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Preface xiii

Preface

The computer is the dynamo of the information age. The raw computing power
currently availab:e in a desktop computer far outstrips what was commonly
available on mainfnunes twenty-five years ago. The software now available to us
is pahaps even more revolutionary than the raw power; it has led to fundamentally
new ways to interact with the computer. Computers are revolutionizing activities
ranging from accounting to composing rock music. Physics researchers,
accustomed to being at the forefront of technology, have been deeply affected by
the computer revolution. This effect has serious implications for both how we
teach physics and what we teach.

The question is not whether the computer can be used to teach physics. It is
being used to teach phrics hather, the question is how the computer can be used
to teach physics most effectively. The potential contributions of the computer to
the teaching of physicsand to the understanding of physicsare immense. We
must take this opportunity to think hard about what we really want our students to
learn. The computer can let us rearrange the curriculum into units compelled by the
logical proerission of the material instead of by the computational limitations of
our studel.. or the physical limitations of our laboratory facilities.

But if we are to use the opportunity of the computer revolution to rethink the
physics curriculum, we must be realistic and thorough. We must begin the task of
curriculum reform by rethinking both content and delivery at all levels. Standard
physics texts link courses from the high school to the graduate level, and these
links are interdependent. The innovations in how we teach are now happening at
all levelsfrom the elementary school to the graduate school. Thus our reform
efforts will require the interaction of state-of-the-art researchers, college teachers
interested in curriculum reform, high school physics teachers, education
specialists, and expens in high technology.

There are many possibilities for using the computer to teach physics that are
obvious and many more that we haven't yet thought of. A computer in the physics
classroom can supplement lecture demonstrations. It can help students solve
homework problems and provide drill and practice when they don't understand. It
can help build their intuition either directly or in conjunction with lab work. It can
help students take and analyze data in the lab, and it can let them begin
independent research at a very early stage. Some of these computer uses will have
strong positive impacts on student learning; some will have negative impacts. Our
task as t..fmchers is to classify uses according to effectiveness. We must purge uses
that don't work, and test, refine, and retain uses that do.
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xiv Preface

The Conference on Computers in Physics
Instruction

To allow physics teachers and aNftware de-ielopers in physics education to come
together and see the state of the art in using computers to teach physics, we
organized a conference on Computers in Physics Instruction, held August 1-5,
1988, at the McKimmon Center on the campus of North Carolina State University
in Raleigh, North Carolina. Nearly four 400 attended from all over the United
States and a dozen foreign countries.

The idea for the conference evolved from conversations that took place among
members of the physics community, particularly at the biannual meetings of the
American Association of Physics Teachers and at a workshop of sixty of the
country's leading practitionas in computer teaching held at Dickinson College in
February 1986. That group specifically recommended that a large national meeting
be held.

The conference on Computers in Physics Instruction included 39 invited
lectures and 122 contributed presentations. The conference introduced a number of
innovations in the hope of increasing interactions and stimulating future contacts.
Besides the ond presentations, there were poster-demonstration sessions, one-hour
mini-workshops, and "open" computers that were used to display, discuss, and
exchange software. Upon arrival, all conference participants received a package of
twenty-nne diskettes with thirty-five software programs for five different kinds of
computers. (To obtain a set of these diskettes, use the order form in the back of this
book.)

The Proceedings

The invited talks and contributions in these proceedings reflect the great diversity
of ways physicists use computers to teach physics.

One possibility is, of course, to use the computer in the laboratory to take data
and to analyze and display the results quickly and easily. This can simplify some of
the technical details of the laboratory and expand its power. The use of the
computer for data acquisition and analysis is having a powerful impact on
researchers and by implication on our training of graduate students. At the
introductory, level the computer can help clarify the meaning of the data and lead
to substantial improvement in the student's understonding of difficult physi-al laws
and concepts.

A second major use of the lomputer is to build models and simulate
experiments. Model building is the fundamental component of the theoretical siae
of physics, and having the computer ardlable vastly expands both the class of
problems we can consider and the kinds of models we can build. In some cases we
can simulate real-world phenomena that we are prevented from studying in the
laboratory by constraints of time, expense, danger, or feasibility. For example,



Preface xv

planetary motion is too slow to permit extended observation in a single semester.
But many orbits can be simulated and studied conveniently and quickly on the
computer screen. Furthermore, our simulations can extend to "what if's." We can
try models that do not occur in the real world to see what the implication would be.
What would happen if we changed the grat itatione.force law a little?

One of the most valuable uses of siniulation is to allow =dents to visualize,
through display and animation, concepts that they may fmd difficult to understand
from looking at equations and a single static picture in a text. A number of papers
in this volume present a variety of innovative eimples if how to use simulations
in this way.

In some areas of ^ontemporary physics, computers are more than helpful; they
are essential. Much of the work in modern-physics research involves extensive
computation. For example, the fields of nonlinear dynamics and chaos. A number
of papers in this volume discuss how one might approach introducing the concepts
of chaos into the curriculum using r e computer. The subject of computational
physics is discussed extensively. The implications of modern computer
developments for the research environment are discussed in articles on
supercomputers and on Mathematica, a formidable program that combines
calculation, symbolic manipc" tion, graphing, and text processing.

Papers in this volume also discuss a diverse variety of important issues,
including cognitive issues, the .ole of contemporary physics, and the use of the
laserdisc. Other papers deal with the use of the computer as an instructional
assistantor evaluation and recording student performance, and for keeping track
of the day-by-day details of teaching, not only in physics, but in any discipline.

Another focus is the practical matter of pioducing physics courseware. Several
papers deal with authoring tools and programming languages, focusing on their
special applicability to physics. Specific computer utilities that allow physics
applications are also evaluated and described.

For those who wish to explore the possibilities for incorporating computers into
physics instruction and to explore programs already in place, there are descriptions
of the many instructional physics projects now underway in the United States.
These projects iange from incorporating a physics curriculum into a hilly
coordinated local an.a network, through well-funded microcompuvr-based
laboratories, to individual efforts to incorporate a single simulation into a tradition
curriculum.

Finally, some of the papers deal with the central problem of communicating
with one another on the role of the computer ;.n physics teaching. The conference
on Computers in Physics Instruction is one such forum, but there are others. Papers
in this volume discuss the preparation of educational software for publication, the
criteria that will be used to evaluate it, and various publishing possibilities. There
is, for example a discussion of Physics Academic Software, a joint project of the
American Institute of Physics, the American Physicai Society, and the American
Association of Physics Teachers, which will serve as a new mode of simplifying
access to high-quality academic software.
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xvi Preface

Cornmunicating Teaching Innovations

The conference o.. Computers in Physics Instruction brought some of the best and
most creative workers in many diverse groups together, both to further their
interaction and to produce a volume that would have a broad impact.

Educational devAopments seem to have a much smaller "diffusion coefficient"
than corresponding innovations in research. Researchers regularly publish their
work, report on it at conferences, read the literature, and travel from university to
university eying seminars on their latest work.

There is a great deal of activity in computer use in ,ke classroom, but much of it
fails to get published or disseminated beyond the local envhonment. The American
Association of Physics Teachers publishes journals aud resource volumes, and
holds workshops that reach a significant number of fir faithful, but the large
majority of college physics teachers remain almost completely unaware of such
efforts.

Even if they do become interested, the literature is highly diffuse. Important
papers are reported in such journal* as the Journcd of Research in Science
Teaching and Computers in Educauoi xnunals that may not be as familiar to the
research physicist as The Physical Review or the Review of Scient0c lnstrumrnts.
Pan of what we are trying to do with this volume is to give an overview of what is
ncw happening and to provide a link (through references in the papers) to the
rapidly growing relevant literature. We have assembled a smorgasbord of papers on
a wide variety of topics relating to the role of the computer in physics education.

The computer has wrought great changes in the practice of the profession of
physics. Thes 1 changes have serious implicationq ior physics teaching. We offer
this woceedings to those who would accept both the changes and their implications
and decide to involve themselves in the challenging and exciting subject of
teaching physics with the computer.

Edward F. Redish and John S. Risley, Scientific Editors
N2ncy H. Margolis, Managing Editor
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What Works: Settings for Computer
Innovators in Physics Education

Edwin F. Taylor
Deparsmem qPhysks, Marsoelmaaa bulimia ofTechnology, Cambridge, MA 02139

"What worts?" no lento means, "What programs run without crashingr" High-
quality uses of computers in physics education now exist in sufficient quantitythat
we can begin to study sC.:ngs in which they grow and are effective.

The treasure is people. As always, the creator works with a cloudy but com-
pelling vision, in the clw snd disorganization of the never-before-realized. As
always, the innovator apr Aes the resulting product to a specific situation, Ending a
unique local loophole through which novelty can be slipped between the fortes of
nurturance and antagonism. We have no defmition of creativity or "innovative-
ness," much less a way to identify them in advance. Instead we ask a question that
may have an answer: Given creators and innovators, how can they be encouraged?
We seek a measure of generality by viewing half a dozen creators and innovators
in their settings, asking retrospectively how those nearby helped them, or at least
got out of their way.

The people presented here are engaged in a variety u, projectsprojects that
will be thoroughly described during this conference. No doubt some of these
efforts will survive and grow, and others will infoim us before we pass on to our
next preoccupation. But this is not a study of projects; rather it is a studya few
vignettes, reallyof the settings in which projects originate and grow to fruition.

In each of the following vignettes the description of a project and questions
about a particular institution are epitomized in a single person. On some of these
projects several or many other people are full participants. I apologia,: i;. :dvance
to these colleagues for ova-personalizing rite analysis in the interest of brevity.

My research methodology in preparing this paper would curl the hair of a pro-
fessional sociologist. I chatted with a few people and summarized my own knowl-
edge and perceptions. Everyone described had a chance to correct errors in the
paper, but the result is not an objective study. These are my friends and colleagues.
I Ince them and admire the work they do. But I will uy to tell no lies and to be as
balanced and complete as time and space allow.

Before tif professional observers go to work on us, let us talk among ourselves
about what nurtures our own creativity, what nests to make for ourselves and our
projects, what kinds of help to seek out, and how to show othe:s that what we have
done has merit and provides a payoff for students.

Joe Redish: Project M.U.P.P.E.T.

Professor Edward F. ("Joe") Redish runs M.U.P.P.E.T., which stands for the
Maryland University Physics Project in Educational Technology. 'the setting is that
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4 The Computer's Impact on the Physics Curriculum

of a major research center, the flagship pliversity of the Maryland system of higher
education. Like Steve Koonin, the subject of a later vignette, Joe Redish is a theo-
retical nuclear research physicist. Our task is to understand how Project M.U.F,°.E.T.
is nurtured in :he setting of the University f Maryland, how Joe Redish juggles
competing demands of research and educational innovation, and what other aspects
of a major university influence the survival of educational change in physics.

Project M.U.P.P.E.T. has several components, and Joe Redish, cochairman of this
conference, is here to describe them in a talk later today. A major part of Project
M.U.P.P.E.T. is a small introductory class that he teaches for prospective physics
majors whexin students do many of their homework exercises by programming
solutions in Pascal. Each student also carries out an independent project on the
computer, solving some problem of physical importance. Using computers in this
way helps students to analyze realistic systems, such as projectiles with air re3is-
tance or the large-angle pendulum, and systems whose behavior cannot be
described in analytic form, such as three mutually gravitating bodies. It also allows
entirely new topics into the curriculum, such as chaotic dynamics.

In addition to driving M.U.P.P.E.T., Joe Rcdish carries a full load of research in
theoretical nuclear physics, being principal investigator of research grants totaling
about $500,000 per year. The advantage for intrcductory students of having a
teacher who is a research worker is obvious: Joe provides a professional role
model and introduces current topics into the course as aprropriate. When hc gives
a colloquium in nuclear physics at another university, Rcdish often asks to give a
second talk to the local fazulty about his new class.

