropolitan condition that is likely to emerge in the
next five years.

AGE OF POPULATION

There is a decided shift coming in the distribution of
ages within our population. In the next five years, the
relative percentage of the population between 5 and 20
years old will continue to decline; the population be-
tween 40 and 60 will continue to decline in absolute
terms (the result of nonbirths during the Depression
years); and, most dramatically, the population over 75
will increase rapidly. The increasing portion of the pop-
ulation who are beyond 75 is one of the benefits of
modern medical technology, but it brings with it the
responsibility to shape our physical environment to make
a better fit between the sometimes limited physical abil-
ities of the aged and the kinds of buildings and metro-
politan areas where they will live. Sufficient pressure is
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mounting in our society to recognize this need, so that
in the next five years we should see more attention paid
to the support requirements of the manmade environment
for the aged, just as we have begun during the past five
years in providing better access for the physically hand-
icapped.

INCOME

In spite of the inflation that nibbles at the edges of
progress, there does appear to be a more equitable dis-
tribution of income, which causes metropolitan areas to
have a larger number of middle class residents. Fewer
people are involved with menial work as technological
improvements continue to provide mechanical and elec-
trical equipment to do routine jobs, and there are more
and more people with a high school education or better.
The market for white collar workers is both a cause and
effect of this increase in education. The service sector
of the economy is expected to continue to pace the cre-
ation of new jobs, and new jobs in turn often mean new
buildings and new communities.

HOUSING''

It becomes more likely with each passing year that the
housing industry is on the brink of a technological rev-
olution. A rapid change in housing production would be
characterized by a shift to more capital-intensive pro-
cesses and away from the labor-intensive processes. For
more than 25 years, financial and real estate institutions
have been able to produce innovations within their sector
of the industry that enable a large number of people to
buy houses, even at inflated prices. Until (or unless)
there is some genuine market pressure on the technology
of designing and building houses, little is likely to
change.

The cost of land and the selling oric,:s of houses are
inflating at record levels. (In 197h the average house
price increased by 15.7 percent.) This increase has had
little relationship to the cost of construction but seems
driven primarily by the general real estate market, which
has become an attractive investment for anyone able to
put together sufficient financial resources to make the
downpayment and keep up the monthly costs. In this
environment, there is little incentive to develop tech-
nological changes. It seems reasonable to predict that in
the next five years the cost of houses will not be affected
by such changes, since the real estate market will con-
tinue to determine the price of houses.

OTHER BUILDINGS

Buildings other than houses are likely to be changed
in the future as the result of two different, but related,

influences. One is the rapidly increasing cost of fossil
fuel energy, and the other is the interest in renovating
and reusing older buildings. (Energy will be discussed
further under "Issues.") Most techniques of construc-
tion and most building products were developed for new
buildings. As the interest in renovating and reconstruc-
tion continues to expand, techniques are beginning to
emerge that have been specifically developed for making
changes in existing buildings.

TRANSPORTATION('

Just as energy issues will impact the design of build-
ings, so will the growing shortage of oil impact trans-
portation technologies. How serious the oil shortage will
become in the next five years is subject to widely di-
vergent points of view. It seems clear, however, that the
automobile will not be as dominant a transportation sys-
tem in the future. Five years is not a very long time fos
new developments to take placethe average time from
concept to marketplace distribution of new products is
about seven yearsand genuine public concern with the
impending oil shortages is only a few months old. How-
ever, if gasoline shortages continue to plague automobile
owners, they may well turn to alternative transportation
modes at a rapid rate, including the substitution of com-
munications for transportation.

COMMUNICATIONS AND INFORMATION PROCESSING'

The communication technologies of metropolitan areas
are likely to experience many substantial and dramatic
changes in the next five years. In 1982, the first major
domestic communications satellite (owned and operated
by Satellite Business Systems) will be launched. This
will provide substantially new means of electronic com-
munications and information processing, as discussed
further below.

