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Preface

In the fall of 1983 a small group of engineers met with George Keyworth
11, the President’s Science Adviser and Director of the Office of Science and
Technology Policy. The stated purpose of the meeting was to present to Dr.
Keyworth a briefing on the need for advances in research on the use of
computers in design and manufacturing. The briefing had been prepared under
the asuspices of a National Research Council committee, of which the late
George Low was chairman,

As the meeting progressed, however, its focus shifted from the overt subject
of computer-aided design and computer-aided manufacturing (CAD/CAM) to
a single theme that lay in the backgronnd, hidden between the lines of the
report. That underlying theme was the need for integration of the engineering
endeavor. It was a subject that had cropped up here and there, more and more
often over the previous three or four years, in studies and pronouncements
about engineering research and education. The topic was usually alluded to
as though in passing, with an air that *“this is important, Lut hard to grasp.”’
References to it were especially frequent whenever concemns about our de-
clining overall competitiveness in technology-intensive, manufacturing-ori-
ented industries were being discussed.

The need for intcgration has many facets, and can be expressed in many
ways: the integration of engineering research and development, of design and
manufacturing; the closer interplay of universities and industry; the greater
exposure of engineering students to practical, hands-on, apprenticeship as-
pects of education. One parti~ularly important element identified is the need
for a new, crosscutting approach to complex engineering research problems—
often expressed by the key words cross-disciplinary, interdisciplinary, and
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PREFACE

multidisciplinary. The traditional disciplines alone are not always suited to
the complex nature of modem engineering discovery. Systems is another key
term, referring not just to systems engineering, but to the need for attention
to the sysiems aspects of the engireering enterprise and its products, and for
optimizing the overall process by considering every element, looking for trade-
offs, incorporating diverse kinds of expertise, taking the broadest possible
view.

These concerns had been latent—there, but not addressed. For one thing,
they were elusive, hard to define. There was no real knowledge base to support
any rigorous discussion cr definition of the problems or, for that matter, what
was at stake. The ideas seemed likely to challenge the structure and function
of the engineering rescarch establishment. Cross-disciplinary research and
university-industry partnership were concepts that augured major change with-
out any guarantee of commensurate return, But by the fall of 1983 the un-
Jercurrent of interest in this theme had reached a point of critical mass in the
minds of those concerned with the nation’s technological competitiveness.

So it was that the group in Dr. Keyworth's office began to discuss these
ideas with a sense of growing excitement. Dr. Low in particular catalyzed a
shared vision of the kind of engineering education that is needed if this kind
of integration were to be achieved in the universities and in industry. A second
meeting was arranged to discuss what might be done. As a result of that
meeting, the National Science Foundation (NSF) became involved with a new
agenda to create university-based cross-disciplinary research centers that would
be closely attuned to the perceived real engineering needs of the nation.

In December 1983 the NSF asked the National Acadenty of Engineering
to conduct a brief study of the engineering research center concept, aimed at
formulating guidelines for the centers’ mission, organization, operation, and
funding. The results of that study were transmitted in February 1984, and by
April 1984 the first NSF program announcement for the Engineering Research
Centers (ERCs) was issued.

The response was enormous: 142 proposals were received from more than
100 universities for research in a wide range of fields. After an exhaustive
review, awards for six Engineering Research Centers (involving a total of 8
universities) were announced in early April 1985. The papers presented here
were delivered at a symposium held later that month at the National Academy
of Sciences to introduce the new Centers to the engineering community at
large.

NSF's expressed purpose in supporting these Centers is to provide cross-
disciplinary research opportunities for faculty and students, to provide fun-
damental knowledge that will contribute to the solution of important national
problems, and to prepare engineering graduates who possess the diversity and
quality of education needed by U.S. industry. As Dr. Keyworth pointed out
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PREFACE vii

in remarks following his speech on the first day of the symposium, *“The
ERCs are the real gem of all the new programs that are receiving so much
emphasis in fundamenta)l research and the training of talent today. This *in-
stitute’ concept . . . is something that is long overdue in this country, and |
think it is going to become big.**

We concur wholeheartedly with that assessment. The ERCs are the right
step at the right time; they will inject into engineering new values and new
approaches that are sorely needed. It behooves all of those involved in the
engineering enterprise in the United States to ensure that this gem is highly
polished, and that the sparkle and promise of this new beginning are not
permitted to fade

Symposium Steering Group
SEYMOUR L. BLuM, Chairman
ROBERT R. Fossum

JAMES F. LARDNER
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Summary

The symposium titled ‘*The Engineering Research Centers: Factors
Affecting Their Thrusts’’ was held on April 29-30, 1985, under the
auspices of the National Research Council’'s Commission on Engineering
and Technical Systems (CETS). The two-day event drew riore than 400
representatives of academe, industry, and government to hear speakers
describe the Engineering Research Centers (ERCs), the concept behind
them, and their importance to the nation’s future. Discussion was en-
couraged, so the symposium became the forum for a lively interchange
of ideas about the Centers and, indeed, about the present and future status
of the engineering research and development enterprise in the United
States. (The discussion that followed each presentation is summarized in
this symposium volume immediately after each paper.)

The first session opened in the afternoon with a series of presentations
describing the national goals that the ERCs represent. George A. Keyworth
11, Science Adviser to the President and Director of the Office of Science
and Technology Policy, gave the keynote address. He and other Jeaders
in government discussed the relation of the Centers, and of engineering
research in general, to international industrial competitiveness. Mr. Erich
Bloch, Director of the National Science Foundation (NSF), described the
continuity that exists between science, engineering, and technology, and
which must be more widely accepted if the nation’s economy is to benefit
from a strong industrial competitiveness across a brcad front.

The next group of speakers spoke of the ERCs from the point of view
of the NSF—the concept behind them, their goals, selection criteria ap-
plied in the first round of awards, and mechanisms for support of the
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b current and future Centers. Symposium participants representing univer-

sities with an interest in hosting ERCs of their own were especially at-
tentive to this portion of the progra™; they asked a large number of
questions relating to the review process for future selection cycles.

The following morning the symposium reconvened to hear presentations
by each of the new Center directors of the programs they plan to introduce
to meet the Centers’ goals. The varied programs for research, education,
and industrial liaison were of central interest; these were impressive in
scope and in creative initiative. Tentative ideas regarding the establishment
of mechanisms for the exchange of information and technology among
the ERCs and their respective research communities were also presented.
Because the educational function of the Centers is as important as their
research function, a view of the relationship between these two functions
in the context of modern engineering was expressed by the chairman of
; a National Research Council committee that had just concluded a study
of the subject.

The final session of the symposium entailed a look at the future of U.S.
industry and engineering from the standpoint of challenges that will have
to be met and expectations that the ERCs will be cailed on to fulfill.
Speakers outlined the roles that the Centers can play in aiding and stim-
ulating mature industries (e.g., the automotive industry), growth industries
(e.g., electronics and computers), and emerging inuustries (such as bio-
technology). They stressed that this bold new approach to engineering
research and education carries with it a range of new responsibilities not
only for academe, but—ijust as important-—for industry and government.
Each of these traditionally separate sectors will be challenged to cooperate
in the nurturing and support of the ERCs, a fact which the final group of
speakers emphasized.

The predominant message that emerged fron the symposium is that this
is the beginning of a new era, in terms of world technological and economic
dynamics and in terms of the roles of engineering practice and research.
TheERCsamanmgd\eﬁmdelibemteresponsesmenaﬁonhasmade
to that changing environment: new engmeenng institutions designed for
the new era. The goal of the program is “‘to develop fundamenal knowl-
edge in engineering fields that will enhance the international competi-
tiveness of U.S. industry and prepare engineers to contribute more effectively
through better engineering practice.’’ The explicitly economic and prac-
tical nature of that goal is in itself a novel feature, and one that is likely
to be seen more and more often in the future.

The 6 ERCs introduced at the symposium are only the first contingent
of what the NSF expects eventually to grow to some 20 Centers, each
with an average annual budget of $2-$5 million. And, as was noted by
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both Erich Bloch and George Keyworth, other agencies of government
besides the NSI” are interested in pursuing the ERC concept. George
Keyworth expressed his belief that the ERCs might well come to represent
*‘something on the order of 10 percent of the entire National Science
Foundation budget in a very short peno of time.’’ Given the likely
participation of other agencies, he pointed out, the total number of such
centers could very quickly exceed the anticipated 20.

The existence of a large number of Centers, focusing on different areas
of engineering research, will require a broad base of support. In the case
of the ERCs, NSF support is not envisioned as permanent, but as start-
up funding. The awards will be made as continuing grants for an initial
duration of five years. During that time the Centers are expected to have
established a strong network of relationships with industry, and to have
obtained substantial industrial support. In this way, where feasible, the
Centers should eventually become self-sufficient, requiring no further NSF

Such a goal clearly places several requirements upon the ERCs. First,
they must be sure to establish the kind of industrial liaison programs that
will lead to continuous and mutually beneficial interactions. The plans
and programs described by the six Center directors are a good start in this
direction.

Second, the ERCs must produce high-quality research, the results of
which are useful to industry without being too near-term in focus. As
Roland W. Schmitt characterized the Centers, they will bridge the gap
between the generation of knowledge and its application to the market-
place. “‘From industry . . . should flow . . . the barrier problems tuat
practice is running up against. From universities . . . should flow the
knowledge and talent needed to overcome the fundamental problems."”
To that end Susan Hackwood, Director of the new Center for Robotic
Systems in Microelectronics at the University of California at Santa Bar-
bara, envisions a procedure in which researchers at the Center will *‘go
from the specific to the general, doing applications first and gaining fun-
damental knowledge later.”’

Third, the ERCs must attain self-sufficiency by performing their edu-
cational function well. If they can attract top students, both graduate and
undergraduate, and inculcate in them a broad understanding of what is
needed to bring sophisticated products all the way from the laboratory to
market, the graduates of the Centers will become a most effective form
of advertisement for the cross-disciplinary ERC approach to research.

What can industry do, for its part, to ensure the success of the ERCs?
As James Lardner of Deere and Company puts it, industry must:

e help identify and define manufacturing research needs that offer in-
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4 SUMMARY

tellectual challenges to the academic community that are commensurate
with established research activities;

e make available selected, experienced industry representatives to sup-
port research projects;

® be willing to provide constructive input for program evaluation and
to make recommendations to enhance the value of the research findings
. . - the Centers produce;

® recognize, hire, and reward the graduates of the Centers, offering
opportunities commensurate with their potential.

A basic requirement is for industry to be aware of the activities o: the
Centers. Participation in the exchange networks described by NSF’s Carl
Hall would be a simple and effective means to maintain such an awareness.
In general, industry managers can help the ERCs attain their goals by
being open to the opportunity they represent—that is, by avoiding the
pressure for near-term results, by not being restrictive in the approach to
joint research and the publication of results, and by taking advantage of
the continuing educational possibilities they will afford.

Perhaps the greatest adjustment will be required by universities that
host the ERCs. As Semiconductor Research Corporation president Larry
Sumney noted, universities are structured around discipline-oriented de-
partments, The cross-disciplinary environment of the Centers runs counter
to this traditional structure, and the effect on a faculty member’s status
and career can be severe if the ERC is not accepted and integrated within
the university’s culture. H. Guyford Stever emphasized the need for changes
in this *‘campus sociology’” if the ERCs are not to be rendered vulnerable,
Strong commitment on the part of university administrators, faculty, and
graduate students alike will be essential. To achieve that degree of com-
mitment the universities will have to become sensitive to the nation’s
economic and competitive needs, and recognize that engineering is the
key to fulfilling those needs.

Government also has major responsibilities in this regard, as outlined
by Nam Suh, Assistant Director for Engineering at the NSF. Apart from
its role as the investment organization, or catalyst, the NSF is also the
enabling agent that will help the ERCs overcome problems and achieve
their goals. It will also be the NSF's responsibility to secure the continuing
support of the Congress and other government entities for the ERCs and
the concept they represent. In addition, the NSF plans to encourage state
governments to provide joint or independent funding for ERCs or similar
research organizations. Nam Suh notes, however, that *‘in the final 2nal-
ysis no government can be greater than the people it represents,”’ so the
willing support of the engineering community in academe and industry
will be the real key to the continuing support of the ERCs.
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What is the likely outcome if the ERCs are successful? What advances
or changes ~e we likely to see in research, in engineering educetion,
and—perhaps most crucial-—in the health of our industries? Several speak-
ers gave their views, their visions, of what the results might be. Nam Suh
hopes that the ERCs ‘‘will come up with concepts and ideas that, 20 years
from now, can change the way we live, the way we function, and the
way we produce goods.’’ He believes that the ERCs have the putential
to create for engineering a climate of discovery similar to that which
appeared in physics at universities throughout Western Europe in the early
part of this century—an *‘exciting cultural environment which will create
new intellectual frontiers and many important breakthroughs.’’

The changes in engineering education are likely to be substantial for
participating students. Roland Schmitt pointed out that it has been difficult
for a student to acquire both the needed scientific knowledge and the
apprenticeship aspects of education. Unlike education in the sciences, it
is rare for engineering graduate students to be trained in the type of facilities
they will encounter in industry. And engineering is the only profession
in which teachers are not, by and large, experienced practitioners. Jerrier
Haddad believes that the ERCs will go a long way toward changing this
situation. For one thing, the closer contact of academic researchers with
industry problems and methods will make them better teachers. More
fundamentally, however, participation of students in ERC research pro-
grams will be a form of intening. It will introduce the missing element
of practice, conferring practical values, greater interest in the work, and
stronger personal development as well.

Clearly the real focus of the ERC concept, from the standpoint of both
research and education, is the improvement of our national industrial
competitiveness. If the ERCs can provide a strong link between academe
and industry, research and development, education and practice, they can
vastly improve the effectiveness with which we apply our rich national
resources of knowledge and talent. If they can bridge the traditional en-
gineering disciplines they can be the catalyst for a needed reshaping of
research approaches and values, in universities as well as in industrial
manufacturing practices. As George Keyworth observed in his keynote
address, **This removal of barriers lies at the heart of the new Engineering
Research Centers.*’ It will be necessary that everyone—those in academe,
in industry, and in government—understand why those barriers must come
down, and that all work with a will to help the ERCs succeed.




Introduction

H. GUYFORD STEVER

This symposium marked the beginning of a brave new venture in Amer-
ican technological enterprise. For those who have participated in their
making, the Engh.-ering Research Centers have been eagerly awaited.
For a few dedicated individuals who long ago saw the need for a new
approach to engineering research, education, and practice, this is a venture
that has been long in the making.

Some 300 members of the engineering community attended the sym-
posium to share the excitement of the ideas embodied in the Engineering
Research Centers (ERCs). In their papers leaders of the business and
academic communities and leaders in government describe the difference
that this new concept will make, the opportunity that the Centers present.
They describe the roots of the ERC concept and program, the effort,
energy, and ideas that went into their creation. The directors of the new
Centers and others discuss their plans for making the Centers strong and
successful. We read of challenges that the future will present to U.S,
industry, as well as to the Centers themselves. And we are confronted,
in turn, with the challenges that the Centers present to industry, academe,
and government if they are to become an effective instrument for keeping
the nation technologically strong and vibrant in the uncertain years ahead.

As a broader audience now begins to share in the excitement of this
venture we should not lose sight of what we are about. In some ways we
are attempting through the ERC's to change the system, to push engineering
research and education over a threshold into a new way of doing things.
So it is extremely important that we get it right from the beginning, and
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that our purposes, goals, and expectations with regard to the ERCs be
clear. The symposium was indeed a debut, and this volume is its official
announcement. I hope that all who read these papers will be charged with
hope, eagerness, and a sense of responsibility for the commitment to the
success of the Engineering Research Centers which we must all share.
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Improving the U.S. Position
in lnternational Industrial
Competitiveness

GEORGE A. KEYWORTH 11

People who have heard me speak on the subject of the National Science
Foundation’s Engineering Research Centers program know how strong
iy commitment to the concept is, and how much I look forward to the
tesiing of the concept that is beginning now. The people connected with
the fivst six Centers are to be congratulated. The good news is that they
have survived what may have been the toughest grant competition in the
NSF’shistory.'Ihebadmwsisﬂmtmeynowhavetodoallmosemings
they pronused in the proposals. Actually, I would be disappointed if their
new experiences didn't force them to diverge from those plans very quickly,
becmr.edmyareu'avelingwherenoonehasgmebefm.mymuymg
to zdapt institutions steeped in tradition to rapid changes in the world of
science and technology and in the way those changes are transferred to
industry. They are going to have to learsn—and teach the rest of us—as
taey progress.

As someone with a deep interest in the Engineering Research Centers
(ERCs), I will try to describe the Centers in the broader context of Amer-
ican industrial competitiveness and of the kinds of resources we have to
mobilize to be successful. To set the stage, 1 want to share a recent
experience. The occasion was a conference of delegations from two dozen
economically advanced nations who were invited to Venice by the ltalian
prime minister to discuss the relationship between technology and em-
ploymem.Theevemwassp\medinpanbymegmwingdivergencebe-
tween the economies of Europe and those of countries, like the United
States and Japan, that have been aggressive in taking advantage of new
technologies. The European nations have struggled just to maintain the
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12 IMPROVING THE U.S. POSITION

same number of jobs for nearly 15 years. During that same time in the
United States we have created 26 million new jobs. Not surprisingly, then,
most of Europe today is faced with massive unemployment, with problems
so severe that some countries now talk about entire generations of young
people who will never find jobs.

One would have expected the European nations to be curious, if not
eager, to learn from dynamic economies elsewhere. Yet I came away from
that conference very disturbed by what I interpreted as an ingrained re-
sistance to change among many of the European leaders who were there.
I was amazed at the number of European officials who proposed that the
way to create jobs was to shorten the workweek so that four people might
be able to do the work of three. That’s hardly what I would call innovation.
Others insisted that their high priorities were to provide either what they
called **humane’’ employment, accommodating the life-styles to which
the workers have become accustomed, or guaranteed financial support for
a comfortable life of unemployment. While they all seem to understand
the need to use technology to develop new industries and modemize old
ones, when it came to considering actions many of them saw technology
as a threat rather than an opportunity. In the true *‘Europessimist’’ sense,
they could see only the possibility of jobs being eliminated by new tech-
nology and productivity improvements, never the jobs that would be cre-
ated. Not surprisingly, one of my favorite words, *‘competitiveness,’’
rarely crept into the discussion; it was as if competition simply were not
an element of the industrial world.

As we know, competitiveness is a key word where economies are
growing. One of the points | tried to make at the conference was that
neither world nor domestic trade is a zero-sum game. Technological ad-
vances, by increasing the productivity of both labor and resources, create
and enlarge markets. In other words, it is not simply a matter of cutting
the pie differently; technological advances can make the pie larger. To
illustrate this point I cited the example of the personal computer. Just four
years ago the market for personal computers was still fairly small. Since
then IBM has entered the market, and IBM alone will sell almost $7 billion
in personal computers worldwide this year. Yet more than half the parts
in the IBM PC are manufactured in other countries and imported to the
United States. So in spite of how unexceptional those transactions may
appear in light of trade balances, all the countries whose industries are
involved in the new enterprise benefit from expanded employment.

1 may not have made many new friends when I pointed out to the
Europeans that it Jooks odd for them, with their strong industrial, tech-
nological, and educational bases, to be wringing their hands in dismay
while at the same time newly industrializing nations, especially in the Far
East, are building new technology infrastructures from scratch and be-
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coming formidable competitors in carefully chosen uiches of the world's
industrial market. Considering these emerging industries, such as Korean
steel, Taiwanese electronics, and Indonesian aircraft, it is beyond me how
already well-established European (or American) industries, with their
expestise and experience, can argue that they operate at a competitive
disadvantage. This is the argument we would expect from countries trying
to break into a market strongly dominated by established industrial nations.

The lesson I would draw from these observations is that the most
important determinant of industrial success these days is a willingness to
grasp the opportunities offered by changing technology. I would add that
even strong national R&D commitments, as necessary as they are, must
still be supplemented by competitive spirit.

lwmﬂdhavebeenevenmo:edepmssedatmeeonmbetweenl’.m'ope
and United States in 1985 if I had not reminded myself that societies can
beemeenergizedwiﬂ:adesiretochangeandtoeompete. In the United
States we have certainly responded positively to the industrial and tech-
nological challenges of the past generation. Admittedly, at the start of this
decade we suffered some confusion over the nature of our new compe-
tition. Our experience of relatively easy market domination in the past
had not prepared us for our new role.

This experience, I’m convinced, will also be positive in the long run,
because it is forcing us to reexamine and reaffirm the principles of our
economy, and it is forcing us to recognize how much we had dulled our
initiative by taking our industrial strengths for granted. Today we not only
have a more realistic view of our competition; we also have a more realistic
view of our significant capacity to compete. To the extent that one can
characterize a national mood, 1 would say that the American people and
American industry are more optimistic today than they’ve been in years,
and that they are looking forward to a healthy economic future.