The University of Maryland has a large physics dcparunentseventy-nine at
my count in the dimtoryand no simple generalization describes their reaction to
Project M.U.P.P.E.T. Some oppose research physicists' divening their energies in this
way. Others line up to help teach the cowse. At least one fellow faculty member,
who finds Joe Redish "an exceptional teacher at all levels," wonders how success-
ful he will be in "passing on the course to someone less joyous, with moderate
and decent interest in computers"the implicajon being that Joe's interest in
computers is "indecent." This colleague reports that, by and large, "the faculty is
rubracing the idea" of Redish's new course.

Grants are understood . a research university, rid on one level the grant that
supports M.U.P.P.E.T., from the Fund for the Improvement of Post-Sernndary
Education (utPsE), is just one more grant, helping to make educational innovation
legitimate. On another level it is an exception, confusing those who find it hard to
believe that one person can bc heavily involved in education as well as specialty
research. Recently Redish was given the Leo Schubert Award for Teaching by the
Washington Academy of Sciences. He routinely salt a copy of th;; award letter to
the physics department salary committee. Later the committee chairman stopped
him in the hall and asked, "Have you then given up research entirely?"

Many listeners will recall that the American Association of Physics Teachers
(AAPT) has its offices near the University of Maryland, and know that the depart-
ment provides part-time faculty pocnions to some in that organization. You will not
be surprised to learn that AAPT moved to College Park during the time that Joe
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Redish was chairman of the Maryland Department of Physics and Astronomy. In a
graceful phrase, Redish says that AAPT "curves the local metric" toward educa-
tion.

Neither the AAFT nor the activities of Project M.U.P.P.E.T. are much noticed by
many on th.z physics research faculty, but both operations are strongly encouraged
by the current chairman and others in the higher administration, in part because of
the good publicity they bring to the University. The University of Maryland is a
state school, and a state school must be responsive to the educational needs of the
public. In my superficial investigation there was conflicting testim6ny on how
important this administrative perception is in the considerable support given to

Joe Redish seems exuberant about tiis involvement in both educational innova-
tion and research. He says he is "learning a tremendous amount" from running the
computer-intensive class, which provides the occasion for "thinking through fun-
damental physics subjects in detail" and stimulates strategies of computer analysis
that have direct application in his research. For him it is "intellectually creative,"
and he does not &now when he will give up the exhausting double life.

Once in a while you run into someone who actually fits an ideal about which
we have become cynical. Such an ideal is the professor who combines cducation
and research into a mutually reinforcing enterprise. Joe Redish seems to have
achieved rioc dynamic golden balance. And Maryland is the research university
with the human face that provides for him the nourishinf ;ng. The productivity
of the result is inspiring, while its rarity, thank goodness, p.. knits the rest of us to
go on being cynical.

Priscilla Laws: Workshop Physics

Priscilla Laws is for me the archetypal educational entrepreneur in a small liberal
arts college. Open, energetic, comfonable in many settings, dedicated to physics,
she is also aware of how the world works and is skilled in building a local nest in
which her project is nourishat and thrives.

Priscilla Laws and celleagues at Dickinson C:Jilege in Carlisle, Pennsylvania,
run an introductory physics course called Workshop Physics. Students in
Workshop Physics spcnd their time in the laboratory carrying out assigned pro-
jects. Laboratory work makes heavy use of the microcomputer-based experiments
developed by Bob Tinker, described in a later vignette. Increasingly data sum-
maries and report wri ng are also being done on the laboratory's personal comput-
ers. Students read the textbook and do homework exercises as usual. The instructor
may interrupt the students in the laboratory and talk for a while, but Workshop
Physics has no regular lectures of the kind we are used to. For details, listen to
Priscilla Laws' talk later today and attend the workshops sty; gives during this con-
ference.

General support comes from a FIPSE grant. But watch how Priscilla Laws multi-
plies this resource. First, FIPSE does not pay for equipment, so Priscilla obtained
$50,000 from her institution to purchase computers. That takes chutzpah. But what
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takes my breath away is that she talked the college into t '1g the overhead pay-
ment from the MSS grant to renovate the physics laboratories for her classes. Nor
can she be said to have exploited Dickinson in this ',nerd: the success of her FIPSE
grant was a positive factor in the later award of a large grant to the college from
another some for disciplines other than physics. In brief, Priscilla Laws shows us
how to follow the Biblical injunction to "be wise as serpent! Ind innocent as
doves."

As always, when we look a little deeper, things arc not so neat and become a lot
more ambiguous. The Dickinson College Department of Physics and Astronomy
has five and one-half full-time-equivalem positions divided among seven people.
Three of these people do research in the conventional mode and two do less con-
ventional researchone of these two being Priscilla's husband Ken, who is well
known for his studies in the physics of ballet. The written policy of the college in
examining candidates for tenure and salary advancement, is to consider teaching
first eclearchischolarship second, and coma. mity service third. The academic
dean and the personnel committee say that "scholarship' means activity that cul-
minates in evaluatable results, and that the evaluation is done by peers. Article, on
the pedagogy one is implementing is one form that we have lots of instances of; for
us that's just as good as original mainstream research."1

Thus official Dickinson policy. On the other hand, outside evaluators for the
physics department insist that faculty should be morc involved in mainstream
research, and this is also the opinion of some influential college faculty in other
depanments. Even a full professor like Priscilla Laws feels the influence of the
unofficial presumption that "real research" would be preferob:c to her present
activities of developing curriculum and crcating student materials. She largely
ignores this viewpoint, but just As it nags at her, it must nag at others considering
educational innovation, at Dickinson and at other small colleges.

The record shows, and Priscilla Laws feels, that her project is well supported by
departmental colleagues and the administration at Dickinson, as well as by outside
funding. We have seen that she herself has been active in ensuring that this support
is fort: coming. And if the immaculate ideal is not quite matched by tne rumpled
realityin MalcoLm Parka's phrasewell, that is life.

Steven Koonin: Computational Tools for
the Theoretical Physicist

It is ironic that the California Institute of Technology (Caltcch), the most research-
oriented of the institutions on our list, is the easiest place for faculty to carry out
educational innovation. Steve Koonin had only to ask for an acadcmic quarter off
to develop a new course in order to be granted his wish and enough graduate assis-
tants get him started.

Steve Koonin io a theoretical nuclear research physicist. Computers are impor-
tant in his work, ani he has spent a lot of time teaching r ..gramming to graduate
and undergraduate students. In the early 80s, out of the blue, IBM gave him one of
the early PCs, and he became intrigued with its -ossibilides for teaching.
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After he had played with this =chine for about a year and a half, IBM gave
Caltech 500 personal computers, of which 20 IBM Kb ended up in a physics labo-
ratory. The university called for faculty sugL dons, and Koonin proposed that he
teaeh a course in using computers for them-deal physics. The institution gin him
the fall quarter off and provided two graduate teaching assistants for the summer as
well as that fall to help him with the programming. This was done with university
moneyand informally, without written prorsals or competition among faculty.
As Steve Kocein puts it, "Caltech is very lean on administration. It L.. assumed that
if a faculty member wants to try out something, he or she should be supported in
doing so."

So Koonin and his assistants prepared programs and class notes during the sum-
mer and fall quarters of 1983, and he taught the class for the first time in the spring
quarter of 1984. The following summer he was given one teaching assistant.
During that summer and fall he wrote a book, now published undcr thc title
Computational Physics.2 By th.; end of thc second year he was done witll the pro-
ject and now has returned to research full time, declining to participate in subse-
quent educational innovations.

How was Koonin's involvement in educational innovation viewed by his col-
leagues? We are telcing here of a small school (800 undergraduates, 800 graduates)
with a relatively big physics faculty of 42 members. Koonin feels that othcr
physics faculty did not think oi his activity as deviation from research. At the end
of the two years, he gave a regular physics department colloquium on his computer
teacning project. At that time (1985) most faculty did not appreciate the capabili-
ties of small machines, so there was a great deal of interest

In fart. during the two years of his project, Koonin continued a full program of
research. He says it "almost killed" him to continue both activities"a real
drain"and admits that there was "something of a notch" in his usual average of
seven research publications per year. That is why he has refused to undertake fur-
ther alucational innovations. His plenary lecture at this conference may be our last
ch. ic to hear him on this subject.

I am impressed with Caltech's easy and efficient ways of encouraging its facul-
ty in educ ,ional innovation. In this case at least, informality, trust, anti open-hand-
cdness have paid off handsomely for faculty and students and for thc rest of us in
the physics teaching community at large.

Perhaps nx s, research physicists, at least those with tenure, could undertake
intense but limited cpisodcs of educational innovation, especially those innova-
tiOtss, like Steve Koonin's, that leave thc rest Jf us with a residue of gold.

Robert linker: TERC and Microcomputer-
Based Laboratory

"Tom should not exist", declares Dr. Robert F. Tinkcr, speaking of the organization
that vs his salary. TERC is thc Technical Education Research Centers, Inc., a::
independent nonprofit educational development group in Cambridge,
Massachusetts.
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Bob Tinker directs one of three parts of TERC, a pan called the Technology
Center, which develops curricula, hardware, and software for primary through col-
lege education. They originated the Microcomputer-Based Laboratory, which
transforms student laboratory experience by providing poweribl experiment inputs,
analysis, and display routines. Best known is the motion detector that immediately
displays the position, velocity, and acceleration of an object, such as a walking stu-
dent. The Microcomputer-Based Laboratory has been used successfully from grade
schiol through introducto:y college physics. It received an award as one of the ten
best software titles by Classroom Computer Learning magazine. Priscilla Laws,
the subject of an earlier vignette, has incorporated it into her Workshop Physics
course at Dickinson College. Tinker will describe the Microcomputer-Based
Laboratory in a plenary lecture later in this conference.

By saying 'mac should not exist," Bob means that the tasks TERC dOesin110-
vation in technical and scientific educationshould really be done at colk;ges and
universities. Why does mac exist? "Every flourishing organization has a secret
weapon," says Bob Tinker, "usually a person." mac's secret weapon is its presi-
dent, Arthur H. Nelson. For 20 years Anhur Nelson has spent mornings in profit-
making activities (for example, renting space to technical enterprises along
Boston's Route 128) and aftemoons in the community of nonprofit enterprises, one
of which is TERC. No simple description fits Arthur Nelson, so let his history intro-
duce him.

In 1943 Arthur H. Nelson graduated as a physics major from the University of
Kansas. This was wartime, and a recruiter from the Radiation Laboratory brought
him to the Massachuseus Institute of Technology (MIT), where he worked on radar
and oi the AWACS plane that would have been the airborne command center if the

asion of Japan had taken place. After the war he consulted on missile guidance
with a major electronic manufacturing firm while getting his degree at Harm.?
Law School ("studying the laws of man as well as the laws of nature") and taking
classes at Harvard Business School. He founded a company that did electronics
work for the government, selling the company ten years later.

In 1966 Arthur Nelson and several presidents and past presidents of the
American Technical Education Association, founded mac to develop curricula for
technicians paramedics, and other support personnel for professionals in emerging
technologies. With the help of many faculty from MIT and other universities, as
well as scientists from business, TERC produced widely adopted curricula in
biomedical technology, electromechanical technology, nuclear medicine, and
nuclear technology.

In the mid-70s Bob Tinker, a fresh Ph.D. from MIT, taught physics at Amherst
College, worked for the Commission on College Physics, and then came to mac to
develop a curriculum in electronics for scientists. By the late 70s he was insisting
that mac act on the promise of computers in technical and science education. By
the early 80s they developed motion-detector equipment and the Microcomputer-
Based Laboratory, which in 1983 attracted one of the fi st big secondary education
grants from the newly refunded National Science Founeation.