"Chip" technology (miniature electronic circuits now
being produced at dramatically reduced prices and
greatly increased capacity) is also expected to explode
in many directions. The inclusion of microprocessors in
everything from the home cooking center to traffic con-
trol devices will make it possible to invest many pieces
of equipment with a form of intelligence not previously
possible. Minicomputers are expected to find their way
into every nook of the business world, as well as into
the home via games and home accounting systems. Each
day finds another new product announcement from some
sector of the electronics industry. Parallel developments
in communications technology make it possible to imag-
ine large urban complexes within the next five years
with much more sophisticated management and control
capabilities than we now have.

If these changes in the hardware components of met-
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itan areas are combined with the population and
e trends indicated earlier, it seems clear that the
re systems will also be experiencing associated

changes. These changes are likely to be seen in educa-
------tion,Aealth care, recreation, work, and local govern-

ment. Other areas will likely be affected as well, but
these five seem to be where the most visible changes
will occur.

EDUCATION

Education at the elementary and secondary level in
metropolitan areas is one area of public service chat has
the potential to benefit from the list of new technologies
mentioned earlier. However, during the next five years
there may be countervailing conditions that will prohibit
these benefits from being realized. The increasing num-
bers of people who are well beyond the child-rearing age
means that their votes are much less likely to support
increases in local school budgets. The general decline
in school-age populations means that there are surplus
teachers and surplus school buildings, especially in
older, established neighborhoods in the cities and sub-
urbs. The general public attitude about holding the line
on local taxes (the Proposition 13 syndrome) is not likely
to diminish in the next five years. All of this suggests
that primary and secondary educators are not likely to
be able to fund many technical advances in their areas
within this time period. However, in higher education
we may experience a different set of conditions. As more
and more mature persons seek out university programs
whether for required knowledge or general learning, it
seems likely that higher education will turn to mass com-
munications as a technological aid. Scientific knowledge
and technological ability are the highly marketable com-
modities of higher educatioff institutions.

HEALTH CARE AND SAFETY

Health care seems likely to continue to make rapid
improvements, as does the relate:: area of personal
safety. For example, communications satellites con-
nected to computer-based networks will provide ad-
vances to health care data systems. National health pro-
grams are on the way that provide protection for all
citizens against the financial catastrophes that all too
often have accompanied the treatment of major illnesses.
One of the reasons for the high cost of such medical care
is th' high level of medical technology generated during
the past decade. With some reasonable assurance that
even higher costs can be managed through a national
health insurance prog,raM, it is likely that the next five
years will see a very large number of additional tech-
nologies emerge for health maintenance as well as health
restoration. This would seem to be particularly likely for

the increasing portion of the population over 75 that
needs many new prosthetic devices but presently lacks
the collective funds to represent a market for develop-
ment of such devices by the private sector.

Some improvements in personal safety will relate to
preventing automobile accidents (or, as Dr. William
Haddon, president of the Insurance Institute for Highway
Safety, prefers to call it, "the avoidance of unwanted
transfers of energy between moving vehicles and hu-
mans.").8 The improvements in vehicle design that will
be required by Federal legislation already enacted will
likely produce substantial reductions in injury and death,
and the avoidance of automobile wrecks will have a
major impact on total accident statistics. Dr. Haddon
says that in 1978 the single largest cause of death for
people between 6 months and 37 years old was accidents
of various kinds.°

Dr. Philip Handler, president of the National Acad-
emy of Sciences, has suggested that "there are a host
of social institutions that did not exist when most of us
were young, designed to protect individuals as well as
organizations from catastrophes: social security, unem-
ployment compensation, benefits ior the disabled, Fed-
eral Deposit Insurance Corporation, Federal disaster as-
sistance, and so on. It is taken for granted that there
should be regulations in support of the health, safety and
well-being of individuals (the FDA, OSHA, EEOC,
laws against fraud, diverse laws concerning licensing,

'° The results in recent years have been reduced
risks
e tc. )' ar

to life, as compared to the past.