One example is worth sharing. In March 1985, at a small Junch that
President Reagan had with some leaders of American high technology,
one of the guests reached into his pocket and pulled out a wafer just of.
& new manufacturing production line for 1-megabit RAM chips. In dis-
playing the chip this guest was making two points. First, he reminded us
that only four years ago many people were ready to dismiss American
manufacturing of RAM chips because the Japanese had presumably cap-
tured the future markets with their then-advanced 54K RAMs. The guest
wanted to remind us that listening to pessimisis can be very bad business
practice. Fortunately, his company and others had confidence in their
abilities and, clearly, had bounced back.

This man was also pointing out the tremendous rate of growth in one
particular kind of microelectronics technology. In less than a decade we
went from 2 kilobits to 1 megabit. The 4-megabit chip isn’t far over the
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horizon, and I expect to see a 64-megabit chip within my own working
lifetime. However, I don't think there is aryone who knows how we are
going to use memory devices of that incredible capacity. In fact, the big
chips that industry is producing are already stimulating us to rethink the
ways we process and use information, leading us right back to basic
research. As a result of these industrial advances, we arz now investigating
entirely new kinds of computing and data-processing technologies. Aca-
demic researchers are alresdy beginning to explore the new computer
architectures, software, and mathematics that these industrial advances
point to. Today’s computer, which has been evolving for four decades,
may become a thing of the past. Meanwhile, the rate of change in these
areas is breaking down traditional barriers between industry and basic
research laboratories—barriers that have impeded progress for too long.
This removal of barriers lies at the heart of the new Engineering Research
Centers.

A few months ago the President’s Commission on Industrial Compet-
itiveness completed its 18-month-long analysis of what we have to do as
a nation to enable our industries to compete effectively in world markets.
One of the points I found especially interesting was the conclusion by this
group, which was composed primarily of industrial leaders, that the United
States has only two competitive advantages in today’s int-'rnational market
of low-cost labor, overvalued dollars, high interest rates, and byzantine
trade regulations. Those two advantages are our scientific and technical
knowledge base and our talent base.

While the conclusion that knowledge and talent are important American
industrial advantages is hardly surprising, 1 think that all of us on the
Commission were surprised to find that they were of such paramount
importance. As a consequence, one of the Commission’s major conclu-
sions was to endorse the strong and increasing commitment to R&D over
the past five years by both industry and the federal government; in addition,
the Commission urged creation of *‘a solid foundation of science and
technology that is relevant to commercial uses.”’

This sounds very much like the point of the Engineering Research
Centers. The ERCs may be a preview of new mechanisms to take advan-
tage of the changing relationships between the laboratory and the factory.
Over the next few years the ERCs will be helping us to leam a lot about
how to improve something we have never paid too much attention to
before: the ways universities and industry can cooperate—~not just to speed
the flow of new knowledge into applications, although that is a major
objective, but also to encourage universities to take advantage of industrial
expertise in thinking about academic research directions and educational
objectives.
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Over the past few years many people have concluded that notwithstand-
ing the remarkable successes of American universities in advancing know!-
edge in science, their structure is not as well suited to the challenges posed
by today's industrial opportunities. The ..arrow approach to research, in
which studies are generally confined to highly specialized subdisciplines,
needs to be joined with broader perspectives.

The overwhelming response of the universities themselves to this new
program—there were proposals from virtually every engineering and re-
search university in the country——reveals what 1 can only interpret as
tremendous enthusiasm for breaking out of some of the old molds of
education and research, an impression intensified by my observation of
the many people present at the symposium. The establishment of what
are in effect campus institutes where academic and industrial scientists
and engineers can work together on the kinds of technical problems now
being gererated by modern industry may mark a new path for science and
engineering education and research. One of the most important products
of the ERCs will be the students, who will emerge with the broad technical
skills that will be needed in ton orrow’s industrial world.

To industrial representatives interested in the Centers 1 can offer as-
surances, on behalf of the President and his budget advisers, that they
wil] be weicomed as financial partners in this enterprise. But in all seri-
ousness, what is far more important is the enthusiasm of industrialists,
their participation, 2 -1 their commitment to having an impact on how
these Centers evolve.

To appreciate why this is important we should consider the origins of
the Centers. The idea surfaced in a presentation to my office on the subject
of computers in design and manufacturing, made by the Committee on
Science, Engineering, and Public Policy (COSEPUP).* The presentation
brought home to all of us how radically the role of the engineer will change
in light of the tremendous information-processing capabilities that are
emerging, such as that 1-megabit RAM chip. We realized, too, that the
example of information technology, while perhaps the best known, was
only one of many rapidly changing fields that will change e1ngineering.

After that presentation we were convinced that we should be doing more
to help integrate engineering practice and training with these new areas
of technology and science, and that our future industrial successes were
going to depend on the availability of different kinds of engineers than
those who had been successful in the past. We turned to the National
Academy of Engineering (NAE), which quickly assembled a group to

*COSEPUP is a joint committee of the National Academies of Sciences and Engineering and
the Institute of Medicine.
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suggest new mechanisms through which the National Science Foundation
and universities could respond. In both the COSEPUP panel and the NAE
group engineers from industry were full and eager participants. The pro-
gram that emerged has been strongly influenced by industry, so the Centers
should be prepared for fruitful interactions there.

This program is a superb example of what we can do together. Some
of the general goals guiding government actions to capitalize on our knowl-
edge and talent can be briefly summarized.

First, over the past four years our government has reversed its priorities
in order to support the generation of knowledge and talent, rather than
the development of specific technologies. Government does not have the
ability to guide the development of competitive new industrial technolo-
gies. It simply cannot respond rapidly enough to change. Industry itself
is far better prepared to make the necessary decisions, and also to make
the necessary investments in new technulogies to meet demands. On the
other hand, support for basic research and for training students is properly
the government’s responsibility, because both those efforts build the
knowledge and talent base.

In 1981 technology development claimed the largest fraction of U.S.
government support for research and development, while support for basic
research had the smallest fraction. By 1984 those priorities had been
reversed—the result of a ncarly 60 percent rise in government funding
for basic research from 1981 to 1985. Even though federal budgets have
been tightly constrained, we never considered it a Juxury to allocate re-
sources to such fields as mathematics, physics, chemistry, engineering,
and the biological sciences. These investments in pioneering research will
lead to tomorrow's new technologies and to tomorrow’s economic strength.

Second, we believe government has a responsibility to help universities
create the environment needed to be in the forefront of basic research and
the education of new technical talent. Our chalienge today, reflected in
the new Engineering Research Centers, is to sustain creativity and inno-
vation while reducing the barriers between the pursuit of knowledge and
the pursuit of productivity.

One major step we have taken to meet this challenge has been to provide
such large increases in government support for basic research in univer-
sities. We have also increased funding to replace outdated research equip-
ment, improved the access of university researchers and their students to
supercomputers, and, together with industry, created special programs to
attract the best young engineers and scientists to teaching and research
careers in universities.

I have already discussed government’s third major responsibility: find-
ing better ways to stimulate the flow of ideas, expertise, and people among
our extensive government research laboratories, the universities, and in-
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dustry. Arrangements like the ERCs are good examples of how we can
do that.

Finally, the fourth goal of government for science and technology is to
be more alert to emerging technological opportunities and to make sure
that we develop the best knowledge and talent base for industry to draw
on. In the past our government has not always paid sufficient attention to
the opportunities for doing this, and some opportunities have been lost.
Lost opportunities in today’s highly competitive world can be very ex-
pensive. For example, over the years our federal govenment has spent
billions of dollars on the molecular biology that made possible today's
biotechnology industry. But by focusing so intently on medical apphca-
tions we may be failing to develop similarly far-reaching apphcatxons in
agriculture, andevenmmanufacnmng In the United States, as in many
other countries, there is a real danger of letting other, assume industrial
leadership in profitable new fields of technology, even though we have a
bead start through immense investments in the research which has estab-
lished those fields.

Retumning to my earlier anecdote, I wish I could have transported my
fellow delegates from Venice to the ERC symposium. I think they would
have seen and appreciated the kinds of attitudes and kinds of steps one
has to take to create an atmosphere for industrial competition and for
economic growth,

A second anecdote, which may be well known, is nevertheless worth
repeating. Recently David Packard, a man I consider to be one of our
great Americans, observed to me that there are some very close parallels
between success in industry and success in professional sports. He said
that three factors determine these successes. One is the technical skills of
individuals. Nevertheless, basic skills are essentially evenly distributed
among teams, as they are among competing companies. So the other two
factors make the difference in the outcome of competition. One is the
individuals’ zeal to win, and the other is how well they work together as
a team. Few people have shown more successfully than he how those
traits can be mobilized in industry, so I'm inclined to take his observation
seriously. Happily, in the past few years we have seen a strong rejuvenation
of that zeal to win in America, a reaction to the international pressures
that we have felt on all sides.

My object in relating this story is to reinforce two points. First, we
cannot play the industrial game unless we have the technical skills and
the zeal to surpass our competitors, andthatbnngsusbackagamtotlw
need for a strong basic research environment, the spawning ground for
ideas and talent. Second, we need better teamwork. We need to continue
building cooperation and broad support for science and technology not
just between the administration and the Congress, but between academia
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and industry too—with all accepting responsibility for making sure we

We have an exciting opportunity before us in the Engineering Research
Centers. I want to put on record my strong support for what is being
attempted. I hope to have opportunities over the next few years to follow
their progress and celebrate their success.

DISCUSSION

A number of symposium participants from universities and industry
asked questions relating to international competitiveness and the role of
the ERCs. Regarding the intensification and expansion of Japan’s activity
in the semiconductor field, Dr. Keyworth expressed optimism about the
future of American industry. Far from ignoring Japanese competition, he
said, *‘America is rising to the competition in a very powerful and vital
manuer."* Although capital costs and other factors will remain troublesome
for the United States, technology and talent are two areas where we
cortinue to lead. With regard to the obstructive business practices and
attitudes toward R&D and competitiveness that prevail among many of
our European allies, Dr. Keyworth was confident that the situation in the
United States is much healthier. In particular, he noted that the extent and
scope of the public debate on these issues is valuable and reassuring.

One questioner drew a comparison between the ERCs and the national
laboratories. Dr. Keyworth pointed out that while the similarities are
strong, the national laboratories have been concerned with meeting gov-
emment requirements. He observed that the educational function of the
ERCs and their location at universities gives them a different and perhaps
more fundamental role.

Asked to project future funding levels and numbers of ERCs, Dr. Key-
worth made several notable comments. He predicted that the current budget
appropriation (for FY 1986) will be the difficult one for the ERCs to
weather, but that beyond that *‘we are going to see monumental growth
in them . . . we will be seeing units that exceed doubling for some time
to come.’’ Based on the demand for such Centers, as evidenced by the
number and quality of proposals, Dr. Keyworth said he **would be very
surprised if we didn’t see the Engineering Research Centers become some-
thing on the order of 10 percent of the National Science Foundation
[budget) in a very short period of time.’* He expressed his belief that the
concept of a joint university-industry multidisciplinary research institute
is long overdue, and that it will spread beyond the NSF to other agencies.
Thus, he said, ‘‘I refuse to accept 20 [Centers] as any kind of a top.”
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Engineering Research and
International Competitiveness

ROLAND W. SCHMITT

I believe that the main way in which engineering research and education
can contribute to the international competitive position of the United States
is by bridging and shortening the gap between the generation of knowledge
and its application in the marketplace.

Today fundamental scientific knowledge is one of our most effective
forms of foreign aid. Unfortunately, it happens to be foreign aid for our
rivals—most notably the Japanese. They appreciate our research efforts
so much that their industries spend two-and-a-half times as much money
funding university and nonprofit research laboratories outside their na-
tion—mainly in the United States—as they spend on such laboratories
within their own country. And Japan pays us nearly a billion dollars more
for patent licenses and other forms of technology import than we pay
them. That favorable balance of trade in ir *llectual property more than
doubled in the 1970s, the decade when all iner balance-of-payment fig-
ures with Japan were moving in the opposite direction.

Those numbers challenge an assumption that many of us make auto-
matically, which is that the answer to the problem of intemnational com-
petitiveness is to do more and more of our own research. But Japan's
experience shows that it is possible to succeed in international technolog-
ical competition while relying on others for fundamental knowledge and
for really new ideas.

Obviously the Japanese example should not cause us to rush off and
blindly imitate their methods. But it should cause us to question our
accepted ideas about the relation of research to international competitive
strength. That questioning could have a variety of outcomes.
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20 ENGINEERING RESEARCH AND INTERNATIONAL COMPETITIVENESS

One might be to conclude that we are doing the right kinds of basic
research, but that we are making it too easy for our international rivals
to get their hands on the results, The cure would be to put controls on
the movement of our basic research results across international boundaries.
Such a policy would be shortsighted. Any conceivable method of slowing
down the flow of fundamental ideas to our competitors would severely
damage our own creativity.

A second possible conclusion could be reached through reexamining
the link between research and intemnational competitiveness: our govern-
ment might be overinvesting in basic research and underinvesting in ap-
plied research. The cure might be to shift the focus of our national research
effort further in the direction of government-funded applied research and
away from fundamental research. I believe this also would be shortsighted.
Government must not turn from the appropriate job it does well—sup-
porting basic research—to an inappropriate one it does poorly: trying to
anticipate markets in areas where it is neither a consumer nor a producer.

ENGINEERING RESEARCH PROVIDES THE MISSING LINK

An understanding of the link between research and international com-
petitiveness leads instead to a third conclusion. We must build on, rather
than abandon, one of our greatest strengths—our fundamental research
capability. But we also must ensure that it is our nation, not another, that
receives most of the benefit from that strength. How can we do this? First
and foremost, we must put our own fundamental advances to use more
quickly than others do. We have to increase our effort in the kind of
reserch that bridges the gap between fundamental scientific research and
application. That kind of research is engineering research.

The point can be illustrated with a story. It begins in the 1880s with
two German physicists, Julius Elster and Hans Geitel, who were studying
electrical conduction in gases near heated solids and flames. They dis-
covered that if they enclosed the gas and two metal electrodes in a glass
bulb and heated one electrode, an electric current would flow in one
direction, but not in the other. They had made one of the first electronic
devices, a vacuum-tube rectifier. Yet nothing came of their discovery.

One might ascribe that failure to the fact that Elster and Geitel were
pure physicists, uninterested in applications. However, at about the same
time the same effect was discovered by a man no one could accuse of
being uninterested in applications—Thomas Alva Edison. Edison secured
a patent on une application of the effect, but it proved to be of little
practical value and he dropped it.

Two decades later, in 1904, a British university engineer named Am-
brose Fleming took up consulting work for the Marconi Company on the
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detection of radio signals. That problem inspired him to undertake some
basic engineering research on the old idea of Elster and Geitel and Edison.
He succeeded in using the device as a radio detector, and modem elec-
tronics was born. Furthermore, because of his ties with the Marconi Com-
pany the British were able to take advantage of the technology before
anyone else did. It helped them dominate early twentieth-century radio
and electronics.

Fleming was an engineer who did neither pure science nor pure engi-
neering. He did engineering research. He was a man who knew science,
but aimed to use it for a practical end. He took on engineering problems,
bt from the standpoint of developing generic knowledge and capabilities
essential to solving those problems rather than developing products or
processes. He worked in a university, but he shaped his research according
to the problems brought to him by industry. He was not an intellectual
pioneer like Faraday, a great experimenter like Rutherford, or a great
theoretician like Dirac. But he was the right man with the right set of
talents at the right time. I suggest that if England had excelled in producing
and providing the right environment for many more research engineers
like Fleming, just as it excelled in providing the right environment for
the very few capable of reaching the heights of Faraday, Rutherford, and
Dirac, the economic history of England in the twentieth century might
have turned out very differently than it has.

Fleming is not an isolated example. 1 could equally well have chosen
other engineering researchers—some operating in universities, some in
industry, and some in government—such as Charles Steinmetz, W. L.
R. Emmet, Benjamin Garver Lamme, Robert Watson-Watt, Frank Whit-
tle, George Campbell, Vladimir Ipatieff, Nikola Tesla, Eugene Houdry,
Warren Lewis, Gabriel Kron, Claude Shannon, Karl Bosch, and many,
many more.

A Neglected Element of the Technology Development Process

The names on that list are not household words. And that is precisely
the point. Engineering researchers tend to be overlooked. Our national
science and technology policies are not designed with them in mind. Those
policies do a good job of supporting fundamental science. Our industries
do a good job of supporting engineers. And our entrepreneurs and venture
capitalists do 2 good job of providing resources for inventors. But in the
past little was done to support the work of engineering researchers in any
formal way, even though they proved themselves to be enormously val-
uable assets in international technologial and economic competition—as
Steinmetz, Emmet, Kron, Lamme, and Tesla were in the electrical in-
dustries, as Campbell and Shannon were in communications, as Watson-

31

¥
Jh:/ .
. EET L



F‘“,%r;é
ok
,§ 2 ENGINEERING RESEARCH AND INTERNATIONAL COMPETITIVENESS .
3 Watt and Whittle were in the aerospave field, and as Ipatieff, Houdry,
% Lewis, and Bosch were in chemistry. These peopie turned the practical
= problems of industry into exciting research challenges. They ignored dis-
£ ciplinary boundaries and focused instead on needs and on results; and they
5 embedded their research in the process of innovation, rather than producing
§ disembodied knowledge. Those are the hallmarks of productive engi-
= neering research.
?5 The people I've named may now be history. Bu_t the role they played
is more important today than ever before. That middle ground they oc-
g cupied between science and engineering—the region where the leading
edge of research meets the cutting edge of application-—is rapidly becom-
5 ing the key battleground of international economic competition. The battles

over computer-integrated manufacturing, very large scale integrated cir-
cuits, communications systems, advanced engineering materials, artificial
intelligence, biotechnology, supercomputers, software, and many other
fields are just beginning. It is in just those fields that we will need the
particular strengths of engineering researchers.

This conclusion is echoed time and again in studies by the Committee
on Science, Engineering, and Public Policy (COSEPUP).* In the field of
computer-integrated manufacturing, for example, the committee found
U.S. efforts hampered by a pervasive lack of knowledge in such areas as
geometric modeling and analysis, human-computer interfaces, and knowl-
edge-based and expert systems. It concluded that ‘‘universities have been
reluctant to grapple with the larger problems of integration,’’ and called
for universities to ‘‘educate a new breed of engineers who thoroughly
understand all aspects of computer-integrated manufacturing.’’ In the field
of ceramics and composites it found that we need knowledge of structure-
property relations, failure mechanisms, and design principles—knowledge
that will require collaboration among mechanical engineers, chemical en-
gineers, chemists, physicists, and materials scientists. In agriculture,
maintaining American leadership will require the collaboration of agron-
omists and molecular geneticists. In biotechnology, the committee found
that we need *‘a knowledge base in process engineering that combines the
skills of the hiologist and the chemical engineer.””

Missing Elements in the Education of Engineering Researchers

We need more engineering research, and we need more engineering
graduates who understand how to do engineering research. We need to
put them to work in those areas where economic competitiveness is at
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stake; and we need to make sure that the knowledge they generate and
ﬂnglﬂdmeeﬂnypmvidepe:meatemewholeengineeringeommity,
notjusthemcheommmityalone.Weneedwiderandsﬁmgerbﬁdgm
buweenﬂnepeopledoingenmeeﬁngmindusu-yandﬁwpeopleteaching
engineering and doing research in universities.

In the past we have not, as a nation, paid enough attention to those
buidges.mpeopkonmyearﬁerﬁstdidnotbeeomengineeﬁngm-
searchers because of any role played by the govemnment. Some did so
because they could not find any other job; one did so in the course of a
hitchhikingandwalkinguipmundthewoﬂd;mwasasocialistmaping
the persecution of a nationalist government; another was a nationalist
escaping the persecution of a socialist government; one initially could not
ﬁniaplaceoneitlmmeengineeringormescienﬁﬁcmffsofamajo;
corporation, and created his own role.

WMWasminmoseclassiccamissﬁnuuetoday.Fewengineeﬁng
mmhasmexgedh'ecﬂyﬁomthegmduatescbools.lnsomewaysthey
resemble the religious sect known as Shakers. Like the Shakers, who were
mowanmﬁnefumiMeandformeinvenﬁonofmecimularsaw. cut
nails, flat brooms, and metal pen points, engineering researchers can also
claim admiration for their good works. Unfortunately, the Shakers thought
natural propagation a sin, and relied on conversion alone to replenish their
ranks. As a result, there are not many Shakers around today.