TERC has not always thrived. Three times its existence has been threatened by
cutbacks in federal funJing. Three times a combination of staff inventiveness,

2 7



Taylor 9

TERC's experience with over 200 projects, and Arthur Nelson's generosity and busi-
ness sense has kept it alive. An outsider's impression is that month-to-month suc-
cess rests on a coilegial guiding structure consisting of Nelson and a senior staff
that has been with TERC for over a decade. As a member of this guiding staff, Bob
Tinker has strongly influenced the setting that nourishes his projects.

The past is prologue. We ask again: Why is TERC not displaced by competing
organizations in universities? Nelson thinlcs it is because universities fmd it diffi-
cult to collaborate with a wide variety of groups: other universities, technical
schools and community colleges and public school systems, professional societies,
or with a mix of profit and nonprofit groups. In brief, universities have turf prob-
lems. rilitc is a nonprofit group that threatens no one. It has a single focus: to iden-
tify national needs in technical, scientific, and special needs education and to bring
together the resources to satisfy these needs. Without turf problems, TERC can use
as resources what Nelson calls "the best, wherever they are located."

I have two additional guesses as to why mac is not displaced by university pro-
jects. First, it has little institutional inertia. TERC canand to survive TERC
mustidentify areas with unserved populations, formulate a plan to move on their
needs, and apply to fund the plan before the rest of us have even rumbled up to the
problem.

Second, TERC has taken as its playing field the very turf where success can be
objectively verified. An incompetent technician is more quickly identified than an
incompetent professor of literature. Nature herself helps you sort out physics stu-
dents who knov their way around a laboratory from students who do not. I believe
it is no accident that one of the three centers at TERC concerns evaluation and a sec-
ond concerns the handicapped, another field where success is demonstrable.

In thinking about TERc I find myself murmuring, "only in America." Where
else could you find a private-enterprise entrepreneur nurturing a nonprofit center
that uses government funds and collaborates with a spectrum of public, private,
profit, and nonprofit organizations to improve education in technology and science,
and for those with special needs?

MIT Project Athena: Graphics Utilities in
Special Relativity

A strong motivation for giving this talk has been to work through my own experi-
ence of developing physics educational software with help from Project Athena at
MIT and to compare it with the experiences of other developers in different set-
tings. You recognize immediately that objectivity in reporting my own story is
even more suspect than in reporting the stories of friends and colleagues in other
schools. Happily, help has arrived: Professors Donald Schon and Sherry Turkic and
coworkers at MIT, have carried out a careful series of studies of MIT's Project
Athena. What follows has benefited from their report.3

Project Athena at MIT has been a major effort to explore the uses of s;omputers
in education across the span of academic disciplines. For its first five years
(1983-88), Project Athena was heavily funded by Digital Equipment Corporation
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and the International Business Machines corporation. MIT itself raised $20 million
for individual faculty educational development projects.

My student programmers and I are substantial beneficiaries of Project Athena,
receiving a total of approximately $160,000 over three years in awards based on
competitive internal proposals. This money has gone largely for student wages and
part of my salary, but we received much more. To this total must be added the
Athena-provided computers on which the programs were developed and used by
students, and the administrative services of the Department of Physics. I am
extremely grateful for this support.

With this multifaceted support, we developed interactive graphics computer
utilities to help students learn special relativity and quantum physics. The relativity
programs are complete and are the subject of a short paper and two workshops at
this conference. The quantum physics programs are still under developmentmore
on them below.

Those who have studied Project Athena have criticized it for concentrating on
advanced technology rather than providing facilities that faculty request to carry
out their projects. I myself have been in the weird position of having to struggle to
avoid using the latest, most powerful computers. I want to program on machines
that are generally available, so that colleagues in other schools can use the results.
Here is a one-paragraph history of that struggle:

For the science departments at MIT, Athena first provided IBM XT machines,
which were just then being adopted nationwide. As soon as the first IBM AT com-
puters were introduced, Athena shifted over to them. These ATs were equipped
with the expensive Professional Graphics Adaptor (PGA) and display, which
shows beautiful colors. The trouble is that the PGA display did not catch on com-
mercially: few businesses or schools bought them. So the programs my studeat
programmers prepared that use the full PGA colors are useless almost everywhere
except at MIT. Happily, the PGA display can also be run in a mode that mimics a
less expensive display that many people do have. As soon as the IBM RT became
available, Athena moved on up to that computer. By now I had learned my lesson,
so I stayed with the AT machines. Sure enough, the RT computers did not sell
commercially either and were soon retired from use. Since then MIT has installed
work stationsuseless to me for developing programs that can be used else-
whereand is discarding their ATs.

Now turn from machines to people. In the summary of their study of Project
Athena, Donald Schon and Sherry Turk le tell us: "[Athena assumed] that MIT fac-
ulty would be able...to devise new educational software...as something of 'an
exercise for the left hand.'...But in the perception of most faculty members who
tried, development of new educational uses of the computer was a demanding
activity...It took a great deal of time. They are seen by their colleagues as diverg-
ing from the path to success within their departments...In the lio,ht of our findings,
it is understandable that the developers of Athena projects tended to be either indi-
viduals marginal to their departments, or 'short ti.ners' who...had no intention of
following up the possibilities created by their work, or long-time champions of
computers in education."4
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I fit into the Turkle-Schon category of "individuals marginal to their depart-
ments." I am not a professor, my position of Sznior Research Scientist is intended
for those funded with soft money. This position has served me well during most of
a 25 year career of educational research and ielopment at MIT.

Thus I took advantage of a "double ecological niche" within MIT and Project
Athena. As a senior research scientist, I could commit the time needed to pursue a
demanding project without losing status as a regular research faculv member.
Athena provided some of the soft salary support for this effort and the essential
wages for student pmgrammers. My students and I further subdivided the Athena
niche by inxntionally staying "out of date" with respect to the latest Athena hard-
ware; we wrote programs for con Jters available to physics teachers in other col-
leges and universities.

The programs and documentation in special relativity that you can see at this
conference are the outcome of our time in the MIT-Athena double-ecological
niche. In a fmal irony, an additional outside grant of a mere $6,000 from Apple
Computer for student wages, plus the loan of a Macintosh, funded Macintosh ver-
sions of our relativity software that sell much better than the Athena-supported
IBM versions.

All that is the good news. The bad news is that recent c,itbacks in faculty devel-
opment tunding have closed off the Athena part of the niche, leaving our project in
quantum physics only partly completed. Still, we did take advantage of a window
briefly open in the dimensions of time, space, funding, and shifting institutional
priorities to ncomplish something that gives us satisfaction.

Eric Lane: Standing Waves

All this talk of outside grants and institutional support raises questions: Whatever
happened to simple creativity? Dr2sn't anybody develop software individually, as
a regular scholarly activity? Why can't you work out ideas on your own, without
the heavy mwhinery of grants and technical support?

The answer is you can, but you need to understand the conditions. Let me intro-
duce Professor Eric T. Lane of the Unive7sity of Tennessee at Chattanooga. His
program Standing Waves won the 1987 EDUCOM/NCRIFTAL award in not just one but
two t.ategories: best physics softw Ire and best simulation software. According to
the official description, Standing Waves "provides animated simulations of waves
and pulses, interference effects, [and] Doppler effects for sound and light."5 For
further details, attend the so/eral sessions that Eric Lane is giving at this confer-
ence.

The EDUCOM/NCRIPTAL award culminates nine years of lonely work. When you
meet him, you will understand that lonely work is, for Eric Lane, not a punishment,
but a joy. If Joe Redish and Patricia Laws show us that there is a p'ace for the pub-
lic personthe organizer, the collaborator, the public speakerEric Lane shows
us that there is also a place for the private personthe reflective creator, the metic-
ulous worker, the burner of midnight oil.

I
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Eric Lane began work on Standing Waves in 1978in the dark ages before the
Apple Macintosh, even before the IBM PC.6 The Apple II had just been introduced
and few had thought of animation graphics. Rapid animadon on the Apple II
requires programming in machine language, that arcane code of numbers and let-
ters that directly instructs the processor. (Machine language executes the animation
in Standing Waves, and a BASIC program controls the menus.) Few people have
the combination of physics background and technical knowledge of machine lan-
guage necessary to do this. Eric Lane says that at the start he was "very technical,"
bringing to this task 20 years of extensive programming experience on several gen-
erations of IBM and Hewlett-Packard mazhines. The breadth of this expertise has
allowed him to reprogram Standing Waves more recently for a range of personal
computers.

Lane had no collaborators, no technical assistants, no student program...cis, no
participating fellow faculty members. He estimates that he spent 2,000 hotrs a year
for five years developing Standing Waves software and documeltation. That aver-
ages 40 hours per weekmostly nights and weekendsin addition to a full 15
contact hour teaching load.

Did he get help? Not until much of the work was already done. The Center of
Excellence for Computer Applications (cEcA) was established in 1984 at the
University of Tennessee at Chattanooga. Its main emphasis is in artificial intelli-
gence, assistance for the handicapped, and mainframe computer support, with a
budget of $20,000 total for all faculty projects. For six of the past eight semesters
Professor Lane has received some time off from his teaching load, partly suppc Led
by CECA. It-. addition, CONDUIT, a software distributor in Iowa City, distributcd
his material and paid for two one-week stays in Iowa City to complete projects.
Lane's department chairman supported his effort and was instrumental in reversing
a university policy against personal computers. Fellow faculty members encour-
aged the project, provided an avenue for seminars on his software, and exchanged
classes when he had to be out of town. Some faculty outside his department criti-
cized software development as an inappropriate scholarly activity, the presumption
being that it did not replace conventional research.

There was some hardwarc help from CECA, the British Acorn Computer
Corporation, Digital Equipment Corporation, and the Lupton Foundation. All were
the resliit of written proposals. Proposals submitted to IBM, Apple Computer, and
others received no response.

That's it. That is all the support Eric Lane receiveduntil he won the
EDUCOMMCRIPTAL award. Now IBM, Apple, and AT&T are interested in supplying
equipment. He feels that the award has brought him the possil,.lity of increased
resources, "Not enough, but more."

There is a strain of asceticism in Eric Lane's attitude and work. "I don't intend
to copy protect any software that distribute personally," he says. "I write it for
people to use, for them to get th.: benefit of my experience and teaching ability.
The more the better, as far as I am concerned...I feel that society provides me with
more than enough comforts dna necessities. I would prefer to spend my time and
effort d)ing my utmost to improve that society rather than trying to get rich at its
expens."7
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For mc Eric Lane's story provides an existence theorem: It is very hard, but you
do it alone if you need to. Inventiveness, determination, and industry can result

in a product that benefits teachers and students, and through them society as a
whole.

Conclusions

I once asked a well-known historian wkat traits were shared by the great people of
history. He replied, "None. What characteristics could Jesus and Napoleon possibly
have in common?" The histot ian was wrong, at least about Jesus and Napoleon.
Both of them were immense' y energetic, and both had a vision in which they
deeply believed, a vision that galvanized those around them.

None of us would claim to be historic characters, but everyone described in this
paper also has a vision and is energetic in pursuing it, each accoreing to his or her
own style. In reviewing the vignettes, I discern two distinct innovative styles,
styles that I call "public" and "private."

Priscilla Laws, Joe Redish, and Bob Tmker have "public" visions, visions that
are more about ways of organizing education than about a product. Fulfilling the
visions requires direct participation of at least some of their professional col-
leagues. The large scale of their visions requires outside funding. Within an aca-
demic institution, outside funding serves as much a political as a functional
pumose: it legitimizes the project and makes more likely the necessary direct par-
ticipation of some colleagues and toleration by the rest. The public innovator also
takes every opportunity to describe the vision outside the home institution during
the time he or she is actually learning how to do it.

In contrast, Steve Koonin, Eric Lane, and I have "private" visions, visions that
are more about productstextbooks and softwarethan about ways of organizing
education. Steve Koonin and I work with assistants but not colleagues; Eric Lane
works alone. We private innovators use local support from within our own institu-
tions. This support is small in scale and has a practical purpose: to give us time and
assistance. Any political advantage internal grants bring us is minor and does not
make the difference between success and failure in our local seteng. We go public
with our products only when they are completed.