RECREATION

The decreasing working hours and increased incomes
available to most urban dwellers have engendered a large
collection of new leisure time activities. Dr. Handler
points out that the "number of books published annually
in the United States increased from 11,000 in 1950 to
40,000 in 1974. The number of symphony orchestras
increased five-fold in the two decades following 1955.
Statistics concerning sporting, picnicking and fishing
equipment, outboard motors, boats, foreign travel, thea-
ter going, etc., are staggering as compared with any pre-
war experience." " There could be a wide range of pos-
sibilities for technological changes to continue moving
into the leisure markets, but again there are some coun-
teracting trends. The cost and availability of gasoline is
already changing the pattern of vacation planning, and
the recreational vehicle market is apparently nearing
bankruptcy. Electronic technologies are more likely to
find their major markets in home entertainment units,
thus shifting theater and concertizing to studio activities
to be recorded for playback in home centers, rather than
live performances. All of this suggests that leisure time
activities will doubtless benefit from the changing tech-

61



668 SCIENCE AND TECHNOLOGY FOR THE STATE AND CITY

nologies, but traditional recreatiuna' 'usinesses may suf..
fer.

WORK

More than 20 years ago, some observers began to
suggest that our technological and scientific improve-
ments to industry and commerce were going to mak"
productive work as we had known it largely disappear.
nredietions were made that only 10 percent of the pop-
ulation would be required to work to poduce all the
goods we needed to maintain our standard of living.
Leaving aside the construction industry, this seems to be
the case in most sectors of manufacturing. What has
happened is that there has been a subsequent dramatic
increase in the number of white collar service workers.
Science and technology related to the primary inventions
being discussed in this document would seem likely to
maintain the pace of job creation in the service sector of
the economyif we can satisfactorily manage our fossil
fuel energy situation during the next five years.

LOCAL GOVERNMENT

Local governments make up another sector of our ur-
ban metropolitan area that might benefit from the new
technologies. Some of the smaller, more affluent towns
and cities (especially those in the "sunbelt" area) will
probably be able to gain these benefits and thus dem-
onstrate their potential. But the Proposition 13 public
attitude is likely to be persistent enough during the next
five years to prevent local governments from making
any substantive investments in new technologies. Fed-
eral support via Federal revenue sharing could help stim-
ulate developments by local governments, if the natural
tendency to use revenue-sharing funds to rescue the local
budget can be avoided. Many local government assis-
tance institutions are in place to help make technology
advances happen.

ISSUES

A sul;ject as broad and diverse as the future of urban
areas can be counted on to provide hundreds of issues
of concern to citizens, policylnakers, and observers
scientific and technological development. This docu-
ment will limit itself to issues that emerge from the pros-
pect of applying the six primary areas of inventions and
the trends discussed earlier.

Technology Breakthroughs

Probably the clearest technological breakthrough now
visible is the one being precipitated by "chip" tech.nol-

ogya manufactured electronic component about an
eighth of an inch square that contains all of the complex
circuity needed to perform an enormous variety of math-
ematical, logic, and data manipulation functions. The
chip is being incorporated in relatively small micropro-
cessors and fairly inexpensive minicomputers. These are
new products well on their way through the development
cycle that will likely be as pervasive in our lives as
tele 'ision and the telephone.

. . second and related technology well on its way to
being a commercial reality is the communications sat-
ellite. Satellite Business Systems (SBS), a joint venture
of IBM, COMSAT, and Aetna Insurance Company, ex-
pects to be selling $500 million in communications,
broadband capability to U.S. Government and industry
as early as 1982. They expect to use this capacity for
computer data transmission, financial planning and rec-
ordkeeping, environmental controls, security systems,
educational programs, and entertainment (including
electronic puzzles, a network for playing chess or
bridge, electronic lotteries, etc.). SBS expects that
smaller towns and suburban communities will be able to
compete with larger central cities by having satellite
links that will make possible the following:

Continuing education programs for professionals
that would not be available locally--e.g., special
programs for physicians about new forms of
treatment.

Teleconsultation between professionals, includ-
ing graphic materials needed for such consulta-
tionse.g., a local firm of engineers consults an
expert on the earthquake design provisions of a
new bridge.