Engineering researchers also fail to replicate their kind. However, with
themitisnotamatterofmomlitybutamatterofoppommityandincli-
nation. It often takes years of experience at other jobs in science or in
conventionalengmeeringmnunapersonimoanengineeringresearcher.
By that time he or she rarely has the opportunity or the inclination to train
the next generation. Members of each generation typically are trained in
a conventional engineering program, which gives them the appropriate
apprenticeship for a career in engineering but not the appropriate knowl-
edgeforacareerinengineeringmsearch.Orelsetheymu'ainedina
scienupmgram,whichgivesﬂwmmesppmpﬁateknowledgeforremmh
but not the appropriate apprenticeship for making use of that research in
the solution of practical problems. It is rare for a graduate student headed
for a career in engineering research to be exposed in graduate school to
a replica of the working conditions or professional relations that he or she
will later encounter. This situation sharply contrasts with that of scientists,
who are trained in the kind of laboratories in which they will later work.

THE ENGINEERING RESEARCH CENTERS: BRIDGING GAPS

As a result of these missing educational elements there is a gap between
the generation of knowledge and the application of knowledge. And there
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is a gap between the apprenticeship of potential engineering researchers
and the role they will eventually fill. The Engineering Research Centers
have been designed to bridge those gaps. However, the notion of bridge-
building should not be interpreted in too limited a way. The principal
features of the Centers are often described as (1) industrial support,
(2) interdisciplinary scope, and (3) research aimed at utility. Those de-
scriptions are correct, but they are too narrow. They miss the essence.

Bridging Gaps Between Universities and Industry

First, the bridge established between universities and industry should
carry much more than money. As one university president put it, ‘‘Don’t
just send us your money; send us your people who understand the critical
problems. Just sending money is not enough.”’

Sending problems does not mean sending applied research problems.
The idea is not to create Centers that are, in effect, job shops for industry.
The research at the Centers should be fundamental research in the areas
of engineering practice being taken on by industry——that is to say, its aim
is not building robots for factories, but generating new understanding of
the fundamentals of robotic vision, touch, and control; not programming
expert systems for use in diagnostics or repair, but generating new un-
derstanding of knowledge representation, search and logic programming
techniques, heuristics, analogies, causality, and the other fundamentals
of artificial intelligence; not building biotechnology production facilities,
but developing unit operations concepts for biological processes.

The goal of industry-university interaction should be the establishment
of a two-way flow of information. From industry to universities should
flow an understanding of the barrier problems that practice is running up
against. From universities to industry should flow the knowledge and talent
needed to overcome the fundamental problems. The main point is not to
drive universities away from fundamental research, but to orient them
toward the areas of fundamental research that are most needed by industry.

Bridging Gaps Among Engineering Disciplines

Another important feature of the Engineering Research Centers is their
cross-disciplinary nature. But here again one should not take a narrow
view, This is not just another interdisciplinary program; such programs
more often than not simply connote a collection of specialists in different
disciplines sharing office space or secretarial services. We need organi-
zations whose shape is dictated by the problem to be solved or the type
of result needed, rather than by the disciplines involved.
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I am under no illusions about the difficulty that this entails. What we
are really talking about is a clash of cultures: the problem-solving culture
of engineering practice versus the disciplinary culture of engineering sci-
ence. me:ewﬂlbcmsistancetochmgeandsuspicionofchange,justas
there always is whenever cultures clash. .

However, in my view such an interaction of cultures does not weaken
the disciplinary base; on the contrary, it strengthens it. Programs that
transcend disciplines can enhance disciplinary research by revitalizing
established fields and creating new ones. This is an area in which industrial
research and defense research, both of which inherently transcend disci-
plines, have led the way. Look, for example, at the role of a one-man
interdisciplinary project named Irving Langmuir and his enormous con-
tributions to surface chemistry and plasma physics, as well as to the
invention of better light bulbs and electronic tubes. Look at the contri-
butions of interdisciplinary teams at Bell Laboratories to the solid-state
sciences. And look at the revitalizing effect that highly goal-directed,
interdisciplinary World War II programs, such as the ones at the MIT
Radiation Laboratory, had on physics when the participants took their
new-found electronics skills back to their laboratories and started applying
them to nuclear magnetic resonance, high-energy physics, and radio as-
tronomy.

These examples illustrate my point: we should not be concerned that
traditional disciplinary research structures will be replaced by a new kind
of interdisciplinary work done at Engineering Research Centers. Instead,
we will see the emergence of new ways of doing research that will enrich
strong disciplines, revitalize dormant ones, and create some new ones.

Bridging Gaps Within the Innovation Process

Finally, and most difficult of all, we must not take too narrow a view
of the relation of engineering research to innovation. Instead we must seek
to embed engineering research in the total process of innovation—a pro-
cess that extends from identifying the market all the way through pro-
duction, quality control, maintenance, and improvement of the first product
into a real winner.

- These parts of the innovation process cannot be separated into watertight
compartments. The separation of marketing and engineering has killed
many promising innovations in their early stages. Typically, the marketing
people do not know enough about the future possibilities of the technology
to ask the right questions of the users, and the technologists do not know
enough about the users to ask the right questions of the technology. The
separation of engineering and manufacturing can be just as fatal . Typically,
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26 ENGINEERING RESEARCH AND INTERNATIONAL COMPETITIVENESS

" the engineer knows too little about the possible ways the product might
be manufactured to ask the right questions about the design, and the
manufacturing manager knows too little about the reasons behind the
design to ask the righy questions about the production process.

As total-process awareness is built into the work of the Engineering
Research Centers it should reflect the spirit of an experiment carried out
by the late George Low, who was a prophet and pioneer of the Engineering
Research Center concept. George liked to tell about a teaching program
at his school, Rensselaer Polytechnic Institute (RPI), involving composite
materials. To train engineers, he believed, it was not enough just to expose
them to course work in the classroom and the laboratory; they also had
to experience the frustration and the excitement of putting advanced tech-
nology to work. In one particular project the students conceived of a
product—a glider made of new composite materials—and then immersed
themselves in all the difficulties involved in ‘‘getting a product out the
back door.’’ For the final exam they were apparently required to test-fly
the glider themselves! Fortunately, the glider flew. And so should the idea
behind it. The Engineering Research Centers should accustomn students to
the idea that the engineer does research in order to do, not merely in order
to know.
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SUMMARY

The most effective way for us to employ our national R&D effort to
improve the nation’s international competitiveness is by narrowing the
gap between the generation of knowledge and the use of knowledge. The
place where the United States can gain additional advantage over our
world competitors is the middle ground between scientific research and
engineering—the domain of engineering research. In the past we have
relied on chance to produce engineering researchers, and have made no
concerted effort to create institutions deliberately designed to have the
primary focus on engineering research. We are now designing such in-
stitutions. We should design them to create links with industry that carry
not only money, but also the practical barrier problems that inspire re-
search. They should be fashioned so as to be not merely interdisciplinary,
but problem-oriented in a way that transcends disciplines. And finally,
they should be fashioned so as to imbue students-—and perhaps even
professors—with an understanding of the true role of research within the
entire process of innovation.

DISCUSSION

Two questions from the audience suggested that problems of the com-
petitiveness of U.S. engineering are at least partly a result of shortcomings
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ROLAND W. SCHMITT 27

of industry. In answering, Dr. Schmitt expressed his belief that industry
should not attempt to restrict publication and ownership of the results of
muhthatitfunds,andmmebestwaytogaineommercialadvmse
ﬁmfmdamennl'mchismbeinapomimtoexpioititrapidly. He
disagreed with the assertion that industry generally has trouble under-
stmdingmdinmacﬁngwimuniversitymdm,orcepimlizingon
research with potential long-term relevance. At least in the case of large
corporate laboratories this is certainly not true, he said.

To the suggestion that some ERCs might be located outside universities,
be countered that universities must be the site of all Centers and that the
pointofmeBRCsismfosmtheaoss-discipnnaryappmachinengineedng
research at universities. The focus on the problem rather than the discipline

can be instrumental in stimulating inventiveness within the culture of the
university.
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Science and Engineering:
A Continuum

ERICH BLOCH

The complexity of the relations among science, engineering, and tech-
nology, and particularly the dependence of science on advances in engi-
neering, are not well understood by scientists—or by most engineers.
Science, enginerring, and technology are three different spheres of activ-
ity, each with its own perspective and dynamics, yet together they should
be seen as a whole, a system. Progress in each contributes to, and depends
on, progress in the others.

Consider first the fundamental differences among these three areas of
activity:

o There are many definitions of science, but for my present purpose I
use a simple one: Science is the process of investigating phenomena. This
process leads to a body of knowledge consisting of theory, concepts,
methods, and a set of results.

® Engineering is the process of investigating how to solve problems.
This process leads to a body of engineering knowledge consisting of
concepts, methods, data bases, and, frequently, physical expressions of
results such as inventions, products, and designs.

® Technological innovation is the process that leads to more effective
production and delivery of a new or significantly modified goods or ser-
vice. This process also creates a body of concepts, techniques, and data.

Some scientists believe that discoveries flowing from their work drive
engineering and technology. This is true enough in many cases, but ad-
vances in engineering and technology also drive science. The “’straight
line’* conceptual model-—with progress passing from science through
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ERICH BLOCH 29

engineering to technology—is not only far too simple to describe the
complex interactions, it is simply incorrect. Instead, we should think of
a triangular model with science, engineering, and technology standing at
the three comers, and vectors depicting interactions running from each of
the points to the other two, always in both directions.

Differences in approach and outlook sometimes keep persons in one
area from fully respecting the work of persons in the other two areas and
from fully appreciating how much their own work depends on those others.
This gap in understanding, in approaches and languages, sometimes ap-
pears almost as broad as the gulf between the literary and technological
cultures that C. P. Snow talked about a quarter of a century ago.

Broadly speaking, scientists press for understanding, which they express
as concepts, theories, and predictions. They are fascinated by the universe
and its natural or social phenomena. They push forward the frontiers of
their fields by finding new ways to observe, qualify, describe, and relate
that part of the universe that interests them. These are clearly inteliectual
and creative acts.

Engineers design, invent, shape new things, make new processes, and
relate concepts 1o solve particular probiems or to uncover principles un-
derlying a class of problems. They also strive to understand the phenomena
they a1 dealing with, and attempt to develop the concepts and theories
required to underpin their work. These are also intellectual and creative
acts, no less so than in scientific research.

Furthermore, the existence of basic engineering questions and the pur-
suit of answers to them through research deny the common idea that
engineering is only applied science. Some of the topics addressed by
engineers are as fundamental to their fields as topics in basic science are
to scientists. For example, research on the underlying principles of design
theory, or on how to create new materials and use them in manufacturing,
or on how to scale up biological processes all raise very fundamental
issues.

The developers of technology, who are frequently trained engineers or
scientists—although at times they are persons without much formal train-
ing—tumn designs or ideas into products or services that can be used by
many. They do this essentially by bringing to bear resources such as
money, time, manufacturing capability, and talented people. Some of the
designs, models, or ideas may have been around for a while before the
developers of the technology combined them with other ideas. In addition,
factors such as manufacturing costs, the potential market, and regulatory
matters are taken into account more explicitly in technology development
than in research.

The scientist who truly understands these differences in approach will
not look down upon engineering or technological innovation, just as the
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30 SCIENCE AND ENGINEERING: A CONTINUUM

research engineer or manufacturing engineer, though impatient for results,
should understand that quality scientific work must follow its own dy-
namics.

EXAMPLES OF THE CONTINUUM

The best-known examples of the flow of ideas across and among the
three areas of activity are the classic cases in which advances in scientific
thought did precede and drive technological developments. The work of
Townes and Schawlow in inventing the maser and laser is a good case in
point. The flow in this direction is the commonly accepted model.

There are two primary ways in which engineering and technology drive
science. First, the development of instruments has opened up whole new
areas of investigation and given the scientist ever more powerful forms
of observation and analysis. Second, many useful inventions have been
developed without the benefit of scientific work, and in fact have led to
the developmem of principles or theory—sometimes to whole new areas
of science.

Many specialized instruments are crucial to advancing research—we
all recognize how common lasers, computers, and other devices have
become in the laboratory. And there are many more examples of tech-
nology and engineering stimulating science than might be supposed. They
can be found throughout historical times right up to the present.

Some of the best-known historical examples are found in electronics,
optics, and mechanics. For instance, 40 years after Volta invented the
battery, Faraday finally explained how it worked. The technology of
photography was worked out by artists, craftsmen, and amateurs of every
sort decades before physicists and chemists understood photography’s
underlying principles. Perkins's work on dyes in the 1850s led to exper-
iments in making flavorings and pharmaceuticals, which led in tum to the
theories underlying the chemistry of phenols and aldehydes.

From such beginnings much of modern physics, chemistry, and biology
emerged. However, we need not look that far back to see that the exper-
iments of engineers and technology developers drive advances in scientific
thought. Modern examples can be found in many areas.

The field of computer science not only arose in large part from attempts
to build computers, but continues to owe a great deal to technologists and
engineers—and for that matter to thousands of amateurs who develop
programs and techniques as a hobby. Twice great technological devel-
opments in computers have stimulated the science of computing. The first
such case occurred here and in England as part of the World War 11 efforts
to break the German military code and to develop the atomic bomb. The
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second came with the revolutionary shift to very large scale integration,
as miniaturization and related manufacturing processes brought with them
many questions about what was going on at a smaller scale: the behavior
of metals in thin layers; the surface interaction of silicon, polymers, and
metals; and many more phenomena. Research in these areas has led and
is leading to new scientific insights, theories, and discoveries.

The modern information era was initiated in 1948 when Claude Shannon
published two papers on a general mathematical theory of communications
systems. This work was based on his attempts and those of his colleagues
at Bell Laboratories to track down and control noise in telephone com-
munications channels. Shannon was an electrical engineer with a doctorate
in mathematics wiio drew on and contributed to knowledge in both fields
while solving a problem of great practical interest. Since then researchers
in mathematics, computer science, information science, electrical and
computer engineering, and other fields have built on his work.

Claude Shannon retired in 1972 after a long career at Bell Laboratories,
having also been a visiting professor at MIT, and having won many honors,
including the Medal of Honor of the Institute of Electrical and Electronics
Engineers (IEEE) in 1966. I am delighted that the National Academy of
Engineering recognized his work, however belatedly, by admitting him
in 1984,

Among other modern examples to be found in many fields of research
I will cite catalysts, which have been used in many processes for some
time, with little understanding until recently of the science behind them;
and pharmaceuticals, some of which were used for years before neuro-
biologists arrived at the modern understanding of transmitters, receptors,
and blockers.

To return to my main point, then: science, engineering, and technology
can properly be viewed as a continuum, with ideas, techniques, and—
most important of all—people moving from one point to another in every
direction.

CROSS-DISCIPLINARY WORK AND ERCs

How does this discussion of the continuum, the cross-boundary move-
ment, relate to the Engineering Research Centers? I believe that when we
look at the Centers in several years and evaluate their contributions we
will find new and very significant examples of the flow of ideas and people
back and forth across the disciplinary lines of science and engineering.
Research in general is moving toward greater integration, more interaction.
Where areas of research may converge, the Centers are designed to fa-
cilitate that convergence.
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32 SCIENCE AND ENGINEERING: A CONTINUUM

Such convergence is occurring not only among engineering disciplines,
but among scientific disciplines and between fields of science and engi-
neering:

e Biotechnology is rapidly developing as a field, but defining what it
encompasses is not easy: several fields of biology, plus chemistry, chem-
ical engineering, and physics, at least. Their interaction demands a new
breed of engineers (or are they scientists?) who can synthesize ideas from,
and speak the languages of, these diverse disciplines.

e Materials research is another combination of several fields of science
and engineering: solid-state chemistry and physics, condensed-matter theory,
metalhirgy, ceramics, and polymers are some of them.

o Some areas of cownputer science and computer engineering are so
closely allied that their boundaries are difficult to perceive. These fields
are in turn contributing to—and being stimulated by—work in manufac-
turing systems, automation, design theory, artificial intelligence, cognitive
psychology, and even bioengineering.

As the National Research Council’s 1985 Outlook on Science and Tech-
nology points out, the fact that researchers from different disciplines are
working together on common problems is not new, but the breadth of
their work together is new—and so is its importance. Collaboration across
traditional disciplinary boundaries, if it is to work in academia, needs
strong nurturing and will require flexibility in attitudes as well as new
organizational forms.

In my view collaboration should not be seen as a threat to traditional
disciplines, as some people fear it to be. Work in individual fields will
progress in large part on the basis of discoveries made through work in
other fields, and as techniques and new instruments move from one field
to another. Continuing disciplinary strength is needed as well as continuing
cross-disciplinary strength. The threat | see is that university researchers
do not readily understand or accept the need for cross-disciplinary work
or for organizations that provide the opportunity to do such work.

Besides the involvement of scientists and engineers from many disci-
plines, the Centers have three other attributes that will cause their results
to be widely diffused. The first is the Centers’ emphasis on involving
other academic institutions as affiliates. The second is their emphasis on
building links with industry. The third is their emphasis on improving the
teaching and practice of engineering.

With regard to involving other institutions, a college or university unable
to develop and house its own ERC can become an affiliate of one. The
institutions could exchange faculty members and students, and they might
establish computer and video links. The resulting Center with its affiliates
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might be an even more productive entity, able to build on the strengths
of all its components.

Affiliations can occur in many ways: institutions can submit joint pro-
posals, as did two of the six new Centers (Maryland with Harvard, and
Delaware with Rutgers); or schools sharing the geographical or topical
area of a Center may join with it. I hope that as the Centers become
established we will see more of this kind of cooperation and interaction.

The Centers must develop industrial partners, as experience has shown.
The firms that get involved wili benefit greatly from access to talented
students as well as the new knowledge from research. The university
researchers and students will be equally stimulated by the exchange of
ideas with their industry counterparts.

As the National Academy of Engineering’s 1984 report on the Centers
states, each Center must assumne a broad role in engineering education at
all levels.* This role entails explicit efforts to codify new knowledge
and to bring it to the classroom. Rebuilding the base of engineering
education through modernizing teaching materials, recognizing and train-
: ing teachers, and giving strdents the experience of participating in research
is one of the most important outcomes that we can expect of the Centers.

All of us who have worked on the ERC program have very high ex-
pectations for the Centers. The Center directors and the people who will
work with them face some very difficult—and interesting—challenges.
Quality, not quantity, will be our guide in establishing the Centers.

Finally, those universities whose excellent proposals could not be funded
because of budgetary restrictions should be urged to work with industry
and with state and local governments to start Centers on their own, or to
propose a Center to another government agency. The ideas in these papers
can be used to improve proposals, regardless of whether they are eventually
submitted to the NSF. The nation and its research enterprise will be served
well by having successful and productive Engineering Research Centers,
whatever the source of their funding.
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DISCUSSION

Questions to Mr. Bloch focused mainly on the need for new attitudes
toward and greater support for engineering. To a question regarding the
relative funding for science and engineering within the NSF, Mr Bloch
replied that engineering had received one of the largest percentage in-
creases in the Foundation’s FY 1986 budget. He pointed out, however,
that equality in dollars is not a good yardstick for comparison. Engineering
differs from science in 1 number of ways, one being that it is closer to

*Guidelines for Engineering Research Centers (1983),
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industry and can therefore expect industry to contribute to its support.
Viewed in this light, the NSF is really a ‘‘leveraging point’’ for federal
dollars; both the ERCs and the Presidential Young Investigator Awards
are examples of programs that leverage federal support for engineering
by encouraging industry support.

Mr. Bloch agreed with an observation that engineering education has
lacked the practical, apprenticeship aspect because overall support for
research and teaching has been limited and engineering has not been given
high priority. He noted that the ERCs, as well as cooperative and joint
research endeavors among various industries and with universities, are
evidence of a ‘‘change in the cultures’ of government, industry, and
academia with regard to engineering.
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The Concept and Goals of the
Engineering Researct. Centers

NAM P. SUH

INTRODUCTION

As the papers by Dr. Keyworth, Dr. Schmitt, and Mr. Bloch make
clear, the concept behind the Engincering Research Centers (ERCs) is
both exciting and promising. The response the Centers have received from
the university and industrial communities has been overwhelming, and
very gratifying. While many people made them possible, Dr. Low's role
emphasizes the fact that it sometimes takes just one man with vision and
imagination to influence the course of history.

To review the concept and goals of the Centers I will supplement the
National Academy of Engineering report on the ERCs* and the NSF
program announcement by highlighting several points.

It is appropriate to ask whether or not our mode of operation in the
ERC program ought to be different now that we have gone through the
initial phase. Having established six Centers, we are in a much better
position to examine what we have done, and also to see whether or not
the actions we have taken are consistent with the original concept.

It should be said at the outset that the final decisions in selecting the
Centers were very difficult because there were so many good proposals.
We used one overall criterion in arriving at our decisions: excellence. The
NSF’s ERC proposal review panel agreed to use excellence as the major
criterion in view of the ambitious goals set for the ERC program, and in
view of the enormous hope and expectations that everyone has for the
ERCs.