If the distinction between public and private innovate.; is valid, then there are
consequences for encouraging these contrasting activities. Are you an administra-
tor working with a private innovator? Then consider providing modest direct sup-
port for aesistants and released time. This can be done quietly. Are you trying to
encourage a public innovator on your faculty or staff? Then think of soliciting an
outside grant, giving both the application and the award wide publicity within your
organization and its administrative surroundings.

In the melody of discussions with our five academic educational innovators, I
hear repeatedly a very old theme: the polarity between education and research as
perceived by them and by those around them. I believe it is no accident that all five
of the academic innovrAors except the author have tenure. Tenured professors can
afford to take the rir.. of concentrating on educational innovation, at least for an
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14 The Computer's Impact on the Physics Curriculum

interval. But even full professors think carefully about the relation between their
researth and their educational projects. Even full professors look somewhat ner-
vously for encouragement or the lack of it in their annual salary reviews. Of the
five academics, only Joe Redish manages an ongoing combination of specialty
research and educational innovation. Steve Koonin tolerated it for two years. Eric
Lane, Priscilla Laws, and I worry some about the tension, while acting as full-time
professional educators. I have little to add to this decades-long dialogue except to
testify to its continuing significance for innovators and administrators.

I am struck by how closely the setting fits the style of the innovator in most of
the cases we have examined. Most of our innovators are well tuned to their envi-
ronments. Joe Redish thrives in the stimulating seaing of university research while
orbiting gently in the curved metric around the AAPT, his local pipeline to the
world of physics educators. Bob Tinker has learned the survival skills of the
nonacademic educational development organization. It is hard to picture Steve
Koonin operating comfortably at MIT or Priscilla Laws striding onto the stage at
the University of Maryland. As always, it is the subtle mutual fit between organism
and ecology that leads to growth and a rich harvest for the rest of us.

Setting makes a big difference. It is not all-powerfulEric Lane has shown us
thatbut setting does make a difference. There must be hundreds of people out
there with energy, vision, and good educational ideas who have not been heard
from. Which of these could become productive to the benefit of the rest of us
through changes in their local surroundings, by seeking out a local ecological
niche, or receiving administration nourishment and support? There is much to do
in applying computers to physics education, and we desperately need their help.

1. Bitnet mail from George Allan, Academic Dean of Dickinson College.
2. Steve Koonin, Computational Physics (Menlo Park, CA: Benjamin/Cummings

Publishing, 1986).
3. Sherry Turkic, Donald Schon, Brenda Nielsen, M. Stella Orsini, and Wim Overmeer,

"Project Athena at sur. (Unpublished paper, May 1988).
4. Ibid., section 1. Quoted with permission. Omissions in this excerpt oversimplify a more

subtle and comprehensive argument.
5. Robert B. Kozma, Robert L Bangert-Drowns, Jerome Johnston, EDUCOMI NCRIP-

TAL Higher Education Software Awards. 1987 (Ann Arbor, MI: Program on Learning.
Teaching, and Technology, National Center for Research to Improve Postsecondary
Teaching and Learning, 1987).

6. Much of the following information comes from "Developing Standing Waves," by Eric
T. Lane (Unpublished paper, 28 March 1988).

7. Ibid. Ellipsis dots in original.
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The :.l'ipact of the Computer on the
Phy ?ii:s Curriculum

Edwati F. Redish
Depot tritent ()Physics and Aare omy, University of Maryland, College Park MD 20742

The computer has immense power to perform tedious tasks quickly and efficiently.
With the wide availability and falling prices of microcomputers, both students and
faculty are offered new opportunities for innovative learning, especially in a tech-
nical field such as physics. Having a substantial amount of computer power can
have a marked impact on what can be taught.

At the University of Maryland, a group of faculty and students has organized
the Maryland Project in Physics and Educational Technology (m.u.ERE.T.). We
have been investigating the implication of microcomputer availability on the con-
tent and structure of the curriculum.

I have been primarily concerned with the lecture part of the inuoduc?ory course
for physics majors, se i will concentrate on dcvelopments there. Others have
worked on the laboratory, on courses for nonscientists, and for upperclass majors
and graduate students. That work .s reported elsewhere.1

Problems with the Traditional Curriculum

In considering what the computer can do for us, w.: started out by trying to decide
what it was we really needed done. We considered the content of the su ndard cur-
riculum in light of the knowledge and skills required by a contemporay profes-
sional phy3icist, and we decided that the current approach had some f,ubstantial
defects.

1. The present curriculum does not contain enough contemporary physics.

By contemporary physics we don't mean "modern physics." The latter term
means physics developed in the years between about 1887 (the year c: the
Michelson-Morely experiment) and 1939 (the discovery of fission). The excite-
ment and vitality of the current state of physics is rarely visible in the standard
physics major's program. Many introductory students (even top-ranking ones)
have no idea what a professional physicist actually does.

2. The present curriculum does not sufficiently take into consideration what
students know and how they learn.

In our traditional majors course there are two standard assumptions: (i)
Students can be considered a tabula rasa. If we present our material logically and
coherently, they will understand it. (ii) If students have difficulty with ourpresen-
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16 The Computer's Impact on the Physics Curriculum

tation or approach, then "they are not good enough to be physicists." Current
developments in cognitive psychology and the theory of education suggest that
both of these assumptions may be wrong.2 Students come into our classes with
understandings and preconmptions about the world, and they often translate and
misinterpret our teachings as a result.

Some of the skills we expect our students to pick up quickly, such as facile
algebraic manipulation and the ability to attack and structure an approach to com-
plex word problems, may be slow in coming because of i.Nrevious deficient teach-
ing. Their lack does not imply a "fatal flaw," and we may actually be able to tertch
these skills instead of simply expecting students to learn them.

3. The present curriculum does not provide appropriate training of relevant
professional skills at the undergraduate level.

In the real world of the professional physicist, solving straightforward analytic
problems like those that dominate the undergraduate curriculum, plays a small (but
important!) role.3 Many of the most important skills required of the professional
physicist are not mentioned in the standard curriculum until the graduate level.
This is sufficiently unnatural that I will elaborate on this point.

The Skills of a Physicist

Near the beginning of our project, I considered the question: When a student wants
to do thesis research under my supervision, what skills would I like (expect) that
student to have? My first brainstorming session on this question produced a very
long list of notesnearly 20 pages. Clearly, one can choose such a list of skills in a
variety of ways, and I'm sure overy reader will have a different list. The following
is the result of much discussion, boiling down, and condensing.

For the nonlaboratory part of the curriculum I propose that every graduating
physics major should have an opportunity to develop the following skills:

1. Number awareness. This is the sine qua non of a physics major. Students must
understand that the universe is quantifiable.

2. Analytic skills. Students must understand the concept of equations and be able
to manipulate them in reasonably complex situations. This includes solving
problems with ..p to a dozen variables, understanding the use of limiting cases,
and formulating strategy and tactics for approaching a complex problem.

3. Understanding of natural scales and estimation skills. Students should under-
stat.'d what parameters are responsible for governing the natural scales of a
problem and should be able to estimate plausible answers and the size of effects
to one significant figure.

4. Approximation skills. Students should understand when an approximate Nua-
lion is valid and to what accuracy. They should have some idea of ways to
improve approximations by a variety of techniques.
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5. Numerical skills. Students should know how to solve a variety of problems that
are not solvable analytically. Perhaps the two most important aspects of this
skill are knowing what one can get out of a numerical calculation, and knowing
when to do a numerical calculation and when to do an analytic one.

6. Intuition and large-problem skills. This includes a variety of metaskills. By
intuition we mean having an understanding of when an answer looks plausible
and what to check for. By large-problem-solving skills we mean such things as
chunking (breaking the problem into par(s), mixing library skills with analytic
and numerical ones, etc.

The introductory course usua/ly deals almost exclusively with the first two
skills. An introductory physics text may include thousands of problems. Ap infor-
mal survey suggests that of these, 80 to 90 percent are "plug-ins"k tilems that
deal only with skill 1. Of the remainder, most (often marked as being ire diffi-
cult) are analytic manipulationsskill 2. The number of problem. requ ng esti-
mation, approximation, or numerical skills can be counted on the fingers of both
hands (if they can be found at all in the immense pile of plug-in problems).

In most versions of the current curriculum, approximation and numaical skills
are left for graduate study, giving most students a distorted view of physics as an
"exact" science, rather than as a science where we know the range of applicability
of our equations. Large-problem-solving skills are rarely encountered in an under-
graduate program unless the student does a senior thesis. This is particularly unfor-
tunate, since the approach to a complex, open-ended problem (especially one
where the answer is not known beforehand) is the fundamental skill of the profes-
sional scientist.

Estimation is the epitome of our view cif the ideal physicist (who can solve any
problem on the back of a paper napkinto one-digit accuracy), but we almost
never teach it. We seem to expect students to learn it osmotically by exposure to
physicists who know how to do it.

It is our view that all of these skills should be introduced in the undergraduate
curriculum at every level. Our experience at Maryland is that all of the skills in the
list can be introduced to majors at the freshman level in connection with computer
use.

The M.U.RRE.T. Environment

We have attempted to develop our materials and curriculum modifications so they
can be used inexpensively and effectiveb in a variety of environments. Our own
environment at Maryland is currently based on the IBM PC and AT personal com-
puters. A reasonable configuration for using our materials is ?,1 8088 or 80286
IBM compatible with two diskette drives or one diskette and a hard disk. 1 or the
8088-based machine (IBM PC or clone), the 8087 coprocessor is highly recom-
mended, as is 640K of merr.:,ry. All our packages have be.ln prepared to run with
CGA or EGA graphics.
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18 The Computer's Impact on the Physics Curriculum

In our experience, one such machine suffices for every eight to ten students. Wc
have two microlabs in the physics department: one with sixteen machines (mostly
PCs) networked with an AT master. The second lab is an overflow lab with six
machines, also networked to the same master. Our freshman majors' classes (each
with ten to twenty students) meet there three to four times each semester for one-
hour microlabs with tho teacher. The lab is kept open by teaching assistants for
eight hours a day on weekdays. Students make extensive usc the lab for computer
homework assigtunents and term projects.

The University of Marylael also provides a number of general-purpose micro-
labs in libraries Oroughout the campus, and will begin to provide in-dorm comput-
ers next year as part of a major effort to expand computer availability.

We concluded that the appropriate language for freshman majors was Pascal.
The reasons for this are discussed elsewhere.4 In order to minimize the amount of
programming we have to teach, wc have developed class handouts that distill the
basics of Pascal down to a few minimal ideas. Wc have developed utilities that per-
mit students and faculty to easily wriiz programs with interactive input and multi-
window graphics. Simple sample programs can be used both interactively in
microlabs to study complex phenomena and as starter programs or templates from
which other programs may be built. This makes it possible for the studcnt to learn
to write useful programs very quickly.

These mateirls also heip resolve thc problem of making the computcr usable in
class by faculty who are not programmers or who program in a language that is too
sophisticated for most freshman to usc.

The M.U.P.P.E.T. Course

In the introductory course itself wc have made use of the computer in a widc vari-
ety of ways. Some of thc ncw features included in thc introductory course arc:

reorder thc introduction to mechanics by starting with Ncwton's second law in
discrete form ;5

tcach thc powcr tnnls of physicsNewton II as used in a realistic physical
example;

train the student's intuition in complex situations ing productivity tools,
including Orbits, Thermo, and SpaLetime Physics;6

include a unit on nonlinear dynamicsthe nonlinear pendulum, fractals, peri-
od-doubling, bifurcations, and chaos;

introduce somc quantum conceptsthe phasc plane and Bohr-Sommerfe'J
quantization, quantum scales, and e equations; and

require independent term projects.

Since there is ncithcr timc nor room for a full discussion of all these topics, I
have selected two of thc new features to present in somc detail: the example of
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treating projectile mo& with air resistance, and a brief discussion of our experi-
ence with student projects.