Expansion of information services in many ways,
with the possibility of illustrations as well as
words being communicatede.g., information
for the city engineer on a new hydraulic pump
being developed in a laboratory 2,000 miles
away.

Sharing of expensive regional resources such as
large computer data systems or high-technology
medical diagnostic equipment.

Group interactions via teleconferencing that avoid
time-consuming and expensive travele.g., lo-
cal elementary school teachers can participate in
a national meeting 3,000 miles away.'2

The combination of microcomputers and micropro-
cessors linked together into a national network via com-
munication satellites suggests many applications in man-
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aging a metropolitan area. Emergency plans for dealing
with t:atural disasters; critical data on potential epidem-
ics linked to the Center for Disease Control in Atlanta,
Go.; security systems that make it possible for smaller,
more mobile police forces to cover a larger area; and
engineering and architectural networks tied to such na-
tional data resources as the National Climate Center in
Asheville, N.C., will be possible as a result of these
tech:tological changes.

When satellite technology is combined with local net-
works of cable television, the prospect for educational
programs in the time becomes a likely development.
The prospect for service industry empioyees to upgrade
their knowledge and skills wit: s? greatly enhanced by
such technological developments.

Energy Concerns'3

Nuclear energy as a source of generating electrical
energy seems certain to increase in scope and scale of
application, in spite of the controversy that surrounds its
inherent dangers. As the shortages of petroleum and nat-
ural gas grow more acute over the next five years, and
subsequently as the price of fossil fuels continues to
climb, two basic directions in energy policy seem likely:
increases in our supply of electrical energy by applica-
tions of nuclear power and increases in our attention to
nontraditional alternatives (including conservation).

The energy crisis has already begun to change peo-
ple's thinking about alternative energy sources and the
possibility of conserving the use of fossil fuels. If the
availability or cost of such fuels accelerates even more
rapidly, there will be more pervasive changes in how
metropolitan areas are constructed in the future and how
they are modified now to reduce our dependence on en-
ergy from fossil fuels. The future possibilities in this
area may seem to portend serious difficulties, and it is
indeed possible that the consequences could be detri-
mental to our economy. But there are signs that the re-
sults could actually be beneficial. For example:

Active solar energy systems are technically fea-
sible and effective, but are 1 t ::''festively mar-
keted at the moment. Addi;i',wa :search funds
from the U.S. Department er lergy could in-
crease knowledge and the application of current
technologies.

Passive solar energy costs the consumer almost
nothing, since it is based on building design prin-
ciples, but it is dependent on widespread edu-
cation of design professionals before it becomes
common practice.

Forms of biomass, "gasohol," waste wood con-

version, and methane all show promise and are
prime candidates for increased public and private
investment.

Control devices that can be used in large build-
ings or at the urban scale to obtain a better fit
between the needs of users, climate conditions,
and systems responses are still largely in the de-
velopment stage.

Each of these new energy ideasand many yet to be
inventedcan create new industries, new jobs, and new
inputs to the economy. 11/4.finre importantly, such techno-
logical developments help us avoid costly balance-of-
payment problems with the OPEC nations, and they help
reduce the eventual dependence we will have on nuclear
generating plants."

ize Life Sciences and Technology

The union or life sciences and systems theory may
seem to be a strange confluence of ideas, but in many
of the basic ingredients of metropolitan life it is just such
a confluence that seems to offer the impetus for change
over the next five years. It has already been suggested
that the life sciences are, and will continue to have, a
dramatic impact on the composition of our population.
With birth control measures reducing new additions and
disease control increasing the life expectancy of those
now living, the average age of the population continues
to increase. The shift of the work force (those between
the ages of 25 and 60) to service sector jobs leaves a
partial vacuum in the manual labor and menial job cat-
egories. However, these jobs seem to be attractive to
new immigrants (both legal and illegal) and thus make
it possible to continue to operate some of our more labor
intensive industries, such as construction, maintenance,
and certain forms of agriculture.