*Guidelines for Engineering Research Centers (1983).
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38 THE CONCEPTS AND GOALS OF ERCS

All of us in the engineering community can be proud of the fact that
the review panel experienced no political pressure in arriving at these
decisions. In the final analysis, the goals of the ERC program simply
reflect the goals of the National Science Foundation as established by
Congress in the NSF Act of 1950. According to the act the goals of the
NSF are to promote the progress of science and engineering; to ensure
the nation’s health, prosperity, and welfare; and to secure the national
defense. In the sense of these goals the ERCs reflect our determination
to strengthen engineering research and education in view of the rapidly
changing international environment and the need to increase our produc-
tivity.

The goals established for the ERCs are very difficult for any institution
or any nation to achieve because they require new kinds of thinking, new
modes of operation, and the establishment of new kinds of relationships
among our institutions. But if any organization can help the nation ac-
complish these goals, 1 believe the ERCs can, because in them we have
the right people, the right institutional ingredients, and all the elements
required to get the job done.

CHANGES IN THE NSF ENGINEERING DIRECTORATE

Recently we have instituted some changes at the National Science Foun-
dation in the field of engineering. We believe these changes are necessary
to meet national needs, the aspirations of the engineering community, and
new requirements that may be imposed on the engineering community,
Since these changes have been made to balance and complement the ERC
program, a few words about the NSF’s renewed commitment to excellence
in engineering education and research are in order before going on to
discuss the ERC program.

The NSF reorganized the engineering directorate to deal with the fol-
lowing issues:

® research support

® quality of engineering manpower

o facilities and equipment

o effective institutional resource utilization

o academic infrastructure for emerging and critical technologies.

We have created new programs to support research that is designed to
establish a science base in fields that do not yet have such a base. We
have created programs to assist universities in establishing the academic
infrastructure needed to genc.ate knowledge and trained people in many
of the emerging areas in which the NSF has not had much previous activity.
In addition, we have initiated ways of supporting high-risk, high-retumn
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NAM P. SUH 39

projects even when peer review gives a mixed rating to the proposed work.
These programs reinforce the traditional NSF support for engineering
science and research, which will significantly affect the intellectual and
technology bases of the nation in years to come.

The NSF is considering a number of other new initiatives to improve
the quality of engineering manpower, basic engineering systems research,
and the utilization of institutional resources such as the federal laboratories.
It has a variety of programs that augment and strengthen the ERC program,
and which in turn are strengthened by the ERCs. The ERC program is
one of many that support university research. We are ready and we are
eager to work with the university community in strengthening the research
infrastructure.

RATIONALE FOR THE ERCS

One of the first questions that people asked me when 1 came to the
NSF in the fall of 1984 was why we need the ERCs. Good answers have
been given to that questior: in other papers in this volume, but I want to
stress that the ERC program is a result of the realization that our engi-
neering schools are becoming increasingly engineering-science oriented,
with greater and greater emphasis on analysis of narrowly focused topics.
While analysis in engineering science is an important facet of engineering,
it is clear that we have neglected synthesis-oriented skills such as design,
optimization of engineering systems, and system integration.

Many leaders in industry and academe complain that experimental tech-
niques and hands-on experience are not sufficiently emphasized in our
engineering schools. The way we practice engineering in industry is very
different from the way we teach our students. The ERCs are needed to
nurture new ideas, encourage innovation, produce better-educated people,
and promote stronger interaction among our institutions, including those
in industry and government.

If we do not take these tasks seriously, then 10 to 20 years from now
in many of our industrial sectors we may be in a very different position
vis-a-vis other countries. The ERCs are clearly a mechanism by which
we can correct some of the weaknesses of our institutions today.

SELECTION FACTORS

Given these reasons for establishing the ERCs, it may be asked what
specific attributes and qualifications the NSF looks for in selecting ERCs.
1 will just cite some of the important factors.

One important element obviously is the quality of the idea underlying
the ERC proposal. Is there a new and promising idea that can strengthen
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40 THE CONCEPTS AND GOALS OF ERCS

engineering research and education? Is there a potential for major break-
throughs, in either an inteflectual or a technological sense? The overall
research idea is the most important component of a Center proposal. We
are looking for ideas that can produce many breakthroughs, both in ac-
ademe and industry. Without such an idea at the core, a Center proposal
is unlikely to succeed in being funded.

I have visited a large number of universities, and often I have been
asked about the formula for success in getting ERC funding. There is no
such formula. If an ERC is working on good ideas, the university will
have no trouble getting industrial support; students will be challenged and
interested; and universities will be able to forge the research team needed
to make timely progress. Good ideas will elicit excitement.

The next element we look for in selecting ERCs is research topics. Is
the problem large enough to enable a cross-disciplinary research team to
work on it together and make a major contribution that cannot be made
. otherwise? Or does the proposal contain a collection of unrelated random
topics? Is the topic relevant to meeting national needs? Are the research
goals achievable?

Another element we have been looking for is the competence of the
Center director and key participants. Can they achieve the stated goals of
the NSF? Do they have the right mix of people? Are they capablz? Do
they have the needed expertise?

The fourth element in our thinking is industrial support. What is the
likelihood that industry will support the type of endeavor proposed? How
much support is there from industry? These questions are asked in full
recognition of the fact that industrial support will vary from field to field.
We have to use different measures, depending on the area of concentration.

A related factor, also important, is the type of interaction with industry.
Is meaningful interaction possible? We believe that industry’s participation
in the research program must be substantial and real; the ERC must benefit
from industrial input in all phases of its operations. Industrial participation
should open up new avenues of research as well as opportunities to create
new technologies. It is important that research ideas flow in two directions,
from the ERCs to industry and from industry to the Centeis. We believe
that this *‘two-way street’’ quality is a vital element of an ERC.

Another element that we have been very concerned about is the edu-
cational aspect of the proposed work. Since one aim of the ERC program
is to strengthen both undergraduate and graduate education, we have to
ask: How are they going to involve undergraduate students? At many
universities undergraduate students traditionally have not been heavily
involved in research programs. If we are going to involve undergraduate
students in ERCs, in what ways is it to be done, and how are they going
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NAM P. SUH 41
to contribute to ERC activities? How is the experience likely to enhance
their professional growth?

Still another element very much on our minds is the institutional en-
vironment. Is the proposed ERC really supported by the university? In
what form and to what degree? Can the Center overcome interdepartmental
barriers and actually conduct cross-disciplinary research? Are there in-
centive systems in place? To whom does the Center director report? Does
he or she report to one department head, or to the dean? Can he or she
really implement the goals of the Center, and do so through the right kind
of institutional structure? We are also interested in deliverables—that is,
in what a proposed Center could ultimately deliver.

To repeat, there is really no concrete formula for success in obtaining
ERC funding. We are looking for creative ideas. We are hoping to be
surprised by some very innovative concepts. We will even consider es-
tablishing regional Centers in areas where there are no research univer-
sities.

MEASURES OF SUCCESS

One other question that is frequently asked is: How will the NSF measure
the success of ERCs? There are both short-term and long-term indicators
we can employ to measure their success. Since Mr. Mayfield’s paper
presents shont-term indicators, 1 will cite just a few of the long-term
measures, :

First of all, 20 years from now we would like to be able 1o see that
each of the Centers has contributed in a significant way to bringing forth
new ideas that have resulted in advances in U.S. engineering industries.
There is an appropriate historical model. In the early 1900s a large number
of universities in Europe and England, all within a 200-mile radius of
Berlin, made significant contributions to physics. In fact, many of the
concepts we use in engineering today came from the work of physicists
in that region. One of the questions I have often asked myself is; Why
was this single group of scientists able to develop so many important new
ideas and principles? My answer is that they had a unique cultural envi-
ronment that enabled them to interact with each other and stimulate each
other’s thougi. processes.

If they are successful and do their job right, the ERCs will help in
forming an exciting cultural environment like that one—an environment
that will create new intellectual frontiers and many important break-
throughs in engineering. The ERCs need to develop fundamentally new
concepts and technologies comparable in scale to numerical control ma-
chining, which was first developed 35 years ago and which is having a
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major impact in industry today. We hope the ERCs will come up with
ideas that, 20 years from now, will improve the way we live, the way
we function, and the way we produce goods.

The second long-term measure of ERC success is the impact they have
on our educational system. A third measure would be the impact of the
ERCs on the improvement of U.S. industrial competitiveness.

NSF STRATEGY FOR STRENGTHENING ENGINEERING

Some university people are very concerned about the ERCs. They are
concerned because they are afraid that ERCs will decrease support for
individual research projects—that is, projects that are initiated by one
investigator working with one or two students. It is my view that it would
be counterproductive and a mistake to establish and fund ERCs at the
expense of individual research support. The NSF has not done that, and
does not intend to do it.

Funding for individual engineering research projects has increased over
the past several years. In 1983 the NSF spent $82.9 million on such
projects. In 1984 the amount was increased to $86.4 million (a 4.2 percent
increase). Support was increased again in 1985 to $96.8 million, an in-
crease of 12 percent. And there is $107.2 million in the FY 1986 budget
for this purpose; if the Congress approves the FY 1986 request, we will
realize a 10.7 percent increase over the FY 1985 level.

The NSF goal is to strengthen engineering research and engineering
education in the United States. We know that we must move carefully on
a broad front if we are to accomplish that objective. We cannot make the
ERCs the only focus of increased funding. If we were to do that the
Centers might soon act as magnets, attracting the best talent away from
other institutions. That would weaken the fabric of engineering research
in our engineering schools, and we must not let it happen.

The task of building strength in engineering in the United States is a
very large one. To ensure that we get this strength where it is most needed
we are going to have to undertake a number of new thrusts, while con-
tinuing to expand engineering research project support in the established
fields. It is this type of broad-based program growta that NSF is seeking.
We must have it if we are to remain a leader in engineering in the twenty-
first century. It is going to take a substantial sum; I have estimated that
it will cost $500 million a year.

The funding that NSF is providing for ERCs is in two parts: a minimum
support element for the conduct of basic research and to maintain the
infrastructure of the ERCs, and & variable support element that will depend
on the performance of the ERCs, including the support they get from

o1

A1t
‘.x\}“

e ifg% rﬂ'
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industry. Of course, these plans are contingent upon the availability of
funds

The NSF hopes to establish a large number of Centers. The question
is, are the numbers that we have in mind enough to solve the nation’s
problems in engineering? My answer is that the ERCs cannot deal with
all engineering problems. There are 259 engineering schools in the United
States; 210 offer graduate programs, and 150 of these offer Ph.D. degrees
in engineering. Even with 25 Centers we would reach only about one-
sixth of the doctorate-generating institutions. Furthermore, our data show
that about one-half of the 77,000 engineering bachelor’s degrees awarded
in 1984 were given by institutions that do not grant Ph.D.s.

What all this means is that we have a tremendous job ahead of us if
we are to make a difference in the way engineering education and research
are carried out in the United States. We have barely gotten started. It is
apparent that we must think smartly and move ahead quickly to keep
America in a leadership position in engineering. We have taken the first
step. The NSF is considering a large number of other ideas that could
enhance engineering education and research.

1 think we can all join forces to create an exciting era for engineering
and to make important contributions to the nation’s industrial competi-
tiveness.

DISCUSSION

Questions for Dr. Suh centered around NSF's plans for shaping the
ERC program in the future. To a question about the possibility of funding
*“mini-Centers’’ at schools where the engineering faculty is small, he
replied that NSF is open to this concept if the proposal for such a Center
demonstrates that it could contribute to the ultimate goals of the ERC
program. He also said that there is no policy to preclude a single university
from hosting more than one ERC if subsequent proposals are strong enough
on their own to win support. Dr. Suh observed that the engineering research
areas represented by the first six awards should not be taken to suggest a
preference for high-technology fields; mature industries such as steel-
making can also benefit from engineering research. The NSF will depend
on the research community for ideas to shape its strategy in this regard.
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The Criteria Used in
Selecting the First Centers

ERIC A. WALKER

It is a privilege to be part of an effort aimed at strengthering engineering
in the United States. The Engineering Research Centers (ERCs) are an
exciting adventure, and we have great hopes for their success. Thus, I
was honored and pleased to be asked to serve on the National Science
Foundation (NSF) panel that evaluated the proposals for ERCs.

The role of the ERC panel is to help in the selection of the most
meritorious proposals, to provide advice on ways to improve their effec-
tiveness, and to help ensure the program’s success. After I have outlined
the steps taken by the ERC panel to ensure that the best Center proposals
have been selected for support, I hope it will be evident that all that should
have been done was done to select the most meritorious among them.

It is mv good fortune to serve as cochairman of the ERC panel, along
with C. Lester Hogan, former President of Fairchild Camera. Fourteen
people serve on the panel; ten are from industry and four are from uni-
versities. There are a number of reasons for the heavy industry represen-
tation. One is the goal of the program itself, which is to develop new
knowledge that will help U.S. industry maintain its industrial competi-
tiveness over the long term. Another is the fact that, all together, about
300 university researchers were listed as participants in the 142 ERC
proposals received by NSF. That posed potential conflict-of-interest prob-
lems in the review process because most of the university people who
could function as expert peer reviewers were included in the proposals as
participants.

The group brought together to serve on the ERC panel is impressive.
In addiiion to Lester Hogan there are Willis Adcock, a Vice-President of
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Texas Instruments; Paul Chenea, retired Vice-President for Research, Gen-
eral Motors; Richard Davis, Vice-President, Martin Marietta; Emest Kuh,
Professor of Electrical Engineering, University of Califomia, Berkeley;
John Hancock, Vice-President, United Telecommunications; Terry Loucks,
Vice-President for Technology, Norton Company; Gene N. Norby, Chan-
cellor, University of Colorado; Harry Paxton, Vice-President, United States
Steel Company, Percy Pierre, President, Prairie View A&M University;
K. Venkat, Vice-President, H. J. Heinz Company; Melvin Baron, partner
and Director of Research, Weidlinger Associates; and Gordon Brown,
Director, Polymer Processing, Eastman Kodak Company.

It might be wondered how such a group of people could be brought
together on a panel on the same day. Pete Mayfield, who has been one
of the outstandingly innovative managers at NSF for many years, accom-
plished this very simply by scheduling the panel’s meetings for Saturdays
and Sundays.

There were several steps in the review process. Before the ERC panel
met, the Foundation’s engineering divisions had called in 88 outside ex-
perts in the various engineering fields. These people served on topic-area
panels. They reviewed all 14?2 of the ERC proposals submitted to NSF,
and divided them into three categories—highly recommended, recom-
mended, and not recommended. Forty of the 142 proposals came through
the preliminary review with a **highly recommended'" rating. The content
and potential impact of the research were the principal points of focus in
this review.

The ERC pane! held its first meeting during the weekend of December
1, 1984. Nam Suh and Pete Mayfield each spoke during an opening session
that lasted about an hour. The goals of the program as they appeared in
the program announcement were emphasized, and we were briefed on
what had been done in the preliminary reviews. We were given our charge,
which was to identity 10 to 15 of the ERC proposals that were most
deserving of site visits.

The quality of the rescarch, the probability that the principal investigator
and his or her associates would be able to accomplish the research agenda
described in the proposal, and the extent to which the proposal met the
goals and objectives of the program were major considerations in our
review.

It was understood that the Foundation was determined to follow a
National Academy of Engineering (NAE) recommendation* that the fund-
ing level for each Center be sufficient to permit the Center to make a
noticeable difference in its area of research. This meant that the panel

*The NAE report Guidelines for Engineering Research Centers (1983) presented the NSF
with recommendations regarding the establishment of an ERC program.
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46 THE CRITERIA USED IN SELECTING THE FIRST CENTERS

could not recommend 20 or 30 proposals for funding. We had to narrow
the field down to a relatively small number of the very best proposals and
then continue the competition through site visits to determine those that
would actually be recommended for award. While each of the proposals
called for a different level of funding, it was clear that only about 5 to
10 proposals could be supported with the $10 million available in FY
1985 if the *‘enough to make a difference’’ funding-level criterion were
to be met.

We were told that we could approach the task in whatever manner we
Geemed best. Our first decision was to divide up and review more than
30 of the proposals that had been placed in the ‘‘not recommended™
category during the preliminary review. We thought that this procedure
would help us establish a yardstick for assessing the quality of the pro-
posals. We also wanted to determine whether we were in agreement with
the ratings made in the preliminary reviews. The panel members also
scanned the proposals that were in the second, or **recommended,’” cat-
egory.

We spent several hours going over the proposals that had fallen short
of the ‘“highly recommended’’ category. Afterward there was a brief
critique. This procedure proved useful, because we found that we con-
curred with the ratings given by the preliminary reviewers. It also allowed
us to gain some experience with a number of criteria provided by Pete
Mayfield. The highlights of these were:

1. The research must involve a team effort of individuals from various
backgrounds, possessing different engineering or scientific skills. The
research should represent an effort that can best be accomplished through
cross-disciplinary research. It should not be a collection of individual
research projects.

2. The Center should include a significant educational component in-
volving both graduate and undergraduate students in research activities in
the Center.

3. The Center should focus on research opportunities aimed at devel-
oping fundamental knowledge in areas critical to U.S. competitiveness in
world markets.

4. There should be provision for participation by industry engineers
and scientists in Center research activities. State and local agencies and
government laboratories might also be participants; provision for such

participation in a proposal would add to its strength.

After reviewing the *‘not recommended’’ proposals and discussing the
ressons given by topic panels for this rating, we were satisfied that we
could rely on the ratings assigned in the preliminary reviews. That made
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it possible for us to concentrate on the 40 proposals that had been rated
as ‘‘highly recommended’’ in the preliminary review. We divided the 40
proposals among the panel members so that each of the **highly recom-
mended’’ proposals was reviewed by at least three panel merabers. We
then spent that Saturday afternoon and evening conducting our reviews,
and convened on Sunday morning to discuss our findings.

A couple of things stood out in this review. In a number of cases the
evidence of industry participation was weak. In other cases proposals were
s0 broad that they resembled a potpourri of research without focus. But
a significant number of the proposals were on target. 1 believe that the
thing that most impressed panel members was the number of good ideas
for research that appeared among the engineering research pr sposals. It
is apparent that there is a tremendous capacity in our engineering schools
for doing forefront research, and that the full capacity is not being utilized.
The Engineering Research Centers will provide expanded research and
educational opportunities to take advantage of that potential, and so strengthen
the nation’s engineering knowledge and talent bases.

Our next step was to review our own reviews of the different proposals.
After discussing each proposal, we accorded it a *‘yes,” **no,”" or *‘maybe. "’
When we had completed that process we found that 14 of the 40 had
received a “‘yes'’; the institutions submitting these proposals were des-
ignated for site visits, which the NSF agreed to conduct.

Site teams were organized. These included at least one and usually two
ERC panel members, one or two NSF staff members, and two or three
consultants pickcd for their expertise. Some of the consultants were people
who had participated in the preliminary topical reviews, and who had
therefore already read the proposal.

The site visit usually included a meeting with the president and other
officers of the university, who would discuss the institution’s commitment
to the ERC concept. There was another meeting with industry represen-
tatives. Although some time was spent visiting facilities, it was the or-
ganization of the project, the university’s commitment, and certain other
factors that were the primary focus of the site visits. Each site-visit team
was required to write a repert of its findings. There was a prescribed
structure for this report that highlighted the points on which the site reviews
had concentrated In addition to an executive summary, the site-visit
reports included separate sections on:

® university commitment

¢ management plan and capability (the longest section usually con-
taining several subsections focusing on technical aspects of the project)

® educationas components

e budget.
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48 THE CRITERIA USED IN SELECTING THE FIRST CENTERS

It is interesting to note that among the consultants who participated in
the site visits were Edward Jefferson, President of DuPont, and Gordon
Moore, President of Intel. The Engineering Research Centers have evi-
dently sparked great interest in the industrial community. Our meetings
with industry people revealed that there was much greater industry interest
in some proposals than even the principal investigators had imagined.

After the site visits were completed the panel introduced a further step
suggested by Nam Suh. Nam felt that each of the principal investigators
(P.Ls) in the 14 proposals that were in the final group should have an
opportunity to make a presentation to the full ERC panel. This session
permitted panel members to ask questions and satisfy any unmet infor-
mation needs regarding a proposal. We allowed 20 minutes for the oral
presentation and reserved 10 minutes for questions. Some P.1.s commented
afterwar. that the experience reminded them of their ‘‘orals’ for the
doctorate. I believe the oral presentations and the question-and-answer
periods that followed were especially valuable because they gave the full
panel an opportunity to learn firsthand more of the specifics of what the
P.1. intended to do.

Before the oral session began, Erich Bloch and Nam Suh spoke to us
again about the goals of the program. Nam Suh urged the panel to be
especially sensitive to a number of factors which he called *‘the ingredients
for success.’’ I wrote these down. They were:

o leadership
e proper focus on problems
e bona fide industrial participation
e infrastructure, including
~university commitment to cross-disciplinary research goals
~internal organization
e intellectual challenge should
—establish new intellectual frontiers
—contribute to the knowledge base
-provide graduate research topics
® cducation: should enhance opportunities for graduate and under-
graduate students.