An Example: Projectile Motion in Air

Including the effect of air resistance on motion of a projectile is a simple case, just
ate sttp beyond what we usually do. But that step is not possible at the introducto-
ry level without help from the computer it requires the use of one of the "power
tools" of mechanicsthe solution of Newton's second law as an ordinary differen-
tial equation using numerical methods. Nevertheless, this example is strikingly rich
and provides an environment in which we can introduce the student to a variety of
qualitative analytic skills.

To begin our analysis of projectile motion with air resistance, we have to first
discuss the form of the force law. We can do this qualitatively by

identifying the relevant parameters and variables in the problem as p (the densi-
ty of the air), R (a size parameter of the object), and v (die velocity of the object
through the air);

using symmetry principles (unit analysis and vector/scalar properties) to gener-
ate a functional form for the force law: F = npR2vv=bvvwheren is a
dimensionless parameter;

building a simple analytic model to estimate the dimensionless parameter (air is
made up of molecules);7

estimating die relevant time scales by building gravitational and air resistance
time scales out of (vo,g) and (m,b,v0;

studying the qaalitative and quantitative behavior in the microlab, including the
phenomenon of terminal velocity;

deriving the expression for terminal velocity analytically; and

doing homework problems for realistic cases.

Here are two sample homework problems that can be done at the cnd of the
omit.

Sample problem 1: A 2-gm sheet of paper is crumpled up into a compact ball
with a radius of 4 cm. When dropped, it takes 1.0 sec. to fall a distance of 2 m. Use
this to determine the air resistance coefficient b in the force law F = b v v. If a
wooden and steel ball are dropped from the same height, how long would they
each take to fall? What accuracy would you need in your measurements to see the
difference in the rates of fall between the wooden and steel balls?

Sample problem 2: I throw a ball of mass 0.25 kg straight up with a speed of 20
m/see. It comes down 1 sec. earlier than I expected it to if I ignore air resistance.
Find the air resistance coefficient b for this object if the force has the form

Fair resistance = b V V.
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20 The Computer's Impact on the Physics Curriculum

Fmd the coefficient y if Me force has the form

Fair resistance = yv.

Design a simple experiment (with numbers) using this ball to detrzmine which
force gives a better description of the real world.

The example shows that the actual computational work and the programming
involved are a fairly small part of the unit. But using the computer permits us to
bring in scale analysis and dimensional analysis, and to demonstrate approximation
techniques and ways of extracting physics from computer programs. These are all
skills that the professioul must know, but that we have had little opportunity to
teach in undergraduate courses.

Student Projects

The second application I would like to discuss is student projects. The style of the
traditional introductory course is exceedingly dry and rigid. Thc problems are usu-
ally narrowly stated and have "right" answers. Although this kind of work is an
essential tool in the professional's kit, it is not the only tool. Furthermore, it is not
at all clear that training the introductory student t. :elusively in this class of prob-
lems provides the proper filter for selecting those students who want to be profes-
sional physicists.

We have been experimenting with requiring independent projects at the intro-
ductory level. Because of the availability of our utilities and productivity tools,
these projects are not restricted to reviewing and writing a precis of a small number
of articles read in the library. An ideal projcct can include:

formulating a broadly phrased question of interest;

doing preliminary library research;

formulating a sharper problem amenable to a calculation;

performing the calculation;

studying the output and extracting the dominant physics; and

communicating the results in both written and oral form.

The students in selected sessions of our introductory classes for majors (15 to
25 students per class) have carried out projects for the last three years. Although
few o, the projects satisfy all of the above criteria, many students have performed
excellent projects. The rangc of computational activities is very broad, ranging
from none at all to building and debugging Pasc2.l codes of over 1500 lines that
take a dozen hours to run on a standard 8088 IBM PC.

Our programs and environment provide a wide variety of options. Students can
use Orbits as a productivity tool to study cases in the gravitational restricted three-
body problem without doing any programming at all. They can use Thermo as a
simulation to generate the data on interacting particles in a box under a variety of
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circtmtstances and write small programs (25 to 50 lines) to analyze those data and
study nonequilitatium statistical mechanics. They can modify our sample programs
Pendulum and Project or build their own simple programs around MUPgraph and
MUPscrn to study examples in nonlinear dynamics. Finally, they can write their
own programs from scratch. We have had successful projects at all these levels.

It is important to have this range of possibilities because our cutrent classes of
entering rtudents have a very wide range of computer experience, from none st all
to being able to grogram fluently in a number of different languages. One interest-
ing phenomenon that we have observed is that the best projects are not always
done by the students who do the best job on exams or homework. By giving them
projects, we not only provide our students with an opportunity to train their
research skills, we aiso give them a wider variety of ways in which to succeed.

Some of the topics studied by students in our introductory course in the past
two years include tethered satellites, shepherd moons and particles la Sztum's
rings, the coll''Aon of galaxies, the interaction of the planet Nemesis and the Oort
cloud, Olbers' paradox and the spectral distribution of light in the night sky, star-
quakes and models of neutron stars, and fractal-basin boundaries in Ncwton's
method of solving algebraic equations.

Conclusion

The computer can have a powerful effect on the way wc teach physics, even at the
introductory level. It is not sufficient to use the computer to illustrate the existing
carriculum; the curriculum must be rethought from the ground up. In particular, the
computer can be used to bring in more contemporary physics, give thc student
opportunity to carry out open-ended invet-tigations, addras specific cognitive diffi-
culues that are discovered by detailed observation of student response, and develop
more broadly the thinking skills useful in research.

This work fru been rapported in part by a grant by the Fund for the Improvement of Post-
Secondary Education (USDE). I would like to thank the chairman. Dr. C.-S. Liu, and the
associate chairman. Dr. Angelo Bardasis, of the Maryland Department of Physics and
Astronomy for their support and encouragement. The ideas and work presented here have
been developed in close collaboration with my coworkers Charles Misner, Bill MacDonald.
and Jack Wilson.
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Workshop Physics: Replacing
Lectilres with Real Experience

Priscilla W. Laws
Department of Physics and Astronomy, Dickinson College, Carlisle, PA 17013

We are suffering from an uncontrollable burgeoning of knowledge in virtually all
disciplin Nowhere is this morc apparcnt to us than in thc grand enterprise we
call physics, wherc whole new areas of thcory, application, and investigative tech-
nology have flourished in the past decade. As teachers wc arc challenged to learn
and teach fundamentally ncw theories to describe physical phcnomcna. Do we
undcrstand relativity and quantum mechanics well enough to explain thcm to intro-
ductory physics students? How about chaos, suNr strings, superconductivity, and
the big bang?

Unfortunately, thc qucsucn of what to tcach in Introductory physics courses is
not the only question confronting us. The issuc is not simply what to tcach, but
how to teach. There is an endless array of ncw computer-based instructional mcdia,
including computer-programming languages, integrated softwarc packages, tutori-
als, simulations, electronic-mail conferencing, and microcomputer-based sensors.
Other new instructional iools include video tapes, interactive vit'codiscs, and satel-
lite conferencing. We have also developed new undeistandings about student prc-
conceptions and naive problem-solving strategics. The classroom applications of
these new understandings about the learning process constitute !iart of the growing
body of instructional technology, even whcn thcy don't involve ncw hardware.

The desire to cover new ground and usc ncw technology presents us with too
many choicesrelativity, quantum thcory, and chaos versus Newton's laws and
classical thermodynamics; ncw teaching methods bascd on cognitivz theories ver-
sus nineteenth-century pedagogy; the digital computcr versus thc electronic calcu-
lator.
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The problem of having too many choices has already led us to the creation of
the 1,000 page introductory text book. Students complete introductory courses in
such a state of cognitive overload that all they retain are a few memorized defmi-
dons and algorithms for solving standard textbook problems. The mounting pres-
sure to substitute more contemporary topics for the classical ones runs counter to
pleas from physics educators and cognitive psychologists to offer students more
concrete experience before dealing with weird, abstract ,heories about things that
don't constitute part of everyday reality.1

The syndrome of cognitive overload is rooted in the presentation of far too
many topics, the more contemporary of which represent major paradigm shifts
away from the basic worldview of classical physics. To adapt a familiar phrase,
taking introductory physics is like trying to take a drink from a fire hose.

We are in an exciting period of experimentation with course objectives, content,
and pedagogy in introductory physics. We may emerge from this period in the his-
tory of physics education with a new intellectual canon that sweeps the nation and
eventually the world.2 On the other hand, the accelerating evolution of the fields of
physics and physics teaching may force us to abandon the present uniformity of
content and teaching methods for endless experimentation with a host of new
approaches.

Workshop Physics: Its Premises

TN., Workshop Physics project at Dickinson College represents one of a growing
number of attempts to forge a new canon or intellectual tradition for introductory
physics instructiop.3 Those of us on the Workshop Physics staff4 want to share our
experience with the new approach, but not because it represents the only viable
one. Instead, Workshop Physics represents one attempt to address some of the
generic problems with introductory physics. Workshop Physics applies recent edu-
cational research to the introductory physics curriculum, and it facilitates this
application with computer technology. A number of observations and assumptions
have guided the development of Workshop Physics.

Redu:ing Content and Emphasizing the
Process of Scientific Inquiry

In developing Workshop Physics we assumed that acquiring transferable skills
of scientific inquiry is more important than problem solving or acquiring descrip-
tive knowledge about physics. Arons refers to the acquisition of transferable skills
as a way of developing "enough knowledge in an arca of science to allow intelli-
gent study and observation to lead to subsequent learning without formal instruc-
tion."5 There were two major reasons for the emphasis on inquiry skills based on
real experience. First, most students enrolled in introductory physics at both the
high school and college level, do nnt have sufficient concrete experience with
everyday phenomena to comprehend the mathematical representations of them tra-
ditionally presented in introductory courses. The processes of observing phenome-
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na, analyzing data, and developing verbal and mathematical models to explain
observations afford, students an opportunity tr relate concrete experience to scien-
tific explanation. A second equally importark reason for emphasizing the develop-
ment of transferable skills is that a student who is confronted with the task of
acquiring an overwhelming body of knowledge must learn some things thoroughly
and acquire methods for independent investigation to be implemented as needed.
This follows Phil Morrison's adage, "Less is inore."

Emphasis on Directly Observable
Phenomena

The guiding principle for retaining topics in introductory physics is that they be
amenable to direct observation and that the mathematical and reasoning skills
needed to analyze observations be applicable to many other areas of inquiry. In
choosing topics, we should emphasize the development of operational definitions
and empirical relationships before introducing form'. definitions and theoretical
relationships.° We approve of the trend toward motivating students with applica-
tions of classical physics to problems of current concern. Jearl Walk:-'s exposi-
tions of the physics of everyday phenomena, the physics of human motion, and
Newtonian cosmology are splendid examples of contemporary applications of clas-
sical physics.7 We do not consider it advisable to add topics such as relativity,
quantum mechanics, and chaos. Such topics require levels of abstract reasoning we
believe to be beyond the abilities of beginning students.

Eliminating Formal Lectures

Although lectures and demonstrations are useful alternatives to reading for
transmitting information and teaching specific skills, no one has ever proved that
they are efficient vehicles for helping students learn how to think, conduct scientif-
ic inquiry, or acquire real experience with natural phenomena.8 In fact, some edu-
cators believe that peers are often more helpful than instructors in facilitating
original thinking and problem solving.9 The time now spent by students passively
listening to lectures is better spent in direct inquiry and discussion with peers. The
role of the instructor is to help create the learning environment, lead discussions,
and engage in Socratic dialogue with students.