Under these conditions, if we are to make effective
links between science, technology, and metropolitan
conditions, some breaks with traditional methods seem
necessary. Systems analysis based on performance re-
quirements of the software systems (education, health
care, recreation, etc.) could be a powerful tool in setting
directions for these links. Unfortunately, the history of
urban development over the last 30 or 40 years is based
on creating markets for traditional inventions rather than
creating the conditions for innovation (see policy pro-
posals, below).

Housing Issues

Urban decay seems to breed more urban decay, like
a giant Mincer. If we are to restore decayed inner city
neighborhoods to some semblance of a "decent place to
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live and a fit environment" (the goal of major U.S.
housing legislation), we are most likely going to have
to use the powers of government control of land use. It
would, however, be possible to leave ownership of land
in private hands if private greed can be contained within
the public interest. Government spending (not loan guar-
antees) will be required to restore damaged areas while
still allowing low income people (especially the elderly)
to live within the inner city. If all the costs and benefits
could be weighed without prejudice, it would probably
be possible for citizens to support such action. Systems
analysis is a tool that could be used for this purpose.

The task of organizing technological change in the
housing field seems to be related to the difficulty of
organizing a market that would be large enough (and
capable of being sustained over a long period of time)
to attract the investment capital needed to make a sub-
stantial difference. The technological revolution in ag-
riculture that achieved dramatic increases in productiv-
ity, by substituting capital investment in farm machinery
and fertilizers for human labor, has been an elusive
dream of some people in the housing industry for de-
cades. There is little reason to expect this situation to
change in the next five years. Unfortunately, even if
some technological miracle made it possible to build
houses in which the walls (or the floors or roof or any
other single component) cost 80 percent less than at pres-
ent, the reduction in price to the home buyer would be
scarcely visible. Some other component of costin-
cluding profits to the host of lawyers and sales agents
who get their share of the selling pricewill expand to
absorb the difference between costs and market prices.
Consequently, housing increases in metropolitan areas
will continue to fall into three major categories: the new
high-rise housing "fortresses" of the well-to-do; the re-
.....tored houses of the affluent new professionals; and the
generally shabby housing of the low-income residents.

POLICY PROPOSALS AND PROGRAM
SUGGESTIONS

Government programs, the result of both explicit and
implicit policies, act in several ways to haness the
knowledge gained from scientific research, or the tools
and techniques that emerge from technological devel-
opment:

Some programs are intended to rescue urban
areas that have fallen into decay or otherwise
gotten in trouble. For example, the U.S. Small
Business Administration will make loans to busi-
nesses in a city devastated by a flood or other
major disasters.

Some programs are meant to stimulate some sec-
tor of the urban society to improve economic
conditions. Housing programs, urban rehabilita-
tion efforts, and activities of the U.S. Economic
Development Administration are examples.

Some programs are designed to stimulate inno-
vation and the creation of new ideas where there
is insufficient economic incentive for the private
sector to do so. Recent grants to stimulate the
use of solar energy are in this category.

Some programs are designed to bring the bene-
ficial results of science and/or technology to a
sector of society that lacks the visibility to stim-
ulate the private industry market to make such
benefits available. Making buildings accessible
to the handicapped or providing special trans-
portation for the elderly are examples.

Each of these ways can be appropriately used, as long
as the policymakers are clear on their goals. Experimen-
tal housing programs (such as the Operation Break-
through project in HUD in the late 1960s) with rhetoric
that sounds as if they are meant to stimulate new ideas
should not be subverted to become an indirect form of
housing subsidy. Nor should the reverse be attempted.

Suggestions for policy initiatives are given with the
recognition that programs are more likely to accomplish
policy objectives when Congress is clear in its intention
and specific in its program clan. Whenever possible, it
also seems sensible to build on institutional capabilities
and local program plans, rather than to start an entirely
new Federal effort. This seems especially valid with re-
spect to the large number of urban innovation efforts
already begun but not often funded adequately.