Nam said that the ERC should not be a collection of individual research
topics that could be funded just as well through project grants. The panel
agreed that a proposal selected for support should have the potential to
achieve technological breakthroughs using a cross-disciplinary research
approach. In addition, the research proposed could not be ‘‘more of the
same,’” or simply an extension of what was already being done. It had
to represent a new dimension in research in the eyes of the panel.
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I believe that the principal investigators who went through this session
found it to be a tough but fair exercise. We were talking to first-rate people
with superb research credentials. It was a great experience for me. I believe
all the panel members learned a great deal in the course of reviewing the
proposals, making site visits, and sitting through the oral presentations.

The panel completed the orals at about S p.m. on a Saturday, and
adjourned to meet again Sunday momning at 7 a.m. During the next five
hours the panel members went over each of the 14 proposals. The members
who had been on the site visits reviewed their findings; we studied the
site-visit reports. By now each panel member knew where the strengths
and weaknesses were in the proposals, and each had developed his own
list of concemns about aspects of the proposals. At the Saturday meeting
the principal investigators had been questioned closely about what it was
that they were going to do if funds were provided. On Sunday the panel
spent its time critiquing and evaluating all that it had leamed about the
proposals.

As we moved into the final phase, the questions most often raised were
these: Would the Center, if funded, make a difference? Did it have the
university and industry commitment necessary to mount a bona fide cross-
disciplinary effort that would push research forward in areas of industrial
interest? Was there evidence of substantial university commitment to the

ing?

We had been asked to select the 6 best finalists and to rank the next
3. At noon on Sunday, then, the panel came to agreement on which of
the 14 finalists it would recommend for NSF support. After more reviews
by NSF management, including a thorough review by the National Science
Board’s Programs and Plans Committee, Erich Bloch made the award
decisions with the apprcval of the National Science Board. The 6 proposals
selected by NSF for funding were those that had been recommended for
award by the ERC panel:

e Engineering Center for Telecommunications Research, at Columbia
University

® Center for Robotic Systems in Microelectronics, at the University of
California, Santa Barbara

e Biotechnology Process Engineering Center at MIT

o Center for Intelligent Manufacturing Systems, at Purdue University

e Systems Research Center at the University of Maryland in collabo-
ration with Harvard University

® Center for Composites Manufacturing Science and Engineering, at
the University of Delaware in collaboration with Rutgers University.

We were free to select proposals for award on the basis of excellence,
even if that meant selecting two proposals submitted by a single institution.
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50 THE CRITERIA USED IN SELECTING THE FIRST CENTERS

The proposals we selected were, therefore, those that we believed were
of the highest quality and would best achieve the goals of the program.
The ERC panel will continue as a standing body. Its role is to help the
NSF select the best proposals for support, and to provide advice and
suggestions on ways to strengthen the program as we go along. Its objective
is to ensure that the program is a success. There is no question that the
United States is being challenged as never before for technological lead-
N The Engineering Research Centers are a long-term investmeni. They
: should contribute significantly to efforts aimed at building America’s
engineering strength as we gear up for the competitive environment of the
twenty-first century. The Centers will help improve the university infra-
structure and will also strengthen the linkages between industry and uni-
versities, areas where new strength is needed if America is o continue to

produce the world’s best engineers.
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DISCUSSION

Participants asked questions regarding the selection procedure to be
used by NSF in evaluating future ERC proposals. Dr. Suh responded that
the selection procedure for next year will be virtually the same as that for
the first year, although NSF is seeking ways to improve the process. A
new program announcement had just been issued, containing slight changes
from the previous announcement.

Regarding the question of weighting systems for evaluation, Dr. Suh
express>d an opinion that rating schemes are largely imelevant, that the
winning proposals stand out fairly quickly on the basis of quality of ideas.
There is no set formula. Mr. Bloch confirmed that view, and added that
the ‘‘believability’’ of a proposal is a major determinant—that is, a pro-
posal must make clear that the interdepartmental cooperation it describes
is an ongoing reality rather than an image constructed just for the purpose

of the proposal.
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Nurturing the Engineering
Research Ceniers

LEWIS G. MAYFIELD

In response to the Fiscal Year 1985 program announcement regarding
the Engineering Research Centers (ERCs), the Engineering Directorate of
the National Science Foundation (NSF) received 142 proposals from 106
different institutions. In all, the proposals requested about $2 billion over
a five-year period. Slightly more than 3,000 people were listed as partic-
ipants in the proposals; 75 percent of these were from various engineering
disciplines and the remainder were from scientific disciplines and the
humanities.

The fact that so many institutions took the time and effort to write
proposals is a strong indication of the desire on the part of engineering
schnols to initiate the type of research organization described in the an-
nouncement. The message must be that the format for the Centers, in-
volving as it does both research and education on topics of importance
for international competitiveness, is of great interest to engineering schools.

The total amount of funding requested by the proposals has a certain
significance. The March 1985 issue of the Journal of the American Society
Jfor Engineering Education reports a separately budgeted engineering re-
search expenditure in the United States of about $1.2 billion for 1983
1984. The $400 million per year requested by the proposals thus represents
an increase of roughly 30 percent over current expenditures, suggesting
that there is substantial unused capacity within the nation's engineering
education and research enterprise. It is apparent that the engincering system
has the capability and the will to perform additional research and produce
more graduates without experiencing undue stress.
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52 NURTURING THE ENGINEERING RESEARCH CENTERS

The ERC announcement was unique for the Foundation in that it called
for both undergraduate and graduate students to be an integral part of the
research of the Centers. For the first time universities could propose an
activity to the NSF which would allow them to integrate education and
research in a thoroughgoing way. This is a real step forward for engineering
education and research.

NEW FEATURES OF THE 1986 ANNOUNCEMENT

The principles in the FY 1986 program announcement are unchanged
from those of 1985, That is, a proposed Center should have as its focus
a topic that would lead to greater effectiveness and world competitiveness
of U.S. industrial companies. Proposals may be concemned with techno-
logically strong or weak U.S. industries; there is no preference here on
the part of NSF.

Several format changes have been made to facilitate both proposal
preparation and review. First, a three-page executive summary is to be

included. This summary will be extremely useful in the review of the -

proposals and will permit many more panelists to interact in 8 meaningful
way during the review process.

Second, the section describing the proposed research program is to be
limited to 25 single-spaced pages. The point is that this section needs to
be well thought out by its preparers, so that reviewers can readily come
to grips with the research being proposed.

The third change involves the presentation of the budget. The format
for the first-year budget remains the same, but all out-year budgets must
show increments above the preceding year, exclusive of equipment. This
device will help everyone involved to focus on what is gained by expen-
ditures above the preceding year.

In addition, the FY 1986 announcement encourages the formation of
consortia of schools in regions where such relationships will further the
educational and research objectives of the Center.

In the second round of proposals the amount and quality of industrial
support will be much more important factors. In the first round there was
insufficient time for proposing institutions to gain strong industrial support.
I suspect that indications of industrial support will be much stronger and
better substantiated in the FY 1986 proposals.

The FY 1986 ERC announcement does not include a list of potential
Center topics, as the first announcement did. However, at the point when
about 12 Centers have been established this *‘open’’ procedure will no
longer be appropriate. When the full complement of 20 to 25 Centers has
been established the subject matter they represent should encompass a
broad range of research areas contributing* ‘nternational competitiveness.
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Therefore, the FY 1987 announcement should suggest potential topics that
complement the established Centers. The National Research Council will
conduct a workshop on this subject in the fall of 1985, in time to have
an impact on the FY 1987 ERC announcement. At that time we will know
what the proposed topics for 1986 are, and will provide that information
as one input to the workshop. The important point is that we will seek
guidance before suggesting a list of topics in the FY 1987 announcement.

COMMON DEFICIENCIES IN PROPOSALS

Quite a few of the proposals for 1985 had certain faults in common.
Many of them were much too long. I hope that the new 25-page limit
for the proposed research section will encourage brevity throughout. The
reading of proposals more than 800 pages long must be considered cruel
and unusual punishment for reviewers!

The FY 1985 announcement emphasized that research conducted at the
Centers is 10 be cross-disciplinary in nature. In many instances this state-
ment was taken so literally, and the scope of the proposed research was
therefore so broad, that the research could not be adequately defined and
described. Frequently the prior research of any faculty member having
even a remote bearing on the focus of the proposed Center was included
in the proposal. There are many potential topics for proposals which are
sufficiently important and broad to meet the cross-disciplinary require-
ments for a Center. Setting reasonable and manageable goals and objec-
tives would have improved many proposals considerably. Those writing
proposals should keep in mind that reviewers are technical people, and
that they have to feel that they understand the scope and focus of the
research being proposed. Even when the scope of a proposal was suitable,
many proposals failed to make an analysis of the key research issues
involved in the topic.

Another major deficiency of many proposals was that they appeared to
be collections of individual projects that might just as easily have been
supported individually. Reviewers had to be convinced of the synergism
of the projects and the people making up the proposed Center. A proposal
viewed as a collection of projects simply did not make the grade. The
impression that a proposal was a collection of projects was sometimes
inadvertently conveyed by the inclusion of individual budgets for specific
projects; in fact, on occasion these budgets were tailored to be about the
size of standard NSF research grants. This approach gave a ‘‘business-
as-usual’’ signal. I need not point out that NSF has a time-tested system
for selection of individual research projects.

Still another factor that eventually influenced decisions was the lead-
ership quality of the Center director. The perceived ability of the leadership
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34 NURTURING THE ENGINEERING RESEARCH CENTERS

to manage and direct the research activities of the Center was a pivotal
issue during the final stages of review. The Center director has to be a
versatile individual-—skilled in managing people, a competent researcher,
and a good leader. In addition, the Center director must be able to devote
a major portion of his or her time to directing Center activities.

ERC MANAGEMENT ISSUES
*‘Systems Aspects’’

Both the 1985 and 1986 announcements suggest that an ERC should
“‘emphasize the systems aspects of engineering to help educate students
in synthesizing, integrating, and managing engineering systems.”’ This
feature of the Centers results from the concern expressed by industrial
employers that young engineers are not prepared to deal with complex
engineering systems found in practice. I believe that [ have a sense of the
*'systems aspect of engineering"’; but when I talk with others it becomes
clear that everyone has a somewhat different idea of the meaning of that
phrase. Some think that *‘design’’ embodies the system concept; others
tend to describe specific industrial problems they have encountered as
“*systems problems."” Both notions leave out important parts of the system.
While 1 would not deny that there is some value in having a diversity of
definitions and opinions, 1 am made uncomfortable by the fact that the
concept has not been carefully articulated.

Of equal concern to me is how best to implement education in the
systems aspects of engineering. Engineering schools have an intensive
program. One must ask how much more can be added while retaining the
engineering science base and the humanities that we have struggled to
include in engineering curricula during the past 40 years. A workshop
being held under the auspices of the NRC Cross-Disciplinary Engineering
Research Committee will examine this issue and prepare a report. 1 think
that report will be studied very carefully by engineering educators and
will be of considerable value.

Information Exchange

Another issue of concern to me involves methods for disseminating
information from the Centers to the research community, in industry as
well as universities. Is the traditional university strategy of publishing in
formal journals going to be sufficient for these cross-disciplinary research
centers? Should innovative techniques be developed to supplement tra-
ditional methods? At first reading this may not appear to be a very sig-
nificant question; but it does have many ramifications when considered
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uﬁ‘,

in the context of intemnational competition. The NRC has conducted a
workshop to explore this issue.

Preliminary discussions regarding this workshop have been useful. For
example, I think that *‘information exchange’’ comes closer than **infor-
mation dissemination’’ to describing the relationship that should exist with
industry. After all, an important objective of the Centers is to *‘involve
participation of engineers from industry in order to focus the research on
current and projected industry needs.’’ To accomplish this objective, uni-
versities must have a meaningful dialogue with their industrial partners.
I think universities should enter into agreements with industry when the
exchange of information will result in a better focus of unjversity engi-
e neering research on current and projected industry needs. Support money
. may be necessary to get industry attention, but money and attention may
not be sufficient if the interaction does not result in a debate leading
toward more pertinent research. The question of information exchange
has many facets.
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Evaluation

1 am frequently asked how NSF is going to evaluate the Centers. There
is little question that evaluation is an important management activity. The
program announcement states that three years after they are established,
the Centers will be reviewed by the ERC panel to determine if each Center
is meeting its proposed goals and objectives, including those for quality
of research and the extent of industrial participation. This evaluation wiil
determine whether NSF will continue to support the Center fully for the
remaining two years, or provide decreased funding to terminate the Center
at the end of the grant.

In preparation for the third-year evaluation the NSF Office of Cross-
Disciplinary Research (OCDR) and the Center directors are preparing a
list of progress indicators. These include items such as the names of
graduate students at Centers, a list of Center publications, new courses
attributed to the Center, and the amount and type of industrial support.
This information will provide a factual base that will assist in the third-
year evaluation, and that will also be useful for management purposes.

In addition to the formal evaluation, the NSF Engineering Directorate
will form liaison management teams for each of the Centers. Each team
will consist of a program director closely associated with the technical
aspects of the Center, a program director from OCDR, a program director
from the Engineering Directorate, and several outside consultants. The
program director from the Engineering Directorate will be the major in-
ternal source of information for the team on the technical nature of the
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Center's work. The liaison team will report to the Head of the Office of
Cross-Disciplinary Research.

OUTLOOK FOR THE FUTURE

As everyone is aware, 1985 is a particularly interesting year in which

to watch congressional action on appropriations. The President’s FY 1986
budget, now before Congress, requests $25 million for ERC activity. With
that amount NSF can maintain the Centers established this year and start
a similar number next year. Of course no one can say for certain what
the outcome of the budget process will be. It is easy to get caught up in
the day-by-day problems and the rhetoric of the Engineering Research
Center activity. It is important to note that in the long run the success of
the program will be largsly dependent on the quality and innovativeness
of the research that is performed by the Centers, and on whether or not
¥ the students educated in the process make new and important contributions
to the competitiveness of the United States.
f Many people~—professors, practicing engineers, and NSF staff mem-
: bers—have devoted large amounts of time to the preparation of proposals
and their evaluation. Much remains to be accomplished, and I am confident
that the good relationships developed so far between universities, industry,
and government with regard to the Engineering Research Center initiative
will continue.

A A P TR A TR T

DISCUSSION

Several members of the audience took the opportunity to ask questions
relating to the proposal preparation and review processes. Not only Mr.
Mayfield, but also Messrs. Bloch, Suh, Walker, and Stever responded to
these inquiries. Regarding the high cost of preparing a proposal in the
light of the relatively low probability of success, one questioner asked
whether NSF had considered simplifying the process, perhaps by means
of a pre-proposal screening stage. NSF officials responded that no change
is envisioned for the near future, but stressed the importance of the proposal
preparation process to the university itself for clarifying its concepts and
goals governing research. NSF is trying to locate other funding sources
for some proposals.

Regarding the question of what NSF might do to involve industry more
meaningfully in the proposal review process, it was pointed out that con-
flicts of interest must be avoided—although 40 percent to 45 percent of
the members of the preliminary review panel were from industry. Two
options that NSF is considering are (1) to give funded ERCs a certain
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LEWIS G. MAYFIELD 57

period of time to develop industry support; and (2) to take a long-term
view of industry support, focusing on whether the essential ingredients
are present in the proposal to ensure industry interest. Careful planning
is necessary to ensure that a Center can continue with industry support
even if NSF funding is terminated after five years.

The new 25-page limit on the research section drew some concern. Mr.
Mayfield emphasized that this section should not attempt to be very de-
tailed; instead, it should set the framework for what the proposing insti-
tution hopes to accomplish with the ERC.

Certain points in the ERC program announcement were clarified, such
as the reference to ‘‘rebuilding the base of engineering education.’* NSF
officials reiterated the need to relate engineering education to engineering
practice, to codify that aspect of engineering knowledge for transmittal
to students, and to help universities establish a science base in this area.
The importance of this work for improving international cumnpetitiveness
was clarified.
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Systems Research Center

JOHN S. BARAS

INTRODUCTION

The University of Maryland and Harvard University are very pleased
to have been selected for an Engineering Research Center award by the
National Science Foundation. On the basis of this award a Systems Re-
search Center (SRC) will be established at the College Park campus of
the University of Maryland. The focal University of Maryland organi-
zational unit participating in the activities of the SRC will be the College
of Engineering. Broad participation by several departments is planned:
the Electrical, Chemical, Mechanical, and Aerospace Engineering de-
partments within the College of Engineering; and the Computer Science
and Mathematics departments, along with the Institute for Physical Science
and Technology and the Center for Automation Research. The focal Har-
vard University organizational unit will be the Decision and Control pro-
gram of the Division of Applied Sciences. In this paper I will summarize
the research theme and the educational and research programs of the
Systems Research Center. In addition, I will describe the planned industrial
collaboration program, international program, information dissemination
plans, and other aspects of the center.

The Research Theme and I1s Significance

The theme of research conducted at the SRC is to promote basic research
in the implications and applications of the three types of technology (VLSI,
CAE, and Al)" involved in the engineering design of high-performance,

*VLSI = very large scale integrated circuits
CAE = computer-sided engineering
Al = anificial intelligence
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complex, automatic control, and communication systems. Recent ad-
vances in computer science (artificial intelligence, expert systems, sym-
bolic computation), in microelectronics (VLSI circuits development,
availability of computer-aided design tools for special-purpose designs),
and in computer-aided engineering (enhanced interactive graphics, pow-
erful work stations, distributed operating systems, and data bases) have
created a unique environment for innovative research and development in
the discipline known as systems engineering. For the purposes of the
present paper, systems engineering is defined as the discipline that com-
bines automatic control systems and communication and signal processing
systems with certain areas of computer engineering. The major research
thrust of the discipline at present is the design and implementation of
high-performance electronic systems for automatic control and commu-
nication.

It is appropriate to describe some of the motivational and historical
background that influenced our thinking and planning for the SRC. To
begin with, the complexity of such systems has recently increased dra-
matically. This is manifested, for example, in tighter engineering speci-
fications, in the need for adaptation, in requirements for multisensor
integration, in the need to account for contingencies (multiple modalities),
in totally digital implementations, and in the need for a mix of numerical
and logical computations, Some of the challenging design problems that
we plan to address in the SRC further illustrate this point:

1. How -+ s, ontrol systems characterized by complex, often poorly
defined - (£!:? § «.mples from our program include chemical process
conwol, & ¢ -+.r* o i difficelt to design *‘correct”” loops and equations.

2. How ..x % . automate the operation of systems defined by pre-
cise, highly co,p.ex simulation —~odels? Problems in flexible manufac-
turing systems in sur program re +¢-ent generic examples, wherein time-
precedence constraints and the ne. i for adaptive automation further com-
plicate design.

3. How should we design systems controlled by asynchronously op-
erating, distributed, communicating controllers? Examples from our pro-
gram include the computer-aided design (CAD) of computer/communication
networks, dynamic capacity allocation in communicution sateilites, and
efficient management of mixed traffic (voice, video, data).

4. How can we develop design tools for real-time, high-performance,
non-Gaussian signal processors? Examples from radar, sonar, image, and
speech signal processing are found in our program.

S. How can one integrate multiple sensors for robust, digital, feedback
control of nonlinear systems? Our program includes many-degrees-of-
freedom robotic manipulators with vision, force, and pressure sensors, as
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well as advanced aircraft flight controllers especially designed for the new
generation of unstable aircraft.

The SRC will focus on the development of powerful and sophisticated
software systems that will help and guide engineers in the design of
automation and information-processing systems. The significance of a
well-coordinated long-range research program in this critical high tech-
nology area is highlighted by the following considerations.

First, within the last year th> growing role of automation in manufac-
turing (flexible manufacturing syst=ms, autcmated factories, robotics, etc.)
has attracted a great deal of publicity as the key to the health of the United
States’ economy and industry.

Second, an information explosion has encompassed the widespread use
of computing and communication equipment (including office automation,
personal computers, mobile telephone networks, distributed computing
systems, sophisticated telephone networks, satellite communications, video
discs, video processors, fiber optics channels, and optical storage). Among
the scientific-educational community this explosion has reached across
the board, from high school to university to research laboratory. More
significantly, it has also been extended to the broader public.

Third, there is an increasing reliance on automatic control systems to
perform precise and demanding tasks in such areas as air traffic control;
advanced guidance and control systems (high-performance forward swept-
wing aircraft, large space structures, and advanced space satellites); im-
proved performance and reliability of power plants; improved control and
operation of power distribution systems; sophisticated control devices for
computer/communication networks; advanced electronic controllers for
robot manipulators and computer vision systems; intelligent autonomous
weapons and distributed sensor networks; and distributed decision systems
for tactical/strategic management.