Using the Microcomputer as a Flexible Tool

When used as flexible tools for collecting, analyzing, and displaying data
graphically, computers can accelerate the rate at which students can acquire data,
absnact, and generalize from real experience with natural phenomena. The digital
computer is an essential tool for any inquiry-based learning experience in phy-ir:s
because it has become the most universal tool of inquiry in scientific research. ix
computer has had a profound effect on the nature and scope of physics research.
However, even computer-aided inquiry takes time, and we believe that students
cannot engage in the process of guided inquiry and direct observation, e...cn armed
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with computers, and still cover the amount of material normally introduced in an
introductory physics course sequence.

Workshop Physics: Its Practice

Workshop Physics was first taught at Dickinson Cr- ge duri^g the 1987-88 aca-
demic year to students in both the calculus- and nohcalculus-based courses. It is
taught in three two-hour sessions each week. There are no formal lectures. The
course content in Workshop Physics is about 30 percent less than in our traditional
courses. Each section has one instructor, two undergraduate teaching assistants,
and up to 24 students. Each pair of students share the use of a Macintosh compuor
and an extensive collection of scientific apparatus and other gadgets. Among other
things, students pitch baseballs, whack bowling balls with rubber hammers,16 pull
objects up inclined planes, attempt pirouettes, build electronic circuits, explore
electrical unknowns, ignite paper with compressed gas, and devise engine cycles
using rubber bands. The workshop labs are staffed during evening and weekend
hours with undergraduate teaching assistants.

The material is broken up into units lasting about one week, and students use an
"Activity Guide," which has expositions, questions, and instructions as well as
blank spaces for student data, calculations, and reflections. The "Activity Guide" is
keyed to a standard textbook. Textbooks that have been used in the calculus-bascd
section include Scrway's Physics for Scientists and Engineers and Halliday and
Resnick's Fundamentals of Physics. The noncalculus section uses Faughn and
Serway's College Physics.11 In general the curriculum emphasizes the four-part
learning sequence describal by cognitive psychologist David Kolb.12 Students
often begin a week by examining their own preconceptions; then they make quali-
tative observations. After some reflection and discussion, the instructor helps them
develop definitions and mathematical theories. The week usually ends with quanti-
tative experimentation centered on verification of mathematical theories.

The Role of the Computer in
Workshop Physics

The computer is used in almost every capacity except that of computer-assisted
instruction. Although the M.U.P.P.E.T. project at the University of Maryland has
reported great success at teaching introductory students to progiam in Turno
Pas(.11,13 our attempts to :Azorporate programming Into the introductocy lab at
Dickinson, led us to feel that we were using physics to teach computing rather than
Cie other way around. We therefcre use spreadsheets as the maj )1. tool for calcula-
twn.

Linearization with Spreadsheets
and Grephing

The most Dopulir use of spreadsheets involves entering data directly Into the
spreadsheet ia Microsoft Works on the Macintosh SE computer for analysis and
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eventual graphing with the Cricket Graph software package. Linearization is con-
sidered to be one of the essential transferable skills associated with Workshop
Physics. Using the microcomputer for linearization and least-squares analysis, stu-
dents discover simple functional relationships empirically or verify mathematical
theories. An unusual application of linearization involves a project in which stu-
dents poke nails through insulation board to create a parallel array of "flux lines."
Students then count the number of nails passing through a wire hoop (representing
a surface area) to compare the angle of the hoop's normal vector with the direction
of the nails. A graph of the number of nails versus cos 0 allows students to discov-
er that 0= EA =EA cos a A simple linearization and graphing exercise is
illustrated in Figure 1.
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Figure 1. Linearizing data with spreadsheet and graphing software.
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Calculations and Modeling with
Spreadsheets and Graphing

Spreadsheet calculations are also used instead of intcgration as a tool to solve
numerical problems. In some cases spreadsheet calculations arc used for mathe-
matical modeling. For example, spreadsheet relaxation calculations work beautiful-
ly for modeling the pattern of electrical potentials surrounding thc "electrodes" on
electric-fieldmapping paper. Mathematical functions representing traveling waves
can be plotted in position space at three different times, and the velocity of thc
wave can be measured on the graph. This helps students explore the real meaning
of thc cxpression y =ftx ± VI).

Microcomputer-Based Laboratory Tools

Thc so-called MBL tools arc uscd extensively to collect, analyze, and display
data. An MBL station consists of a sensor or probe plugged into a microcomputcr
via an electronic device known as an intcrfacc. With appropriatc software thc com-
puter can perform instantaneous calculations or producc graphs. Sensors that have
been linked directly to the computer include 'he ultrasonic motion detector, photo-
gates, temperature scnsors, and geiger tubes. In cases whcrc the user can observe
or control changes in a systcm directly, thc microcomputcr can be set up to display
a real-time graph of systcm changes. Ron Thornton and others have demonstrated
(hat using MBL to crcatc real-time graphs helps students develop an intuitive feel-
ing for the meaning of graphs and for thc characteristics of thc phenomena thcy are
observing qualitatively.14 Wc have found that a timc trace of the position of thc stu-
dent's own body is unparalleled as a tool for leaning how the abstraction known as
a graph can represent the history of change in a parameter. Thc real-time frequency
distribution that can be produced by using thc geiger tube with a radioactive sourcc
affords the student the same kind of opportunity to explore and develop intuitive
notions about both dr. meaning of frequency distributions and the naturc of count-
ing statistics. A simple ounting statistics exercise is illustrated in Figure 2.

Thc funding for Workshop Physics has allowed us to develop an interface to
link MDL sensors including the geiger tube and thc photogatc to thc Macintosh
computer. Some of this development has been ':oordirdted with related projects at
Tufts University and Technical Education Research Centers) 5 Thc photogate soft-
ware is pedagogically oriented and utilizes a raw plotk. to allow students to see
the timcs whcn onc or more photogates arc switched on or off by real events. The
real-time raw plot, which is onc of Robert Tinkcr's many innovative ideas, encour-
nes students to discover for themselves ho N to usc operational definitions in the
measurement of velocity and acceleration. A simple photogate tuning exercise
with raw plotting is illustrated in Figure 3.

Simulations

In select cascs where acquiring real data is not feasible or is too time consum-
ing, we luxe resorted to simulations. David Trowbridge's program .amulating posi-
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Figure 2. MBL radiation deteetiel for the study of counting statistics.

60

tion, velocity, and acceleration graphs for a ball rolling down a set of inclined
ramps is one such simulation.16 Eric Lane's simulation of wave interference is
another.17 A third is the display of electric field lines from a collection of charges
developed by Bias Cabrera in a program called Coulomb. In Coulomb students
enjoy creating strange and unique charge configurations on the computer screen
and watching the patterns generated by the field lines. This simulation allows stu-
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(a) A lucite picket is dropped
through a photogate system
causing the IR light from the
LED to be alternately blocked
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(b) A raw plot, showing times at which blocking and unblocking of the gate
occur, appears in real time on the microcomputer screen. The raw plot concept
was developed by Robert Tinker of Technical Education Research Centers. Once
an experiment is complete students can move cursors and determine time
intervals between various events of interest.

371 = tape width/Ati

72 = tape width/At 2

ii = (72 -7,1)/ AT1

etc.

(t ) Novice students can use operational definitions of velocity and acceleration
to determine the rate of fall of the lucite picket through the photogate.

Figure 3. Measuring ecceleration with photogate timing.

dents to discover that in two-dimensional Cabreraland, the flux enclosed by a loop
is always proportional to the net charge enclosed by the loop.18

Desk-Top Publishing

Since written communication skills are considered important, students are
required to hand in sever..i for.Dal lab reports each semester. Students use the com-
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puter for word processing and creating apparatus drawings gor formal laboratory
repons. Students augment the word processing program from the Microsoft Works
package with diagtams created using Mac Draw.

Conclusions

Although computers served a vital role in the Workshop Physics program, the cen-
tral focus of the prow= is on dintt experience-based instruction, not computers.
Thus we'd like to think the program could survive without computer. Still, the
availability of a computer system for every pair of students is heady wine. We are
just beginning to explore the full potential of classroom computing, but every time
we design a better approach, another new computer technology beckons.

Our first year of Workshop Physics was at once exciting and exhausting. We
eliminated the hour-long lectures, and substituted hands-on experience, but old
habits are hard to break. Instructors droned on too long at times during "exposi-
tions." We often crammed too many activities into a week. Students discovered
that learning by inquiry takes time, and that progress can seem agonizingly slow.
At the end of the first semester a significant number of students complained that
they had done more work in the course than in all their other courses put together.
We learned from our experience. By the end of the second semester, wc had
calrnai tiown enough to evoke more favorable responses from students. In fact one
of the sections got the second-highest numerical rating of any of the hundred-odd
laboratory science sections taught at Dickinson in the past three years. Students
commented most often that they enjoyed bcing active and acquiring transferable
computer skills. The results of tests on mechanics concepts showed statistically
significant gains over those of the preWorkshop Physics students. A full assess-
ment of the educational gains is underway but will not be completed until the third
year of the program.

Our experiment will continue, and we hope many introductory physics teachers
will join us in this exciting approach to introductory physics education. But even as
we expand and refine our program, we look forward to the outcome of the experi-
ments of our colleagues who seek to use computers in different wayS or to incorpo-
rate twentieth-century paradigms into the fabric of introductory courses. We are all
part of the same exhilarating quest to forge a new intellectual canon that renders
science education more meaningful and stimulating for students and teachers alike.

1. There is a growing body of physics-education literatur: The focus in most of the litera-
iure pataining to concept development is on topics amenable to concrete experience.
An excellent introduction to the problems students encounter in developing fundamen-
tal concepts in mechanics is contained in a review article by L. C. McDermott,
"Research on Conceptual Understanding in Mechanics," Phys. Today 37, 24 (July
1984).

2. G. Allan, "The Canon in Crisis," Liberal Education 72, 89 (1936). This article provides
an insightful analysis of the threats to the intellectual canons in various disciplines.
Gcorge Allan argues that "contemporary intellectuals have increasingly been driven to
abarvion their belief in objective truth and to seek refuge in relativism." This argument
is coni;stent with Thomas Kuhn's notions about the cultural relativity of the scientific
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enterprise. The applicatkns to physics education are obvious. Quantum theory and spc-
cial relativity have shaken the primacy of classical mechanics in thc realms of thc very
small and the vay fast. More recently the emerging field of chaos has threatened our
notion of approximate Laplacian determinism even for the motion of large objects
moving at onlinary speeds.

3. The Workshop Physics project began officially in October 1986 with a three-year grant
from the U.S. Department of Education Fund for Improvemcnt of Postsecondary
Education.

4. The 1987-88 Workshop Physics stud* included Roben Boyle. Priscilla Laws. John
Luetzelschwab, Guy Vandegrift, and Neil Wolf from the department of physics and
astronomy at Dickinson College and Mary A. H. Brown from Troy State University in
Dothan, Alabama.

5. A. Arons, "Achieving Wider Scicntific Literacy." Dedalus 112, 91 (1983).
6. R. Karp lus. "Educational Aspects of dm Structure of Physics," Am. J. Phys. 49, 238

(March 1981).
7. .T. Walker. The Flying Circus of Physics with Answers (Ncw York: Wilcy. 1977); P

Brancazio. Sport Science (Ncw York: Simon & Schustcr. 1984); K. Laws. The Physics
of Dance (New York: Schirmcr. 1984); C. M. Will. "Newtonian Cosmology,"
Contribution to the Introductory University l'hysics Projcct Confcrcncc at Harvcy
Mudd Collcge. March 1988. Profcssor Will is from the McDonncll Center for thc
Space Sciences. Departmcnt of Physics.. Washington Univcrsity. St. Louis. MO.

8. In Alternatives to the Traditional (San Francisco: Josscy-Bass. 1972). 0. Milton
describes an experimcnt in which students in an introductory psychology coursc who
are not exposed to lectures do just as wcll in the course as those who attcnd lcctures. In
Whaes the Use of Lectures (Baltimorc: Pcnguin. 1971). D. A. Bligh presents mctarc-
searclt on the educational impact of Ic.:tures. Thc author concludcs that lcctures arc as
effective as othcr mcthods for the transmission of information, but that most lectures
are not as effectivc as active mcthods for the promotion of thought. "Peer Pcrspectives
on the Teaching of Science," Change. 36 (March/April 1986). S. Tobias describes a
study in which a group of cxpericnced collcgc teachcrs outsidc of physics hclped iden-
tify the naturc of conccptual difficultics in traditional physics lecturcs and dcmonstra-
tions.