Following are four program suggestions that illustrate
each of the four ways to use policy directions based on
effectively applying science and technology in metro-
politan areas:

s17

To help sgnaller metropolitan areas adequately
prepare for potential major disasters, mitigate the
consequences of such events when they do occur,
and provide for disaster relief after the event, an
emergency network could be established via the
proposed communications satellite. The National
Hurricane Center in Miami, Fla., and other cli-
mate-related services have emergency networks
already established. The former Office of Emer-
gency Preparedness, now a part of the Federal
Emergency Management Agency, probably has
plans along this line in development, but Con-
gress will want to encourage a comprehensive
coverage (as contrasted to a speciulized service
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tied primarily to climate-related events) ranging
from potential aviation disasters to earthquakes.
The new U.S. Fire Administration, for example,
should be part of such a network to help in the
event of catastrophic fire in a smaller metro-
politan area lacking the local resources to man-
age the consequences.

While housing programs have historically been
used to stimulate the economy, policy directions
from Congress have normally resulted in loan
guarantees being advanced by the U.S. Depart-
ment of Housing and Urban Development. Even
the urban renewal programs of the early 1960s
were managed by Federal guarantees of local
banking funds used for investments in land pur-
chases by local government authorities. No tech-
nological innovation ;tas resulted from such pro-
grams, only the stimulation of existing practices.

If Federal funds were combined directly with lo-
cal government initiatives of land reform in order
to aggregate very large areas in metropolitan cen-
ters, free them from private speculation, remove
historic streets and alleys, and begin a new "city
within the city," then major technological in-
novations could be encouraged. A few years ago,
Detroit undertook, in a seven-block-square area
of its downtown, a program that has resulted in
the Renaissance Center. The transportation,
housing, public services, and energy manage-
ment innovations made possible by such large-
scale, three-dimensional development can be sig-
nificant departures from existing hardware con-
cepts limited by traditional land use patterns and
development schemes.

To change the economic incentives for techno-
logical innovation in housing, the Federal Gov-
ernment could launch a major housing program
with the following attributes: If the land were
publicly acquired within metropolitan centers by
legislation, a houling program could then follow.
The housing would be "packaged" in large
enough volumes that there would be sufficient
incentive for private companies to make the cap-
ital investments required to change substantially
the technological base for construction. The
housing would not be sold through the private
real estate market but would be leased through
local authorities that also had the responsibility
to organize and provide the urban support serv-
ices for those who leased the housing. As a con-
dition of obtaining contracts to develop the hous-
ing, all participating companies would be required

to provide a well-developed training program for
the unskilled who live in the area under devel-
opment, thus helping the local labor force make
the transition to the new technology.

o The U.S. Administration on the Aging could be
given broad financial support and authority to
use the services and programs of other Federal
agencies, to support state and local governments,
and to provide incentives to the nonprofit sector
to mount a series of programs for making urban
areas and urban housing more responsive to the
special needs of the aging. The alternatives of
having the aged assemble in specialized com-
munities or urban "ghettos of the old" would
not appear to add to the quality of life for any of
us.

Each of these suggestions has a large number of policy
choices that could become alternatives. There is not suf-
ficient scope within this paper to discuss all of the ex-
isting programs at Federal and local government levels
that might relate to one or more of these suggestions.
Because it is possible to evaluate large numbers of al-
ternatives, because there are persons whose jobs call for
coordination of policy initiatives, and because the efforts
to measure economic consequences and environmental
impacts are well staffed, we are too often stymied by a
form of "paralysis by analysis." While it is true that
such analysis can tend to prevent the launching of ill-
conceived or redundant programs and thus do serve a
public purpose, we need some relief valves that allow
a few innovative programs to be tried in a climate that
does not demand complete information as a condition
for getting started. An "experimental innovation incen-
tives" program might be tried again through the National
Science Foundation or U.S. Department of Commerce.
If such a program had our metropolitan areas as targets,
we might then find ways to stimulate truly innovative
concepts from the available wealth of scientific knowl-
edge and technological capability.
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