Unfortunately, currently available theories and design methodologies
for such problems are not in synchrony with the currently available or
planned implementation media, be it special-purpose chips or computers
with specialized architectures and capabilities. More precisely, the avail-
able design theories and performance evaluation methods were developed
for different (now often obsolete) implementation media such as analog
circuits and sequential machines. Although for some problems—admit-
tedly a small class—it is feasible to develop improved designs using the
new hardware capabilities and existing theory, in the majority of problems
there is a substantial lag between the available hardware potential and its
realization in the systems being built. That gap is precisely where the
Systems Research Center intends to focus.
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Of course, there are examples of successful hardware solutions to some
of the design problems already mentioned. By this I mean the process
whereby one adds hardware components, or *‘boxes,’’ in an ad hoc fash-
ion, then tests each addition and adds more components until a satisfactory
system is built. I do not believe that a serious argument can be made that
this method is a superior one for exploiting the hardware potential available
today. On the other hand, substantial theoretical results and knowledge
exist in the form of automatic control and communication systems theories
that have not been directly linked to hardware implementations. The re-
alization that a window of opportunity exists was a major motivating force
in planning for the SRC—namely, that advances in CAE, VLSI, and Al
have made possible the transformation of ‘‘paper algorithms’’ from pow-
erful theories into real-time electronic *‘smart’’ boxes (Baras, 1981). A
careful reexamination and development of new design theories that in-
corporate component hardware advances and the related implementation
constraints is long overdue. We can no longer separate the design of a
system from the implementation problem. This is a major thrust of the
SRC program.

The significance of the SRC program can also be illustrated from a
financial point of view. Huge investments have been made and will con-
tinue to be made for research and development in microelectronics and
computer hardware. It is important and prudent to make the comparatively
small investment required for the development of design methodologies
and software tools that will be used to build systems with this hardware.
It is obvious that the sophistication and capabilities of the circuits and
devices that we build will be limited by the power of the CAD tools that
we use.

Thus, the SRC theme encompasses two fundamental components of
high-technology industries: automation and communications. It is impor-
tant to emphasize that high-technology industries involved in automation
and communication directly influence the competitiveness and perfor-
mance of more traditional industries. Consider, for example, the influence
that advances in automation may have on steel mill operation and auto-
motive design and production. This consideration was an important factor
in the development of our plans for the SRC.

Educational Needs

The Systems Research Center aims at the establishment of a strong
advanced research and educational program in the above areas. Given the
broad knowledge and intellectual background required by the SRC research
theme, we have assembled an interdisciplinary team of scientists and
engineers from the two universities involved. Members of the team include
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electrical, mechanical, and chemical engineers as well as mathematicians,
numerical analysts, computer scientists, and microelectronics and artificial
intelligence experts. At its projected full operational level the SRC research
program will involve some 40 faculty, 120 graduate students, and at least
120 undergraduate students. A large number of students will be influenced
by the Center’s educational programs. We strongly believe that there is
8 real need, quite critical for the nation, to educate and train engineering
students in the mix of disciplines and knowledge represented by the SRC
research programs. A similcrly critical need exists for retraining practicing
engineers, and this need will be incorporated in our plans.

THE RESEARCH PROGRAM

The research program for the SRC is an expansion and natural extension
of research work already under way by members of our interdisciplinary
team. The research activities listed below served as the inspiration and
provided much of the motivation for the planning and implementation of
the ambitious research goals of the Center. They are in a sense the seeds
for interaction and further development of the key ideas behind the con-
ception of the SRC. The SRC will provide the fertilized ground for de-
velopment of the major thrusts emanating from these early works, which
are:

® optimization-based design in chemical process control

e perturbation analysis and Al modeling in manufacturing systems

¢ symbolic computation and VLSI architectures for the design of real-
time non-Gaussian detectors

® design of a VLSI DFT processor

® vision sensors and feedback in robotic manipulators.

The research progra:n implementation selected for the SRC was influ-
enced by three factors. First, the areas of swrength of the participating
faculty; second, the expected impact of SRC research; and third, a strong
commitment to a problem-driven interdisciplinary program. We have as
a result selected five focus-application areas to help us measure the success
of the basic research program, and to help motivate it by applying the
design tools to a diverse set of complex, real-world problems. These areas
are described below, together with the currently planned thrusts in each.

“Intelligent’’ CAD of Stochastic Systems We shall combine CAE
and Al methods for the design of advanced nonlinear signal processors
capable of real-time operation. One thrust is toward the development of
expert systems that can *‘reason’’ mathematically and understand a variety
of signal and system models. The other two thrusts address questions of
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distributed computations in stochastic systems and implementation by
‘‘optimal’* VLSI architectures. In particular, silicon compilation and spe-
cial high-level sigiia]l manipulation languages will be studied.

Chemical Process Control Here we shall investigate how CAE, Al,
and optimization techniques can be applied to the design and control of
chemical plants, Modeling and simulation questions will be analyzed and
the models built, using the CAD process. In addition, we shall attempt
to integrate reliability and safety considerations into the design software
and work stations.

Telecommunications There are two major thrusts here. The first cen-
ters around the development of powerful simulation and CAD systems for
computer/communication networks (local-area, flow-control, and recon-
figurable networks). This will involve interactive graphics, expert systems,
and high-level command languages. The second thrust involves image
and speech processing problems and their hardware implementation. Nu-
merical and hardware complexity will be studied, as well as fast digital
implementations.

Advanced Automation and Information Processing in Manufacturing
Systems We shall investigate applications of CAE, Al, and optimization.
In particular, an integrated program will be pursued that addresses sched-
uling problems, adaptive resource allocation, Al systems in manufactur-
ing, data-base integration, flexible manufacturing cells, CAD integration
in manufacturing resource planning (MRP), optimization-based design,
and advanced interactive simulation.

CAD of Intelligent Servomechanisms  Two major thrusts are the thenry
and design of an advanced prototype hand-eye machine, and the design
of flight comrollers for high-performance aircraft. Both involve the in-
tegration of many ‘‘smart’’ sensor data and the control of systems with
very complicated dynamics, often requiring the use of symbolic algebm
for their derivation. Implementations by special-purpose VLSI processors
will be examined. In the area of robotics, the program will address pri-
marily feedback control of a mechanical hand with many-degrees-of-free-
dom, based on integration of data from several sensors. In the design of
flight controllers we will focus on optimization-based design for unstable
aircraft.

The common thread in all these areas is their emphasis on the devel-
opment of advanced CAD tools that combine the specific theory and
practice of systems engineering with the three technology drivers: CAD,
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VLSI, and Al. These advanced design methods provide the intellectual
bond in this diversified program. The program cuts across the boundaries
of a great many engineering and computer science disciplines.”

The program is interdisciplinary, problem-driven, and technique-spe-
cific. We believe that the fundamental tools, and methodologies for their
design, that will be developed as a result of the SRC research program
will have a very broad applicability. Furthermore, it is expected that these
generic CAD tools will evolve out of strong interaction among the research
activities in the five focus areas. Each area includes systems of high
complexity and design problems that cannot be attacked by conventional
methiods. As research progresses in each area we expect to see a cross-
fertilization among the various efforts toward develcpment of CAD tools.
At the University of Marylaad we have already witnessed that phenomenon
in design projects on chemical process control and advanced aircraft.

Still significant for the SRC’s mission is the interaction between the
three technology drivers (CAD, VLSI and Al) on the one hand, and, on
the other, the disciplines of control and communication systems as rep-
resented in the five focus-application areas. It is anticipated that the broadly
interdisciplinary program will prompt a fundamental reexamination of
control and communication systems theory and methodology. Further-
more, it is expected that this latter interaction will foster a secondary level
of interaction among the focus areas as hardware implementations for
different applications are analyzed and compared.

Thus, the research program of the SRC will have two major components:

¢ in-depth investigation of the impact of VLSI, CAE, and Al

® basic research in modeling, mathematical analysis, optimization,
computational and numerical methods, control systems techniques, com-
munication system techniques, and computer engineering techniques.

The first component wil} address the following matters. Regarding VLSI
(the implementation medium), we shall investigate algorithmic and ar-
chitectural aspects of VLSI; signal processing chips; and control chips.
The design methodologies to be developed must account for YLSI im-
plementation constraints. Regarding CAE (the implementation environ-
ment), we shall investigate the effects of interactive graphics, interfaces,

*The disciplines include: chemical process modeling, polymers, bioreactors, chemical re-
actors, aerodynamics, flight controllers, robotic manipulators, vision, sensor design, signal pro-
cessing, communication networks, informstion theory, coding, optimization, control systems
design, stochastic control, detection and estimation, algorithmic complexity, algorithm archi-
tecture, VLSI array design, optimization-based CAD, numerical linear algebra, numerical math-
ematics, rule-based expen systems, knowledge-based expert systems, computer algebra, stochastic
processes, queueing systems, manufacturing, and mechanical machining.
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etc., in the design of sophisticated CAD systems. For example, i. de-
velopments related to the DELIGHT Marylin system (a powerful optim-
ization-based design system we use at Maryland), the fact that advanced
graphics were to provide the output enabled the numerical analyst to
develop an interactive procedure that could handle multi-objective optim-
ization. In addition, this environment permits the engineer to study a design
problem in his own language, without being overburdened with compli-
cated computer procedures. Regarding Al, we shall investigate the effects
of symbolic computstion and knowledge-based systems on design.

The second com, ent is needed because sophisticated new theories
and methodologies are required in order to extract the maximum benefit
possible from advances in microelectrorics, CAE, and Al. As Roland
Schmitt (1984) describes the situation: ‘‘In the technology of controls,
. . . fundamental theoretical advances are needed to catch up with the
speed and power of microelectronics.’’

The impact of VLSI technology on signal processing and automauc
control systems is emerging as very influential. However, for success in
this direction very advanced CAD tools must be developed and popular-
ized. The rapid deveclopments we have seen in VLSI chip design and
production were made possible by the development and rapid dissemi-
nation of precisely such advanced CAD tools. The SRC program aims at
producing similarly sophisticated CAD tools in the general area of control
and communication systems engineering design.

An important factor in future systems engineering theories and design
techniques will be the development of expert systems for CAD ‘Stefik
and de Kleer, 1983). In applying expert systems to design tasks the idea
is to pit knowledge against complexity, using expert knowledge to whittle
complexity down to a manageable scale. It is anticipated that expert sys-
tems will eventually be applied in many design areas; but their use in
digital system design, particularly in CAD, will be a major advance. The
planned SRC program will develop a broad research activity in this area.

Al and symbolic computation promise to revolutionize design. There
are very sound reasons for this prediction. First, the cost of generating
special-purpose Fortran-based codes is fast getting out of hand. Massive
investments in design tools can become either a brake on innovative
designs or an argument against further development. Al symbolic com-
putation transfers mathematical models of the physics of the system being
designed from the code side (applications code) to the data side of the
system, where they can be used, manipulated, shared, modified, and even
created by the system as easily as numerical data elements. This transfer
is essential for the attainment of cheap, easily reconfigurable desiga tools,
Second, Al and symbolic computation prevent the designer’s entrainment
in specific design procedures and processes provided by custom-coded
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Fortran programs, and thus allow for a very flexible approach to the design.

Symbolic manipulation has immediate and powerful applications in CAD.

For example, the amount of nuisance programming required to develop

and maintain large design packages can be reduced to a practically neg-

ligible part of the overall code. Furthermore, increasing the level of ab-

straction at which data and code are specified reduces significantly the

complexity of code transportability. Finally, symbolic manipulation per-

mits entire mathematical models—logic as well as its numerical param-

eters—to be treated as data capable of being manipulated, examined, and

modified, as well as being executed like a Fortran subroutine. Further
advantages offered by Al include natural language processing, automatic

deduction, cognitive models, and learning and inference. An excellent
example for an application of Al and symbolic computation in aerospace
s design is given in Elias (1983).

L Systems engineers today are called upon to solve complex control and
communication design problems for systems often described by huge sim-

ulation models. The traditional approach has been to reduce the complexity
to a small number of mathematical equations and eventually apply rather
simple elements of available theories. Clearly we can do much better than
that if we utilize the full power of techniques from CAD and Al. Fur-
thermore, the speed provided by VLSI arrays promises to support the often
real-time processing need of advanced control and communication sys-
tems. For systems of ihe complexity seen today it is often difficult to write
and manipulate the govemning equations correctly. Think, for example, of
the task facing a chemical engineer who is trying to describe a complex
industrial chemical process, starting from simple, elemental chemical re-
action equations. His final goal is to design a process controller. Or
consider the aerospace engineer who is developing a mathematical model
for a large, complex, multi-body, flexible structure in space. Again, his
final goal is to design a controller. Both have to manipulate a large number
of equations (often more than 100) of different types (algebraic, differ-
ential, partial differential, Boolean, etc.). Symbolic manipulation and
rather elementary Al techniques (such as search heuris:ics, *‘sup-inf™’
decision procedures, etc.) can readily reduce these tasks to routine and
permit the engineer to concentrate on the design issues. More generally,
there is clearly an established need for utilizing Al methodologies in CAD.
In the design of flexible manufacturing systems, for example, one en-
counters coordination problems that can benefit enormously from the use
of automated reasoning programs. The Jatter can supervise the lower-level
numerical CAD programs. To ask such a systems engineer to solve the
complex design problems of today without such a combined arsenal of
tools is similar to asking a VLSI chip designer to design the chip without
the expert CAD tools now available.
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In this discussion I have tried to convey the basic ideas behind the
research program of the SRC. However, research is not the only purpose
of the Engineering Research Cersers. Our plags for the SRC educational
program are equally important.

3 THE EDUCATIONAL PLAN

The basic theme of the SRC educational programs is that the Center
supports and enhances educational programs and is a source of new courses
and material. Furthermore, the SRC and the two universities involved are
committed to the principle of lifelong education (see Bruce et al., 1982).
The SR will establish within the first two years a modem environment
v for rapid information dissemination via a local computer/communication
A network, appropriately connected to the University of Maryland univer-
sity-wide network and other industrial and government networks. Ade-
quate work stations and advanced terminals will be provided to support
sophisticated computer-assisted instruction tools. Software libraries, case
studies, and design examples will be maintained and updated. We plan
to utilize, in a timely manner, powerful educational tools such as video
discs, video tapes, personal computers, and work stations. The recently
initiated university-wide drive for such an environment will accelerate and
support this effort. Similar efforts are under way at Harvard University,
and the electronic linking of these two educational networks will establish
a superb educational environment.

The Harvard University faculty group will participate in the develop-
ment of course material. We plan to maintain these materials in computer
files (in a **troff"’ standard format) and to exchange them, together with
other course materials developed at Maryland, through computer mail.
This will permit rapid revision and reproduction of lecture notes and other
materials.

Each research project at the SRC will generate a research seminar on
related background and research topics. The seminars will be flexible,
and will attempt to produce lecture notes on the research performed.
Successful projects and seminars will then endeavor to produce polished
versions of these lecture notes for publication and wide distribution.

Seminars will involve graduate as well as undergraduate students. In
fact, we plan to utilize the software systems developed by the SRC as
educational tools for students. This will serve two important purposes:
timely codification of new knowledge and research results, and continuity
in training and education for the students participating in the Center.

In the current planning, all courses affiliated with the Center will be
initially of the seminar or independent study type, and closely linked to
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ongoing research projects. Undergraduate students will participate in every
research project.

The SRC will maintain strong and active visiting programs for scientists
from both academic and industrial as well as governmental research Jab-
oratories. Outside scientists will be utilized extensively as instructors.

The Center will organize an advanced-level retraining program for prac-
ticing engineers from industry, government, and other institutions. In
addition, cooperative programs will be established with industrial affiliates
that will provide summer employment to students at government or in-
dustrial research laboratories.

Dissemination of research results from the SRC will be implemented
via technical research reports, a quarterly technical magazine, software
systems, and lecture notes on specific subjects. In addition, the Center
will hold yearly v orking seminars and colloquia on focused research areas
(one per year), with wide participation from outside scientists and students.
The Center will also utilize short, intensive courses (7 to 10 days) and
the University of Maryland’s Instructional Television (ITV) System in
order to popularize and disseminate its research findings.

The educational plan of the Center is designed to blend naturally with
the academic offerings of the participating units. Periodic reviews, per-
formed in collaboration with participating academic departments, will
ensure that information and knowledge are transferred to the regular ac-
ademic curricula in a timely manner.

INDUSTRIAL COLLABORATION PLAN

There is growing acceptance of the fact that technological and industrial
innovation are central to the economic well-being of the United States.
Universities are one of the major performers of the fundamental research
that underlies technological innovation. Industry puts this research to work,
and also identifies problems requiring new knowledge. The flow of people
and information between the campus and industry is thus an important
element in both scientific and technological advancement. A broad col-
laboration with industry in the research areas of the SRC is expected.
Industry-university partnership has become a national objective, and this
new environment is particularly helpful to the Center’s program. The
significance placed on a healthy and strong industrial collaborative pro-
gram is manifested in the establishment, within the SRC, of an industrial
liaison office for managing this program.

Corpor.tions with strong research and development (R&D) activities in
areas related to the SRC research program will be invited to join in a
group known as Systems Research Affiliates (SRA). Its purpose will be




2

¥ ’—;_?*‘%-
L X
3

Lo}
3
el

e

R0 bt AR S Sl PN LT S R Sty £ L RS AL

TN g B PR RO T YR T BT T T T e T T AT e e
L R A R

72 PLANS AND PROGRAMS OF THE EXISTING CENTERS

to provide for continuous strong scientific and educational interaction and
to support the Center’s activities. Theie will be three grades of membership
in this group, depending on the kind and level of involvement with SRC
activities: sustaining affiliate, sponsoring affiliate, and affiliate.

The Harvard University team will participate in this activiy L, assuming
responsibility for the initiation of contacts with high-technology firms in
the Boston area. It is anticipated that such contacts could lead to involve-
ment of these firms in the activities of the Center, both at Harvard and
at Maryland.

Industrial participation will occur in many modes: joint research projects
(both with and without private funding); exchange of scientific personnel
for limited periods of time; sharing of advanced equipment; joint devel-
opment of a software library and **software club’’; use of private industry
laboratories and test beds for SRC projects; specialized education for
practicing engineers; cooperative employment programs for SRC students;
work-study programs; fellowship programs; and industrial funding of
equipment, students, faculty, and workshops at the SRC. Our strategy for
developing a strong industrial collaboration program is based on the build-
ing of strong technical ties with industrial research engineers. The col-
laboration between the two universities, and the unique characteristics of
their respective regions, offer distinct advantages to the SRC. It is a
somewhat innovative feature of the planning for the SRC that a synergistic
research, development, and education effort will be undertaken in a critical
high-technology area by the three most concerned communities: univer-
sity, industry, and government.

Industry will be appropriately represented in the administrative, man-
agement, and research structure of the SRC. There will ve industry rep-
resentatives in the administrative and research councils of the SRC,
professional resident fellows from the sustaining affiliates, and visiting
scientists from industry.

It is worth reiterating the importance of university-industry collaboration
in the programs of the SRC. First, we believe that a key to innovation is
a close coupling between the researchers and developers of technology
and its users. This coupling must be in place during the entire innovation
process. Second, certain of the technology drivers of the SRC, such as
VLSI and Al, have been vigorously pursued by industrial research labs
because of their enormous potential commercial value. Third, lack of
skilled manpower is particularly acute in the mix of disciplines underlying
the SRC. Strong industrial research participation in the proposed SRC will
enhance considerably the probability that the Center will succeed in its
mission.
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CONCLUSION: A FORMULA FOR SUCCESS

The Systems Research Center links two major universities that possess
broad intellectual, engineering, and scientific expertise. It also links two
major and complementary high-tech centers. Two exceptionally strong
and complementary groups of systems scientists and engineers will col-
laborate in an ambitious program that is expected to interact with and
impact all other Engineering Research Centers established to date. In
addition to the $16 million in NSF support for the first five years, the
SRC has strong commitments from both universities and from the State
of Maryland. The University of Maryland has committed 12 new faculty
positions, 10,000 square feet of new space, $1 million in operating funds,
$1 million in dedicated equipment, and another $1.6 million in shared
equipment. Harvard University has committed two new faculty positions,
1,550 square feet of new space, and computer networking. The Maryland
Department of Economic and Community Development will assist with
the establishment of the SRC and, in particular, its industrial collaboration
plan. The SRC will collaborate on research, education, and industrial
programs with the University of Maryland Engineering Research Center
(established by the State to provide an engineering extension service,
equipment grants, and an incubator facility), with the University of Mary-
land Institute for Advanced Computer Studies, and with the National
Security Agency (NSA) Supercomputing Research Center at the Maryland
Science and Technology Park.