9. Thc literaturc on peer learning is scant. Howevcr. Robert Fullilove from thc University
of California at Bakcley has uscd peer interaction almost cxclusivcly in hclpint, for-
ity studcnts succced in mathcmatics courscs by enhancing thcir study skills and prob-
lem.suiving abilitics. The program has cnjoyed incrc(1 hic succcss in the past dccade. It
has been the observation of thc Dickinson Workshop Physics staff that studcnts display
more thinking capabilitics and arc far morc articulate with cach othcr when thcy think
no instructor is within earshot. Oncc a student understands a concept hc or shc oftcn
uses a more comprehensible stylc of ey.planation and vocabulary.

10. E. Taylor. "Impulse Mcchanics" (Unpublishcd paper for thc Maryland Univcrsity
Project in Physics and Educational Technology, Univcrsity of Maryland. Dcpartmcnt of
Physics and Astronomy. Collcge Park, MD 20742, 1987).

11 R. Serway. Physics for Scientists and Engineers. 2nd cd. (Philadclphia: Saundcrs,
1986); D. Halliday and R. Rcsnick. Fundamentals of Physics. 3rd cd. (New York:
Wiley. 1988); J. Faughn and R. Scrway. College Physics (Philadclphia: Jundcrs.
1986).

i2. D. Kolb. Experiential Learning (Englcwood Cliffs, NJ: Prcnticc Hall. 1984).
13. W. M. MacDonald, E. F. Rcdish. and J. M. Wilson, "Freshman Physics with the

Microcomputer" (Unpublishcd paper for thc Maryland Univcrsity Projcct in Physics
and Educational Technology. Univcrsity of Maryland Departmcnt of Physics and
Astronomy. Collcgc Park, MD 20742. !988).

14. R. Thornton, "Tools for Scientific ThinkingMicrocomputcr-Bascd Laboratories for
Physics Teaching." Physics Education 22 (1987). Also scc R. Thornton's paper. "Tools
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for Scientific Thinking: Learning Physics Concepts with Real-Time Laboratory
Measurement Tools" in these proceedings.

15. The nbols for Thinking" project under the direction of Ronald Thornton of the Ccnter
for the Teaching of Science and Math at Tufts University is funded by the FIPSE pro-
gram at the U.S. Department of Education to oversee the use of MBL materials in
introductory physics laboratories at a number of other colleges and universities. The
"Modeling" project under the direction of Robert Tinker of Technical Education
Research Centers was funded by the National Science foundation to develop hardware
and software that allow a student to ctillect real data and develop a mathematical model
for the behavior of a system in an interactive fashion.

16. David Trowbridge, of the Car Educational Computing at Carnegie Mellon
University, has developed the software package known as Graphs and Tracks for
Macintosh, IBM, and Sun computing systems using the cT programming language.
Also see D. Trowbridge's paper, "Applying Research Results to the Development of
Computer-Assisted Instmction." in these proceedings.

17. Eric Lane's Standing Waves software for the Apple 11 Computer is distributed by
Conduit at the University of Iowa. Also see E. Lane's paper, "Animation in Physks
Teaching," in these proceedings.

18. B. Cabrera, Electromagnetism: Physics Simulations II, available through Kinko's
Academic Courseware Exchange in Santa Barbara, CA. Also see B. Cabrera's naper,
"Early Experiences with Physics Simulations in the Classroom," in these proceedings.

Computers in Learning Physics:
What Should We Be Doing?

Alfred Bork
Educational Technology Center, Informatwn and Computer Science, University of
California, Irvine, Celifornia 92717

We have serious problems in the learning of physics that we arc not currently fac-
ing. The computer could be a major tool in overcoming these problems, but the
ways we have used computers so far do not address these problems or do anything
substantial to improve the learning of physics. Many current efforts, although well
intended, are counterproductive. I put forward a plan in this paper that would lead
to substantial improvements and a much better future for all of us. But it will
involve substantial changes in policy at the national level.

Problems with Learning Physics

At the beginning of this century most graduates of secondary school in the United
States had physics as one of their courses. Currently only a small fraction of sec-
ondary school students take physics. The numbers of studetas taking physics in
secondary school hPs declined all through this century. There was some slight
change in this pattern Hing the development of the new curricula, about 1960, but
this was temporary. Many now think that physics should be taken in secondary
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school only by the few students who absolutely need it for the tt.zure. Counselors
actively urge students not to take physics unless these students arc exceptional or
are pursuing careers for which physics would be essential.

The situation has deteriorated to the point that a recent survey done by the
National Science Teacher's Association shows that only about half the high
schools in the United States currently offer a physics course. Far fewer high
schools offer advanced-placement physics counts, and these high schools usually
cater to the children of the wealthy. The data also show that about half of the teach-
ers currently teaching physics are not certified to teach physics. As with physics
enrollment, these figures have been moving in the same monotonic direction for
long periods of time. The situation is a disaster.

We hear less about the problems with beginning university physics courses. But
to my mind the situation is quite similar. Resear it in naive worldviews often
shows that beginning physics students, even many of those making high grades, do
not understand the fundamental concepts of these courses. They have learned to
work set problems with little understanding of what is actually involved.

Our physics courses at the secondary and university level arc old in content and
in structure. AUempts at producing radically new cmrscs at both levels during the
post-Sputnik period have had little lasting effect. The dominance of the Sears-
Zemanski Halliday-Resnick text tradition has been almost complete at the universi-
ty level. New books are extremely similar to the old books. Attempts at new
directions, such as th., Feynman Lectures, ha . d little effect on introductory
COUISCS.

Although there has been considerable rcse --II on the issues of how students
learn physics, this research has had practicall} a effect, statistically, on text and
classroom practice. None of the currently available textbooks reflect this research,
Ind the vast majority of courses follow these textbooks closely. We can point to
ine.:4clual examples where there has been considerable influence. But here I am
not concerned with examples that affect only a few students, but with the national
and international situation.

Computers in Physics Today

Although there is much talk about computers and physics classes, we sec ..ie pos-
itive net effect. So far the computer as a learning device has made little Lhange in
the, way courses are being aught. Again there are exceptions, but most of our
courses are still essentially lecture and textbook-based courses, with only at best
minor additions from the computer. In addition, much of the computer material
available in physics is not of high quality; it lacks even the professional standards
that we see in the poorer textbook:. Most of the material produced so far must be
considered bits and pieces, small individual programs. It makes litJe difference in
the extensive process of teaching physics.

Computer units now available, in all areas including physics, can typically be
described as amateurish. What has happened so far should be viewed not as serious
production of curriculum material, but rather as an experimental effort; we are try-
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ing out different tactics involving the computer to gct some idca of the range of
what is possible.

Even as an experimental effort, however, production so far has been limited. It
has not been done at sufficient volume, or with sufficient controls, to allow experi-
mentation that would be regarded as satisfactory in physics itself. There are some
exceptiom to this negative picture. But these exceptions are uncommon. We must
view the situation realistically if we are to make progress.

Antitechnology

I advocate the use of the computer as a way of solving the problems we currently
have in the learning of physics. I also urge caution. Experience shows that many
technology approaches are based on technology instead of pcdogogy. This is a seri-
ous

Often the technology is dominant, the developers believe that there is some
magical new hardware or software that will lead to solutions of educational prob-
lems. I do not believe these strategies arc likely to be of any use. They follow the
current will-o'-the-wisp. Thus developers arc interested in Macintoshes for a
while, Suns for a while, then RISC processors, and then some new geneation of
Crays implanted in human brains at birth. The "solution" always lies, such people
conclude, with the next generation of hardwarc.

On the software side, developers think that they will get magic results from a
ncw authoring system, computcr tools, or artificial-intelligence techniques. There
is little to support this so far, in spitc of thc vast amount of money that has gone in
this direction.

I insist that our learning problems are pedagogical problems, and that the com-
puter, no matter what is used or how it is used, is not r magical device. There is no
atical technology. Rather, technology should bc dictate ci by pedagogical needs. This
suggests that technology should always be in secor.d place, rather than in first
place, perhaps a modest interpretation of the title of this section!

In the pursuit of the latest technology, wc tend to forget that we seldom use the
technology that we have adequately. If caw looks at the cuntc: generation of inex-
pensive microcomputers, it becomes clear that many of the things we want :o do
can be donc now.

That is not to say that there will not be uses for new technology. Certainly we
will continue to find that the newer technology can be very valuable. But our prob-
lems are not fundamentally technological, they arc pedogogical. They involve the
lack of adequate knowledge and resources for curriculum development. The pur-
suit of technology in education consumes large amounts of money, but instead of
spending money in rational ways, we arc always looking for magical new solu-
tions.

What Cat, the Computer Do?

So far in this paper I have taken a negative tone, pointing out that pnblems are
severe and that the computer has done very little to help with these problems. But
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my intent in this paper is not to be negative. Rather it a to outline a positive posi-
tion, to show first how the computer could be used to improve our educational sys-
tem, including the learning of physics, and to suggest a strategy to achieve this.

What are the zdvantages of the ,...omputer in learning modes? Most of these
advantages Bow, I claim, from thc fat,1 that computer-based learning, in the most
gereral sense of the term, can be high,.; internet;:. 7.1sicracuon MAAS that there is
frequent and meaningful response from both the computer and from students.

Our standards of interaction in our work /, the Educational Technology Center
consider two factors, the degree of interaction and the quality of interaction. The
degree a' interaction refers to how frequently interacnon occurs. We find, in test-
ing in environments where student; arc free to leave, that 15 sear& is about the
maximum time that should clape between the time a student has completed reply-
ing to one question on the computer (or making some other meaningful input) and
the time a student is in a position to consider some different input. There is nothing
hard and fast about this 15 seconds, but we find that in testing in environments like
public libraries that students tend to leave when interaction becomes much slower
than this. This implies that there cannot be much text or visual information present-
ed in one chunk if we arc to attain a satisfacti ry degree of interaction. We do not
want to create books or films on the computer.

Quality of interaction is a more difficult issm. The standard for quality should
be the standard in human conversation. If a good tutor works individually with two
or three students, helping them to learn physics, then we arc seeing quality interac-
tion. We can refer to this type of computer use as Socratic, because Socrates taught
in such an interactive fashion. He seldom gave infoimation; rather he asked ques-
tions, leading students to discover for themselves the fundamcnul idcas. The pro-
cess is like the development of science itself.

We can easily point to examples of r 3or interaction. I nave argued in thc past,
and continue to believe strongly, that multirle choicc is a poor form of interaction,
not worthy of usc in any form with students, and certainly not desirable in compit-
er-based material. While I am sympathetic with the problems of those with v ,ry
large classes, people who give multiple choicc tests should realize mat they do so
as a matte.' of expediency; such a practice is not pedagogically desirable. Multiple
choice in cumputer material is ridiculous, a sign of poor material.

Interaction, with thc computer interacting frequently and carefully ir. a mean-
ingful way with users, has at least 0.1 important consequences. First, it allows us
to do somcthing almost impossible in lecture-based and textbook-based classes, as
long as there arc more than about ten people in these classes: it allows us to indi-
vidualize learning to thc needs of each student. Very few physics classes are cur-
rently individualized to the needs of cach student. Some students (about 20
percent) do well because the learning method presented matches their needs, or
because they have excellent backgrounds or other advantages. But students who
need specialind help, dif:-....ent from that offered in the standard course, do poor!y.