I will end with a brief recapitulation of our goals. The future design of
electronic control and communication systems must be performed by so-
phisticated computer-aided methods, all the way from problem definition
to blueprint specifications for the electronic circuit or the software im-
plementing the design. This vertical integration should be accomplished
in the next decade, and is indeed the driving goal in the research program
of the SRC. With the utilization of expert systems and CAD tools across
different application areas, substantial cross-fertilization occurs as the
experience and expertise pass from area to area in an unending loop, each
time improving the power and efficiency of the design methodology. This
type of interaction is not possible without the utilization of these tech-
nologies. We believe that the interdisciplinary program of the SRC will
spark a fundamental reexamination of control and communication systems
design as we develop the design tools for the electronic ‘*smart’* boxes
of the future.

I emphasize again that the proposed research program includes a sub-
stantial component of fundamental research in mathematical modeling,
analytical studies in optimization and dynamics, sophisticated methods
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from statistics and probability, and advanced computational methods and
numerical algorithms. These are essential if we are going to demand that
the designs produced offer a substantial improvement in performance over
conventional ones. Indeed, we hope to develop CAD tools that will be
able to produce special-purpose software and hardware implementations
utilizing very advanced, albeit expensive, technology. Without a sophis-
ticated analytical/computational foundation, the advisability of such de-
signs is questionable. To put it simply, engineers are going to need very
advanced analytical/computational tools in order to squeeze out of the
final implementation (be it hardware or software) every possible perfor-
mance improvement. CAD is clearly the economical way to go—the
alternative being a sequence of untested trial-and-error experimental de-
signs. Essentially, it affords extensive testing and evaluation at a Jow cost.

The harmonious marriage of powerful analytical/computational meth-
odologies with the three technology drivers described in the SRC research
program summary is bound to produce what we would like to call the
ultimate systems engineering technology. Finally, the SRC is dedicated
to the education and training of a new generation of control and com-
munication systems design engineers.
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Center for Intelligent
Manufacturing Systems

KING-SUN FU, DAVID C. ANDERSON,
MOSHE M. BARASH, and JAMES J. SOLBERG

SUMMARY

The focus of Purdue University’s new Engineering Research Center is
on intelligent manufacturing systems-—a phrase intended to describe the
next generation of automated design/manufacturing systems. That gen-
eration will emerge in the 1990s as fully integrated, flexible, self-adaptive,
computer-controlled systems covering the full range of factory operations
from product concept through delivery. The Center is organized to support
the long range cross-disciplinary effort in research and education needed
to bring this technology into wide use in American industry.

Twenty to 30 professors will conduct the research, working in project
teams with as many as 120 graduate students and, through a novel ar-
rangement, another 80 undergraduates. National Science Foundation (NSF)
funding for the program is approximately $1.6 million dollars for the first
year; the amount will increase year by year, totaling as much as $17
million dollars over the first five years.

The new Center for Intelligent Manufacturing Systems builds upon
Purdue’s success with th, Computer Integrated Design, Manufacturing,
and Automation Center (CIDMAC), which broke new ground in organ-
izing cross-disciplinary, joint university-industry research. The new Center
complements the activity of CIDMAC to achieve broader technical cov-
erage and wider industrial impact. It also addresses the problems of ed-
ucational innovation that must accompany a new style of engineering.

INTRODUCTION

This Engineering Research Center represents a serious effort on the part
of Purdue University to address the needs of the American manufacturing
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industry in meeting competitive challenges. It is motivated by an awareness
of both the importance of a healthy manufacturing base to society at large
and the essential role of engineering education and research in meeting
industrial needs. :

It is now widely recognized that the American manufacturing industry

is facing competitive pressures that literally threaten its survival. Fu--
thermore, it is clear that our engineering education system must undertake
significant revisions to meet the new challenges. Recent studies, such as
that of the National Research Council’s Committee on the Education and
Utilization of the Engineer, have clearly identified and characterized these
needs.
The overall problem is systemic in nature. Small-scale, narrowly fo-
cused programs dealing with one or another of the many aspects of the
problem cannot adequately confront the global issues involved. Four ov-
erriding requirements stand out:

1. There is a need for new mechanisms to provide closer linkage be-
tween industry and the academic community, in order to close the im-
plementation gap and ensure the smooth flow of information in both
directions.

2. Greater emphasis on the integration of engineering knowledge (in
both research and education) is needed to deal with the increasingly per-
vasive systems nature of problems.

3 The methods and structure of engineering education must be reno-
vated in order to provide the kind o engineer that industry will need in
the future.

4. A large-scale cross-disciplinary effort will be required if the program
is to have sufficient impact to benefit a wide spectrum of manufacturing
practices at a national luovel.

Taken together, these requirements dictate a significant departure from
the traditional behavior of most universities. Even with sincere, dedicated
efforts by highly competent people there are countless ways to fail. The
viability of any effort of this kind depends critically upon a well-selected
focus, a wisely constructed organization, and a carefully planned systein
of program management. Figure 1 depicts the way in which the Center
is embedded within the Purdue University organization. The relationships
and functions of contributing entities will be described in later sections
of this paper.

FOCUS OF THE CENTER

The new Center will focus on intelligent manvfacturing systems. The
phrase **manufacturing system”" is sometimes used in # narrow sense by
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FIGURE 1 Place of the Center in the Purdue University Organization.

machine tool suppliers to refer to integrated production machinery. The
meaning here is broader. It encompasses all those activities associated
with making products, including design, planning, processing. manage-
ment, inventory control, and every other aspect of the product realization
process. Although the kinds of products considered will not be limited,
our primary emphasis will be on mechanical and electromechanical prod-
ucts that are made in discrete units. The continuous-process industries
(e.g., paper and steel) have unique problems that we do not intend to
address, although the Center will address some generic issues that would
apply equally well to both discrete and continuous production.

Background

To gain a better understanding of what the word **intelligent’’ means
in the context of manufacturing systems it is useful to trace the historical
development of manufacturing. From the earliest times through the first
stages of the Industrial Revolution the dominant feature of manufacturing
was human labor. Later, when mechanical automation was first coming
into common use, the center of attention was on fixed automation for
high-volume production; the conveyor belt is an example. Beginning in
the 1950s numerically controlled machines and electronic process controls
began to take over some of the low-leve. supervisory burden from people.
Starting in the 1970s and continuing today, *he emphasis has been on
flexibility (i.e., the ability to adjust to changing requirements) and inte-
gration of computer software. It could be said that we have passed though
three generations of manufacturing technology and are now in the midst
of the fourth generation (see Figure 2). Looking ahead to the next 20
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1st generation (pre-20th century)—manual labor

2d generation (early 20th century)—fixed automation
3d generation (1950s)—numerical control

4th generation (1970s)—flexible automation

Sth generation (1990s)—intelligent systems

FIGURE 2 Stages of evolution of manufacturing technology.

years, what novel features are likely to characterize the fifth generation
of manufacturing?

The historical evolution of manufacturing over the past century reveals
two major long-term trends. First, there has been a shift in emphasis away
from labor and machinery concemns toward more abstract information
concerns. Today the single most significant feature of manufacturing is
the complexity of the information involved. Thus, a major new problem
faced by all manufacturing businesses is how to engineer properly the
information structures that feed and control all of the product-realization
processes. We may expect fifth-generation manufacturing systems to uti-
lize major advances in the technology of information engineering.

The second major trend is an increasing awareness of the significance
of systems phenomena. Whereas early manufacturing sought to segment,
or decompose, the many steps of product realization in order to simplify
the management of the overall enterprise, it is now recognized that many
problems can be attributed to inadequate attention to the interfaces between
these steps. The gap between design and manufacturing is a notorious
one; but there are many other examples as well. Fifth-generation manu-
facturing systems will involve a far greater integration of technologies to
achieve true system optimization.

The term we use to describe this next major advance in production
technology—this fifth generation—is ‘‘intelligent manufacturing sys-
tems.”” The words are intended to carry the connotation of higher-level
computer control, flexibility, and integration. All sectors of manufacturing
will be impacted by these changes, some sooner than others. The Center
will conduct research, education, and technology transfer activities to
facilitate expeditious progress toward the goal of greater control, flexi-
bility, and integration.

Research Focus

What would an intelligent manufacturing system entail? Where should
a university -based research program focus i‘s attention? In order to develop
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a comprehensive picture to guide consideration of these questions, consider
first the manufacturing functions themselves. These can be conveniently
grouped into three categories: design, processing, and planning and con-
trol. Together, these three labels cover all the functions that transform
concepts, requirements, raw materials, ana resources into products. Al-
though they are carried out in various ways and with varying degrees of
success by different industries, it is clear that the three categories are
logically distinguishable and that ali are absolutely essential to the reali-
zation of products.

In addition to participating in these functions directly, engineers in
industry have concerned themselves with supplying equipment to improve
these processes. We will call this kind of improvement process *‘auto-
mation engineering.’’ It is external to the manufacturing function itself,
in the sense that it is more concermned with modifying the processes than
with making products. Historically, the attention given to automation has
been hardware-intensive, and generally localized to individual components
of the larger manufacturing system. Even the most modem flexible man-
ufacturing systems can be fairly characterized in this way.

Our focus on intelligent manufacturing systems requires a new emphasis
on the information aspects of the system. Information engineering is sim-
ilar to automation engineering in its objective to improve the direct man-
ufacturing functions; but it is distinctly different in its emphasis on logic,
procedures, organization, and software instead of equipment. Because it
is impossible to deal with these latter aspects in isolation, information
engineering also requires a completely integrated approach to the entire
manufacturing system, including all of the pieces mentioned above. Figure
3 illustrates the overall concerns of our research program, emphasizing
the integrated nature of the elements (this is not the only way to structure
the Center’s approach, of course).

Detailed technical work will be carried out in all of the arei.s. However,
it should be understood that the wholeness of the prograr is more im-
portant than any one part; it is this feature that distinguishes the Center
for Intelligent Manufacturing Systems from a mere collection of projects.
A typical project within the Center will involve the faculty of two or more
disciplines dealing jointly with research issues that cut across traditional
boundaries.

THE RESEARCH PROGRAM

The traditional reliance upon individual investigators or small teams of
investigators works quite well for well-defined single-discipline projects.
There is no need to criticize that approach; any other that we might plan
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FIGURE 3 Elements and interactions in the intelligent manufacturing system.

would needlessly undermine it. However, a cross-disciplinary Center of-
fers opportunities for research that are not otherwise possible. One of the
principal reasons for conducting research in a Center organization such
as ours is to coordinate activity within the group so as to achieve more
than separate projects alone would permit. That is, the synergism itself
has value. Moreover, the dialogue about research priorities that automat-
ically accompanies the organization of such a Center serves as a self-
regulating, unobtrusive force to ensure relevance of the separate com-
ponents. This is particularly true when industrial representatives with
knowledge and vision can enter the dialogue, as has been and will continue
to be the case in planning for our Center.

Of course, a cross-disciplinary Center introduces a need for program
management of a kind not ordinarily faced in conducting academic re-
search. Aside from the mechanical details of organization and operations,
it is important that clear guidelines, or a philosophy, be established for
selection of tne specific research topics to be investigated. Obviously, the
topics should have intrinsic merit, a strong cross-disciplinary flavor, and
a clear relationship to the focus of the Center. Beyond these points two
additional guidelines should be followed.
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% | First, it is important to be very selective about the projects undertaken.
g Although this Center will represent an undertaking of considerable mag-
3 nitude, the total effort can be no more than a small fraction of the national
= research effort in manufacturing. We cannot hope to do more than con-
3 tribute to the overall effort. Furthermore, the needs are so great in so
many areas that it is pointless to compete with other universities or research
3 institutions who are already excelling in certain areas. Generally, we want
2 to pursue those projects that are in line with our central mission and that
& we are best equipped to undertake in terms of background, talent, facilities,
2 and circumstances. We will concentrate our resources and attention on
& exploiting our present strengths.

A second guiding principle in selecting research projects is to maximize

3 leverage. This Center will identify problems that offer the possibility of
i a very large payoff for a reasonable amount of work. These problems
tend to coincide with the most critical needs in industry—the bottlenecks
to productivity—but are not necessarily short-term or easily overcome
obstacles. Generally, universities are best suited to working on the frontiers
of knowledge, where the commercial incentives are not yet clear enough
to encourage private initiatives.

Although most engineering research is carried out with the conviction
that it will eventually prove beneficial, the manufacturing arena imposes
special requirements to make explicit the costs, benefits, and timing of
research. ‘The fact that the benefits may be long-term does not diminish
the responsibility of engineering research for consciously addressing these
issues, because the ultimate penetration of any innovation in manufacturing
depends as much on economic factors and timing as it does on technical
success. Therefore, all of the Center’s research projects will be evaluated
in terms of their potential economic benefits as well as their purely tech-
nical aspects.

It would be counterproductive to detail in advance a rigid, permanent
structure for all of the research to be undertaken. Creating an environment
that encourages innovation requires a flexible organization that is clearly
and openly receptive to new ideas. Furthermore, the target we are trying
to hit is moving. It is possible to provide a sample listing of likely projects
to indicate the general flavor of the work the Center will support. Of
course, it will be the responsibility of the individual investigators to form
teams and organize their own proposed efforts, which will then undergo
review before funding. Some likely research areas are:

® computer-integrated system for product design/analysis

e data-base system for CAD/CAM integration

e automatic intelligent process planning and production preparation
e ‘‘virtual manufacturing”’ software for intelligent manufacturing

A

)

Csl'

o
¢

0
PR 35 3 7 A



3
KN
X .
-
e

.

82 PLANS AND PROGRAMS OF THE EXISTING CENTERS

® process technology integration

e intelligent error compensaticn in precision machiping

e intelligent control for automated production and assembly
o integrated microsensors for intelligent control

o advanced intelligent assembly and inspection.

These are only examples, of course, and even such inherently cross-
disciplinary project clusters as these must address the long-range objective
of total system integration.

THE EDUCATIONAL PROGRAM

In education as in research it is essential to have a guiding philosophy.
It is neither necessary nor desirable to build an educational program from
scratch. The existing engineering programs have evolved over years and
have developed strengths that it would be foolish to ignore. On the other
hand, it would be equally foolish to pretend that our engineering educa-
tional system is adequate to meet the new demands that are emerging from
concerns about national competitiveness. In concert with the research
program and with the more directed technology transfer program to be
described later, our Center will explore fresh approaches to providing the
human resources that will be needed in the future. It will do this through
a combination of traditional and nontraditional educational programs.

It shouid be noted that many of the education delivery mechanisms ¢
are just now coming into vogue nationally have been in place at Purdue
for some time. We have had a widely praised engineering co-op program
enrolling more that 1,300 students annually, and involving approximately
650 corporations. An undergraduate program in interdisciplinary engi-
neering, involving about 125 students a year, provides an opportunity for
custom-tailored curricula to meet special needs in such areas as biomedic.l
engineering, transportation, and energy. We have long had an extensive
continuing engineering education program. Our on-campus conference
facilities are among the largest of such facilities at any university and are
fully utilized. Television instruction has been fully developed for both on-
campus and statewide off-campus learning.

Notwithstanding this strong background of programs in place, we rec-
ognize that new initiatives are needed to focus and structure an educational
program that specifically addresses manufacturing requirements. Because
the subject is evolving rapidly, the program must stress fundamentals rather
than fads. It should foster the spirit of innovation, and prepare the student
to live comfortably in a world of constant technical change. We should
strive to make the program attractive to the very best students, because
the regimen is likely to prove more demanding than a traditional program.
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? It is easy to identify narrowness of disciplinary perspective as one of
i; the major educational problems in engineering today. It is also easy to
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structure a cross-disciplinary program that permits students to pick and
choose from a wide selection of courses. What is difficult is to build a
cross-disciplinary program that avoids superficiality.

Thus a new curriculum plan is needed, drawing on the expertise of
several engineering disciplines. No existing engineering program can han-
dle this challenge alone. Furthermore, the programs that are most closely
related to the need are already hard-pressed to satisfy the demands for
teaching and research in their traditional areas of expertise. New initiatives
and new resources are needed.

Aside from the curricular changes that are already under study at Purdue,
and which will be aided by the new Center, we have devised a plan that
squarely addresses the dilerma of how to involve undergraduates directly
in research—something they normally have little opportunity to do. It is
a difficult problem, because undergraduates have little time to devote to
research while meeting graduation requirements, and they usually lack
sufficient in-depth knowledge to have much to offer in advanced work.
However, we have devised a strategy to permit the most capable students
to become genuine members of a rescarch team.

The Center will offer to qualified students the opportunity to become
Summer Undergraduate Research Interns (SURIs). During one summer,
probably between the junior and senior years, a SURI will join an ongoing
researck: project team (along with faculty and graduate students who have
been working throughout the year). He or she will be paid a salary of up
to $2,500, and will be expected to make a positive contribution to the
research. To gualify the student must have taken certain courses (beyond
the usual required courses) and have earned good grades. These qualifi-
cations are to ensure both adequate preparation and seriousness of intent.
This is a position to be eamned, not a financial aid program. We expect
as many as 80 SURI positions to be awarded, and have included the cost
of student wages in the budget.

The SURI program is highly experimental. If the plan can be made to
work, it promises benefits to both the students and the research projects.
Moreover, it may serve to encourage the best students to pursue graduate
studies.

At the graduate level, Purdue has developed and is currently in the
process of implementing a Masters-level core program in manufacturing
systems of engineering. This program, which was developed jointly by
the Schools of Engineering under a grant from the Westinghouse Foun-
dation, emphasizes the integration of technologies of design, manufac-
turing, and automation. The program will be administered by the Schools
of Engineering, with guidance by a policy board consisting of the heads
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of the Mechanical, Electrical, and Industrial Engineering departments. An
advisory committee of corporate representatives will be formed. This
committee will participate in major policy discussions and review program
plans. Academic administration will be handled by individual schools and
will be consistent with graduate school policy.

In the category of continuing education, Purdue has recognized the need
for new delivery mechanisms to address the problem of technical obso-
lescence of mid-career engineers. The president of the university has
spoken often of the need for fresh approaches to this increasingly important
challenge, and has declared it to be a high priority item for the entirc
university. The Center will participate in the full range of new offerings
that are being developed toward this end. Beyond these initiatives the
Center will develop its own program, to be specifically targeted at en-
gineers in the manufacturing industries most affected by our research.

INDUSTRIAL PARTICIPATION

Fulfiliment of the mission of this Center will require the direct partic-
ipation of industry. Financial contributions are important, of course, as
they are needed to support Center operations. The financial commitment
also ensures the continued active attention of important people in the
companies. But it would be a mistake to think of the relationship as merely
a financial transaction, in which a company is buying something of value
from Purdue. Rather, the arrangement should be considered a joint venture,
in which all parties contribute and share. CIDMAC has proven that such

a concept can work.
“

Mechanisms

The new Center for Intelligent Manufacturing Systems will offer two
levels of industrial participation. The existing CIDMAC program will
become a part of the ERC, and will be expanded to include more member
companies. This form of participation requires a significant commitment
because it involves maintaining a close working relationship, including a
full-time site representative. The site representative is a technically ofi-
ented employee of the company who resides at Purdue and zngages in the
day-to-day activities of the Center. In addition, each member company
will have representation on the Policy Advisory Committee and on the
Technical Advisory Committee. It is understood that the ind viduals on
these committees represent not just their own companies’ inerests, but
those of American manufacturing industry as a whole. There is a reason-
able limit to the number of companies that could participate in this manner—
probably in the range of 12 to 15.
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The other form of participation in the Center is as an *‘affiliate.’’
Affiliates receive a newsletter and reports, and may attend an annual
research forum. Generally speaking, they will be observers of the activities
of the Center rather than direct participan « 1 the research. The obligation
of an affiliate to the Center involves no more than the payment of an
annual fee.

Technology Transfer

Compared to other industrialized nations, the United States has not
provided very well for routine technology transfer between universities
and manufacturing companies. This fact alone is one of the major reasons
for laggitig productivity gains. Any comprehensive strategy that is intended
to improve U.S. manufacturing productivity must address this issue.

The on-site industrial representatives of our principal industrial partners,
as well as the affiliate program just described, will serve as effective
conduits for the exchange of information and technology arising out of
the Center’s work. Other, more commonplace means of information/tech-
nology transfer, such as workshops and conferences, will be organized
from time to time ac appropriate. The usual practices of publication and
presentation will also be carried out. The philosophy that must guide all
of the research done within the Center is that it be available to all U.S.-
based companies. Although our industrial participants may enjoy special
advantages by virtue of their direct involvement in the we *k as it occurs,
the Center will not restrict dissemination of results to just those few
companies. Indeed, it is part of the mission of the Center to actively
disseminate its results so as to improve the competitiveness of American
manufacturing industry.
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Center for Robotic Systems in
Microelecironics

SUSAN HACKWOOD
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INTRODUCTION

The Center for Robotic Systems in Microelectronics, located at the
University of California at Santa Barbara (UCSB), brings together two
technologies of vital importance to U.S. industry: robotic systems engi-
neering and microelectronics manufacturing. By working in this cross-
disciplinary area the center will generate advances in applied as well as
fundamental research.

The main goals of the Center are to create new technology in flexible
automation for semiconductor device fabrication and to educate a new
generation of engineers skilled in the implementation of robotic systems.

The program being implemented at UCSB involves faculty and students
from four different engineering departments, and has a unique method of
interacting with industry. The educational program now under way will
produce graduate and undergraduate students who will be familiar with
the needs of industry, and who will be capable of designing and building
automation systems.

UCSB, located about 100 miles north of Los Angeles and 250 miles
south of Silicon Valley, is geographically well situated to become a major
research focus for California’s high-technology industries. A high level
of university commitment, along with National Science Foundation (NSF)
funding, will ensure the success of the Center during the start-up period.
However, the eventurs goal of the Center is to become self-sufficient
through funding from. industrial sources.

86

D
)

r
Wi



pﬁz«’%’”’?’?w’f“ﬁ"‘”ﬁwﬁ’%% '
: E B A

e P EH A AL s

ﬂszxx\b‘umrm&&* A DR T
2

" PLANS AND PROGRAMS OF THE EXISTING CENTERS 87

ROBOTICS AND MICROELECTRONICS

We define ‘‘robot’* as a computer-controlled machine which is self-
reprogrammable via sensory inputs. Mechanical arms are examples of
robots; but within this broad definition semiconductor processing equip-
ment can also be regarded as a robot if the equipment is endowed with
sensory-based control.

The pursuit of automacon in microelectronics can have two distinct
goals. The first is process investigation. Here robotics is used to control
a fabrication sequence automatically and reproducibly to obtain optimum
results. The second goal is increasing yield, while maintaining quality and
reliability. As very large scale integrated circuit (VLSI) features continue
to shrink (1-micron features will be standard in the future) and complexity
increases, production costs will be the critical factor for competitiveness
in microelectronics. Thus, of these two aspects of automation in elec-
tronics-—process investigation and increasing yield—the Center will em-
phasize the latter, although without neglecting the first. This emphasis
was chosen because productivity is economically the most critical aspect,
and because it is not currently being researched.

Accordingly, we have chosen research areas that will result in reduced
costs in semiconductor device fabrication. To accomplish this, robotic
systems that allow more accurate alignment, reduction of particles and
defects, and better contro] of complex processes are being developed.
Three general research areas have been selected for focus: (1) robotic
systems for material transfer, (2) robotic systems for process control, and
(3) robotic systems for assembly and packaging.

Many universities have realized the extreme importance of robotics
research and education for the survival of our economy. Unique to the
UCSB Center is the emphasis on systems. We define a robotic system as
*‘a collection of interacting robots and peripherals that together achieve
a definite purpose.’* Recently, it has become apparent that the bottleneck
in robotics is not so much in the science as it is in the imp.ementation.

The United States may sti,. lead in the fundamentals, but it is lagging
behind Japan in system design and application of robotics in industry, 2s
Figure 1 makes clear. Th> Center, while advancing the basic knowledge
of robotics in mechanics, in control, and in sensors, will stress the inte-
gration of robotic systems into real-life environments. The result, as sug-
gested by Figure 2, should bc an accelerated reduction of manufacturing
costs and an improved U.S. competitive position.

MANAGEMENT AND RESEARCH METHODS

The Center is led by a three-person team. The type of university-industry
cooperation envisioned for this Center requires a range of leadership tasks
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ROBOT INSTALLATIONS

N
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FIGURE 1  Application of robots in Japanese industry compared to application in
U.S. industry,

that are best carried out by a team. In this way it is possible to maintain
ihe executive effectiveness of the leadership without sacrificing its tech-
nical expertise. (Such a sacrifice is inevitably made whenever the executive
function resides in one person alone, as is often seen in the case of
university leaders who, in order to administer, have irreversibly lost con-
tact with research.)

The Center also proposes a new method of engineering research. The
usual procedure is to go from the general to the specific, to do first research
and then development. Typically, research is done freely in academia,
and out of the results produced industry picks those worthy of develop-
ment. Robotic systems research cannot be done this way. The procedure
used by the Center is to go from the specific to the general, doing appli-
cations first and gaining fundamental knowledge later (see Figure 3).
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by Humans

by Robots

COST OF MANUFACTURING

TIME

from this .

Robotic
Systems w
Research

FIGURE 2 Effect of robotic systems research on speed of application of robotics to
U.S. manufacturing and on cost reduction.

Research focused on real applications does not, however, deny the im-
portance of pertinent basic underlying principles.

Research is carried out by a multidisciplinary team of 16 professors
from four departments (Electrical and Computer Engineering, Mechanical
Engineering, Chemical Engineering, and Computer Science). Projects are
under way in the basic disciplines of robotics (mechanics, control, and
machine perception), as well as on applied research in flexible automation
of microelectronics manufacturing.
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Speciﬂc Problem ‘ General Problems
New Technology « New Know!edge

(Short-Term) {Long-Term)

FIGURE3 The Center's approach to robotic systems research, involving the creation
of new knowledge by generalization from specific tasks.

INDUSTRIAL INTERACTION

‘‘Systems House"’ Approach

A strong interaction with industry is the key to the success of the Center.
The Center operates as a **systems house.”” This systems house is the
missing link between the robot builder and the robot user. The concept
involves several key features. First, an automation project is selected
jointly by a private company and the Center faculty. The project is chosen
for its 1mpoﬂance to the compauy, relevance to the advancement of robotic
systems engineering, level of difficulty, time scale for execution, and
amount of industrial commitment, Project design and executicn occur at
the Center. Industrial participation includes the company’s assigning en-
gineers to work with the Center. Implementation takes place on location
in industry.

In the systems house mode of operation the Center can become finan-
~ially self-sufficient in the following way. The company purchases the
equipment necessary for the system to be implemented. The equipment
is then loaned to the Center. Equipment is loaned rather than donated
because the end product of a research effort is the successful transfer of
the same equipment, in the form of a complete system, back to the com-
pany. In return for the completed system the company is asked to fund
students and faculty for the next project in proportion to the complexity
of the system. The total cost to industry is substantially less than the cost
of commercial systems houses, and the university benefits since the Center
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receives student/faculty support and is assured of always having the most
up-to-date equipment available for research, at no cost.

Current Industrial Participation

At present the Center is supported by approximately 15 companies.
These include: (1) large semiconductor and/or equipment manufacturers
(Intel, Rockwell, Varian, and Bell Communications Research); (2) local
industries (Renco, Circon, Santa Barbara Research Corporation, and Delco);
and (3) robot manufacturers (GMF, Intelledex, Automatix, Microbot, and
Digital Automation Control).

One project that has already been initiated, in collaboration with Bell
Communications Research, is the development of a standard way to handle
long-wavelength semiconductor lasers. Semiconductor lasers are expen-
sive ($200 to $400) because the production yield is so low. This project
is aimed at designing robots capable of inspecting, testing, and handling
these fragile devices. In particular, a four-axis, modular micromanipu-
lating robot with vision capabilities is being constructed. This is also an
example of self-support achieved via the systems house method of op-
eration. Bell Communications Research will purchase the system upon

completion.

FACILITIES

The university has leased an Engineering Centers building at the edge
of campus. The Center for Robotic Systems in Microelectronics will oc-
cupy 14,000 square feet of this space. A major new acquisition of the
Center is & 1,400-square-foot class 100 clean-room, which has just been
purchased by the university and will be installed by mid-June. These
facilities greatly enhance the Center’s chances of success. A further 4,000
square feet of space in the newly constructed engineering building on
campus will also be allocated to the Center, for undergraduate teaching.

The university has allocated approximately $1 million for initial equip-
ment purchases, and has also allocated several faculty positions to the
Center.

EDUCATION

The Center is stimulating the teaching of new courses in subjects rel-
evant to robotic systems in microelectronics. Both undergraduate and
graduate courses are offered. The research program will involve approx-
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imately 10 percent of all engineering graduate students at UCSB. Mul-
tidisciplinary engineering methods are assimilated by example, through
participation in the university-industry joint prujects. The Center will stress
undergraduate education. It has already established a one-year, senior-
level complete curriculum for robotic systems specialization. The Center
s provides funds to pay undergraduates as technicians in the implementation
stages of projects. It will also make extensive use of videotaped instruction
; to illustrate robotic systems implementations on the factory floor. In ad-
dition, the Center is open to members of industry to continue their edu-
cation, and invites the participation of other schools in the same geographical
: area.
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Center for Composites Manufacturing
Science and Engineering

R. BYRON PIPES

The College of Engineering of the University of Delaware, in association
with Rutgers University and with funding by the National Science Foun-
dation, will develop a Center for Composites Manufacturing Science and
Engineering. This Center is intended to provide cross-disciplinary engi-
neering research and training to support national needs in the commercial
aircraft and aerospace industries, the ground transportation industry, the
electronics industry, and other consumer products industries.

The initial impetus for a national emphasis on composite materials came
from the need for new materials to meet the extreme and exacting re-
quirements of the aerospace programs of the 1960s. The demands on
materials in these applications were so diverse and severe that no single
existing material could satisfy the requirements. The development of new
stiff, strong, and lightweight materials systems, consisting of high-per-
formance fibers unified by advanced binders, played a key role in the
success of the space program as well as in the development of new military
systems. Today, while such materials continue to be important in space
and military applications, they are also being required to play much broader
technologica! and economic roles with regard to national needs in the
commercial sector.

OVERVIEW: THE CENTER'S GOALS AND CAPABILITIES

The new Center intends to provide a cross-disciplinary approach to the
conduct of engineering research and to the development of engineering
graduates at the bachelor, master, and doctoral levels. As a partnership
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among university, government, and industry, the primary goal of the new
Center will be to accelerate technological advancement through discipline
synergism, scholarship, sustained basic research, graduate and under-
graduate education, uniquc facilities, faculty excellence, technical ex-
change, and documentation of the evolving technology. The primary roles
of the university center will be in tlie development of new knowledge and
the transmittal or transferal of knowledge and technology. Since univer-
sities are not self-sufficient in the evolution of technology, the active
participation of industry is imperative.

The University of Delaware has been a pioneer in the development of
the center concept. The Center for Composite Materials, founded in 1974,
was the precursor of the new Engineering Research Center (ERC). In
addition, a Center for Catalytic Science and Technology was founded in
1978 and has developed a strong national program in catalysis research,
supported by the National Science Foundation and the petrochemical in-
dustry.

The facilities developed under ERC sponsorship are maintained for the
joint use of all faculty and students involved in Center projects. A profes-
sional staff is proviced for maintenance of reseerch facilities and tools.
The Center provides services not typically accessible to students and most
faculty, such as graphics services, a research professional staff, technician
services, enhanced clerical service, and access to unique facilities.

OVERVIEW: THE RESEARCH PROGRAM

The research program of the Center for Composites Manufacturing
Science and Engineering will focus on fundamental engineering research
problems that represent the primary barriers to the growth of this important
new high-technology industry. Five primary research programs make up
the Center: (1) Manufacturing and Processing Science; (2) Mechanics and
Design Science; (3) Computation, Software, and Inforn ation Transfer;
(4) Materials Design; and (5) Materials Durability. The interaction between
design and manufacturing science in compositc materials requires the
careful integration of the first two programs, while the remaining three
programs will form the cross-disciplinary foundation of the Center. The
affiliate program of Rutgers University will allow for extension of the
research to encompass veramic matrix composites, in addition to polymeric
and metallic systems.

10z
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Manufacturing and Processing Science

Contemporary manufacturing processes all share one characteristic: greater
control of material microstructure brings higher manufacturing costs. Yet
it is through the careful control of material microstructure that the greatest
improvements in material properties can be obtained. Significant oppor-
tunities for composite materials lie with the development of automated
manufacturing methods whereby control of microstructure can be achieved.
Thus, the primary objective of the Manufacturing and Processing Science
research program is to develop the fundamental engineering and science
basis to support the development of manufacturing methods for composite
materials.

Particular emphasis will be given to development of active control of
material microstructure and properties. Three primary areas of focus will
be manufacturing process studies, quality assurance and nondestructive
evaluation, and fundamental process variables. Net shape forming pro-
cesses to be studied include: robotic fiber placement, laminate sheet form-
ing, injection and compression molding, textile forms, powder processing,
pultrusion, and reaction injection molding. Quality. assurance and non-
destructive evaluation studies will focus on the simultaneous monitoring
of in situ material properties and defects utilizing sensing techniques that
include optical, piezoelectric, and radiation sources and sensors. A robotic
work station will be developed for computer-aided interrogation of com-
plex geometric forms. Tomographic, holographic, and advanced ultrasonic
techniques will be utilized in this program. Fundamental process-variable
studies will examine the rheological properties and processes of composite
materials. In addition, the development of material microstructure will be
examined through such studies as the measurement of crystallite dimen-
sions in semicrystalline polymers and cross-link density in thermosetting
polymers.

Mechanics and Design Science

The Mechanics and Design Science program will develop mechanics
models for several emerging composite material forms of interest, and
will integrate the models into a computer-aided design methodology. The
material forms will include: textile structural composites. ceramic matrix
composites, flexible (elastomeric) composites, and hybrid composites. For
each form, constitutive relations will be derived and the failure process
modeled. Computer-aided design science research involves the integration
of not only materials models, but also processing and manufacturing sci-
ence models. In this way the computer-aided design research will permit
the simultaneous design of material microstructure and external geome-
tries.
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Computation, Software, and Information Transfer

The availability of high-speed, large-capacity computers has changed
many of the traditional approaches in engineering education and practice.
The heuristic methods of the past have given way to numerical simulation,
which permits the solution of field equations that describe the complex,
coupled phenomena involved in manufacturing, processing, and design
of composite materials. To advance this procesz, the Computation, Soft-
ware, and Information Transfer program will develop computational mod-
els for the prediction of material behavior, and will provide for transfer
of technology to industry by means of computers. Accordingly, this pro-
gram emphasizes research on computational analysis, materials modeling,
advanced computer graphics, ccinputer-aided design, and materials data
base.

Materials Design

The aim of the Materials Design program is to generate concepts and
methodologies that link materials processing to performance. This end
will be accomplished through coordinated research efforts directed at re-
lating process-induced variations in a hierarchy of structures to material
behavior. The structural-hierarchy approach offers the potential of con-
necting molecular structure to macroscopic behavior through the coupling
of the behavior of key structural elements associated with differing scales
of interaction. At the macrocomposite scale the arrangement of reinforcing
elements is considered. The focus at the microsystems scale will take into
account inhomogeneities in the internal structure of the reinforcing agents
and matrix, as well as the possibility of a perturbed interphase region near
the surface of the reinforcing element. The development of explicit mo-
lecular theories to describe the properties of ordered regions of crystallitic
materials will be considered in the molecular systems research effort.

Materials Durability

The Materials Durability program is directed at the rational design of
composite materials to prevent premature failure. Primary thrusts of the
research are, first, t» define microscopic failure detail experimentally and
thus produce microscopic failure models; and second, to develop quan-
titative computer models relating microscopic detail to macroscopic fail-
ure. The two primary material forms considered are continuous and
discontinuous fibers embedded in homogeneous matrices. Phenomena in-
vestigated will include those associated with the actions of the environ-
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ment, mechanical stress, electrical stress, and foreign body contact. These
include rupture, creep, wear, fatigue, and dimensional instability. Char-
acterization of the initial and degraded states of the material, using the
advanced tools of electron microscopy, infrared spectroscopy, nuclear
magnetic resonance, dynamic mechanical spectroscopy, local chemical
measurement (ESCA * Auger, or x-ray fluoruscence), and x-ray or light
scattering, will permit proper model development.

Ceramics Research at Rutgers University

The Affiliate University program involves faculty and students of the
Ceramics Department of Rutgers University in studies to enhance tough-
ness of ceramic materials through fiber reinforcement and to develop
methods for injection molding of ceramic preforms from powder starting
materials. The benefiis to the two universities will be substantial in that
the University of Delaware expertise in composite materials will be com-
bined with that of Rutgers University in ceramics; thus, the overall program
will be expanded to add the important class of ceramics to those of poly-
mers and metals.

ACADEMIC PROGRAM

Embedded in the educational program of the College of Engineering,
the new Center will involve undergraduate students, beginning in the
sophomore year, in participation as undergraduate research assistants. In
1985 a total of 30 undergraduate students will be employed to assist
graduate students, faculty, and/or research professionals for 10 hours per
week each. In the summer after the sophomore year students are to be
engaged full time at the Center, while in the summer after the junior year
they are to be placed in an industrial or federal laboratory to gain practical
research experience. Senior students normally elect to conduct an inde-
pendent research effort under faculty guidance. Considering the special
opportunities it represents, this program for vndergraduates is directed
toward the academically accomplished student, and provides a vehicle for
recruitment to graduate programs.

The focal point for involvement of students in the Center for Compusites
Manufacturing Science and Engineering will be as graduate research as-
sistants. In 1985 a total of 33 graduate students throughout the Coliege
of Engineering will be supported by Center funds. and by 1990 a total of
50 graduate research assistants will be active in Center programs. As
degree candidates in the curriculum departments of Chemical Engineering,

"Electron spectroscopy for chemucal analysts.



S

98 PLANS AND PROGRAMS OF THE EXISTING CENTERS

Civil Engineering, Electrical Engineering, Materials Science and Metal-
lurgy, and Mechanical and Aerospace Engineering, the students will re-
ceive specialization through cross-disciplinary research projects and through
specialized course work. Research projects will culminate in theses and
dissertations, as well as research progress reports.

Primary objectives of the educational program will be the development
of Ph.D. degree-holders to carry out industrial and federal research and
to set up similar academic programs at other universities, along with M.S.-
and B.S.-level graduates to carry out engineering practice in the emerging
composites industry. The interdisciplinary awareness of these graduates
should be a key factor in their success in each of these endeavors. Finally,
the educational program will provide for the continuing education of both
engineering practitioners and young entrants to the field from other profes-
sions through short courses and specially prepared text materials.

INDUSTRIAL INTERACTION

Industrial participation in the Center for Composites anufacturing
Science and Engineering will have a pervasive influence upon the program.
It will take many forms: direct financial support for facility development,
financial support of consortia programs, financial support of individual
research projects, participation in advisory boards, and exchange of per-
sonnel through industrial internships.

Financial support through a joint University/Industry Research Program
known as *‘Application of Composite Materials to Industrial Products””’
will provide approximately $1 miliion per year. Industrial funds will also
be provided for the purchase of facilities for a Composites Manufacturing
Science Laboratory (CMSL); the initial investiment will be approximately
$1 million, to be provided during the first two program years. Ten blue-
chip companies are participating in this way. Exchange of personnel will
be extensive. The residence of industrial personnel within the Center for
periods of 6 to 18 months to conduct joint. open research with Center
personnel will provide an important mechanism for interaction with the
Center. In addition, a Visiting Scholar Program will provide for the place-
ment of university faculty or research professionals in industrial or federal
laboratorie.. It is anticipated that, in all, 30 to 40 industrial organizations
will interact with the Center in various ways through the University/
Industty Research Program.

Three mechinisms are provided for industrial review of Center pro-
grams. They are an Industrial Advisory Board, a Manufacturing Science
Advisory Board, and a Science Advisory Board. Membership in the In-
dustrial Advisory Board will be open to industrial organizations who join
the University/Industry Research Program described above. This board
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will be comprised of seven subcommittees: research, technology transfer,
computer software, student honors, patent policy, long-range planning,
and facilities. Vehicles for the transfer of technology to the industrial
sector include the production of a composites design encyclopedia, annual
workshops, an annual research symposium, computer software, site visits,
and industrial internships.

FUTURE DEVELOPMENT PLANS

To support the development of the new Center, the University of Del-
aware will establish three new tenure-track faculty positions in the College
of Engineering. Support for the new faculty positions will be borne by
the Center during the life of the program: the university will take financial
responsibility upon program completion.

Tl Center for Composites Manufacturing Science and Engineering
will expend approximately $4 million from 1985 to 1990 in the devel-
opment of facilities to support the research program. The renovation of
more than 6,000 square feet in Newark Hall will provide f r new labo-
ratories: a Nondestructive Evaluation and Quality Assurance Laboratory,
a VAX 11-785 Computing Facility, a Publications Production Laboratory,
and the first phase of the Composites Manufacturing Science Laboratory
{CMSL). Construction of approximately 13,000 square feet of new space
will provide for an office and laboratory structure, as well as for completion
of the CMSL. Approximately $1.5 million will be spent in support of
equipment for the new laboratories.




Engineering Center for
Telecommunications Research

MISCHA SCHWARTZ

SUMMARY

The Engineering Center for Telecommunications Research was estab.
lished May 1. 1985 at Columbia University by a major grant from 