There is good evidence from the research on mastery learning that every stu-
dent can learn material to "A" level. Our experiences in physics with the personal-
ized systcm of instruction sho.vs the possibilities, although succcss in that arca was
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very often limited to small classes and to instructors who understood the system. In
large classes, there were severe logistic rooblerns with the personalized system of
instruction. However, experience indicates that computers can solve these logistic
problems.

The second major consequence of interaction is motivation. Our own studies in
public libraries show that students will stay for very long periods of time at diffi-
cult learning tasks, provided these tasks are interactive. Generally we need to give
far more consideration than we currently do to motivational issues in our classes
and in our learning materials. The notion (often underlying development in the
early parts of the 1960s and still too frequent today) that material intrinsically
interesting to the professional will be intrinsically imeresting to the student, has
been shown many times to be false.

The computer affords us an opportunity to magnify the power of excellent
teachtTs. We have always had a few very good teachers. Our problem has been that
the effect of these extremely good teachers has been very limited. They see only a
few students, and there arc vast numbers of students in the country and in the
world. Attemp's to spread their tactics to wider audiences have generally faiied.
Thus we discount the enthusiastic articles in the journals about a marvelouscourse
because we know that course was marvelous because of the individual involved,
not because of the particular strategies that individual was using.

The computer gives us a way for ..ixcelient teachers to reach not just the few
hundred people that they might normally have in their classes in a year, but mil-
lions .-A people. We hope at one point !hat video material would accomplish this,
but video is an inherently noninteractive medium and has seldom produced results
better than those of traditional lecture.

Current Courses versus New Courses

Most of the computer use at the present time is in small amounts of material added
to courses developed before the computer came into existence. Adding a few com-
puter modules to a Halliday and Resnick cou7se and giving the tests that were
given before the computer arrived, is unlikely to lead to any fundamental differ-
ence in the course.

Our courses are old, and therefore we need new courses. This is independent of
the computer. But the computer gives us a whole range of new possibilities for
these courses. Courscs using the computer extensively can be very different in
structure and in content from our current courses. I have elsewhere described pos-
sible new course structures.

Our hope lies in our ability to generate new courses, courses that from the very
beginning assume that the computer is available as part of the learning resourc.L .
All of the decisions about how the computer is used can be made because of the
pedagogical necds of the students, thus leading us to possibilities that could not
possibly have been in existing courses, becau:': they were developed before the
computer was available.
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This is not to say that we will not continue to use the older learning media.
Naturally we will use all the learning resources we have at our command. This is
not a game we are playing, but rather a serious attempt to assure maximum learn-
ing for all students! Hence we would not want to rule out anything that might be
helpful to some of the students involved in our learning environments.

The aim of the new courses should be that all students learn. This means that
they should learn to the mastery level, typically represented by "A" work in our
courses. Experience with mastery learning strategies, such as the personalized sys-
tem of instruction, shows that this is possible. The new courses should provide
individualized aid and assistance to meet the typical student problems that occur
within the physics environment. They should be interesting to students. The learn-
ing mode should be interactive.

These course': must be developed wiia a full professiorll system. We cannot
develop the courses we need unless wc approach them isly. We use profes-
sional standards in our research efforts in physics, and Y. aould not use amateur
standards when it comes to developing learning material. Learning must be consid-
ered as serious a problem as research.

We do hz.ve, nationally, experience in developing full-scale courses using the
computer. Many of these courses were developed many years ago. The Stanford
logic and set-theory courses, taught for many years as the standard courses in those
areas at Stanford, certainly compare favorably with the traditional noncomputer
courses in those areas, as judged from the standpoint of student learning. The intro-
ductory physics course developed at the University of California, Irvine, many
years ago is another promising example. Unfortunately, funding for developing
new courses of this type has been difficult to obtain. Indeed, funding for converting
these existing courses to modern machines has not been available.

How Do We Proceed?

If the reader has been following the argunierlis to this point, the question that
comes to mind in wolves procedure. How do we move on from the current unsatis-
factory state to a desirable state? What do we do, for example, with students in the
high schools who do not have a physics teacher, or havc a physics teacher on emer-
gency certification without the qualifications for teaching physics? What do we do
about the fact that even in our best classes, many people do not learn? I suggest the
following approach.

The Larger Problem

First, we must realize that we cannot solve this problem for physics alone. The
learning problems are too interrelated with other subject areas; many of thcm occur
across thc educational spectrum. Furthermore, the efforts needed arc such that if
we do it for one course we have hardly scratched tnc surface.

Hence the problem of constructing new physics courses for all levels, from ear-
liest childhood through our advanced university degrees, is not a problem that can
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be considered by itself. Even if we look only at the most critical needs, the begin-
ning courses in the secondary school and the university, we cannot view this as an
iso 'lied problem. Rather we must look at the entire spectrum of education if we arc
to have success. Physics depends on other subjects such as math. Furthermore, the
knowledge we need about how computers can bc used effectively must be gathered
in the broadest possible environment.

The Experimental Phase

We cannot, I would argue, proceed immediately and wisely to the large problem of
full curriculum development. Rather we need to learn more about the effectiveness
of the computef as a learning device, more than we have learned with the sporadic,
lften expensive, efforts that have occurred so far. We ueed a rational approach.

Before we can st rt on a full development of the extensive computer-based
learning material needed to restructure tilt; educational systems of the world, wc
need to learn about how to proceed. We have had development of full-scale cours-
es. But this development has berm too specialized, with too few courses over too
long a period to give us the data we need for the rational planning and implement-
ing of the much more extensive development phase that would follow.

Hence it is essential that we bcgin as soon as possible a full-scale experiment to
develop, evaluate, and use a series of courses that include all that we know about
technology and learning in general. These courses should be developed in areas
that correspond to our standard courses so that these courses can be used as a basis
for testing.

If we are to gather the detailed information required a summary evaluation of
each new course should be done with very large numbers, hundreds of thousands
of typical students. We wish to discover not which courses are superior, but w;ach
components and tactics work best for what situations. Furthermore, we want to
study carefully the processes for developing of courses. We should develop differ-
ent courses with different strategics so that we can gain experience for futurc
development.

How many courses arc needed to gain enough information? I believe that about
20 courses should bc developed in this stage. The cost for such an experiment, over
possibly a six-year period, including extensive evaluation, would be about S200
million. In terms of the educational budgets of the United States and of the world,
this is trivial, almost at the noise level.

The Development Phase

The next stage would be to extend Ole lessons learned in the first stage, the experi-
mental stage, to a much wider basis. We need to work quickly, because our time to
accomplish these tasks, given the praf,ms that education faces, is brief. But we
will not. I believe, adequately plan and carry out this phase without the results of
the experimental effort.

The cost of full-scale development would be ii.able, if judged in absoluo
terms. The cost for the hardware to support it would be similar 'o the costs for
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development of the material. As a percentage of the total . ost of education the
development costs are still quite small.

I have written elsewhere about this plan, and I will be happy to send additional
details. Many of tlie details would depend on the results of the experimental phase.

The Politics of Education

How do we get this to happen? First, people have to view this plan as desirable.
That would be part of the effort of the experimental phase. Second, the money
must be available, and the planning must be undertaken. For the experimental
phase, existing organizations with existing funds could carry out this activity if
they felt it desirable. But for the full development phase we need a sizable commit-
ment of the governments of 'he worid to improving learning for all students. Thus
a management structure is -sential.

The task of convincing- authorities will not be easy. But it seems essential
that we try. What arc our alternatives?
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Contemporary Physics in the
Introductory Course

D. F. Holcomb
Depalment of Physics, Cornell University, Ithaca, NY 14853

Stimulated by a widely perceived need for renovation in the comer' -nd style of
the introductory calculus-based physics course, a project to seek reaiistic ways to
achieve that renovation is underway. The project is known formally as the
Introductory University Physics Project (IOPP), with John S. Rigden as leader.
Several study groups have becn set up to concern themselves with particular modes
of auack on the problem. One such study group, of which I am a member, focuses
on seeking natural ways to introduce contemporary physics into the introductorj
course through a phenomenological approach.

By the term "phenomenological approach" we mean the development of mod-
cis and connutive tissue based upon the organization and analysis of observed and
experimental facts rather than upon the development of underlying synthetic mod-
els. We envision that the level of theoretical background needed for a phenomeno-
logical approach will Ilot differ significantly from the level currently achieved in a
typical introductory course.

Those of us working with the IUPP think that the computer will play a strong
role in whatever proposed course patterns eventually emerge from our activities.
Thus while the phenomenological study group has not specifically examined the
way in which the computer will facilitate the presentation of materials, we presume
that such facilithtion will occur. My purpose here is tn make a rather brief progress
report of the activities of this study group so that those attending this conference
will be aware of one possible future direction for the content and style of the intro-
ductory course.

It is important to clarify th. way in which the word "contemporary" is used in
my remarks. The term "modern physics" has come to denote primarily the content
of the great revolutionary theories of the first 30 years of this century: relativity
and quantum theory. 'The last main events of this drama too:- place approximately
50 years ago with the codification of nuclear physics in the great Bethe and
Livingston articies of 1938. I wonder if our students muse upon the fact that to us
"modern" means 1900-1938? By "contemporary physics" 1 mean topics that
recently have occupied the attention of physicists and interested bystanders. These
topics may involve majw theoretical syntheses such as the recent union of particle
physics and cosmology, or subjects that are at the moment essentially phenomeno-
logical, such as the high Tc superconductors. Topics might indeed be based on
quantum theory and relativity, but they could very well rest upon new glories of
Newtonian mechanics brought to our consciousness by the power of the modern
computer.
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Activities of the "Contemporary Physics through
Phenomenology" Group

The first substantive meeting of the study group took place at Harvey Mudd
College on March 11-13, 1988. Those participating were Judy Franz, West
Virginia University; Franz Gross, College of William and Mary; Daniel Kleppner,
MIT; Brian Maple, University of California at San Diego; Jonathan Reichert,
SUNY Buffalo; Brian Schwartz, Brooklyn College; Clifford Will, Washington
University; and myself. Each participant discussed a particular topic in physics of
contemporary interest from the standpoint of how it might fit naturally into the fab-
ric of an introductory course. Following thest presentations, we found it naturai to
ask ourselves how the fundamental underlying structure of the introductory course
might be changed to accommodate our suggested topics while at the same time
keeping the total syllabus to a reasonable length. In fact, another guideline of the
IUPP group was that a renovated syllabus for the introductory course must be less
encyclopedic than the typical current pattern.

Sample topics in contemporary physics that members of the group feel would
be amenable to our approach are listed below. The list is obviously a consequence
of the particular array of research backgrounds of study-group members, so it
should be viewed as a list of examples rather than a list winnowal through a .`tor-
ough review process.

Nuclear Physics
Determining nuclear sizes from proton and electron scattering
Stability of matternuclei, crystals, neutron stars

Semiconductorsp-n junction in particular
Signal diode
Photodiode
Si solar cell
Light-emitting diodes

Superconductors
Electrical properties
Magnetic properties
Applications

Electrons in Metals

States of Matter near 0 K

Particle Pli:/sics
Study of collisit ns and creation/annihilation phenomena using, for example,

bubble-chamber photos
Organizing experimental information throug 11 conservation principles

i: j
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Newtonian Cosmology
Cosmological Principle, Hubble Law
Bound or unbound
Age of the Universe
Evidence for dark matter

General Relativistic Phenomenology (no curved space time)
Weak principle of equivalence
Gravitational redshift
Dttflection of light

Short Topics of Special Interest
Single ions trapped in EM fields
Chaos

Material developed for these or other topics must be tested against thc follow-
ing check list:

I. What is the required student background in both physics and mathematics?

2. Where and how might the topic fit into the introductory course as now taught?
Appmpriate questions would be

a. How would it depend on previous material?

b. How might it lead on to other suitable topics?

c. Does it synthesize earlier ideas?

Thoughts about a New Course Framework

After reviewing the topics, the group realized that it needed to understand how
such topics might be integrated into a one-year introductory calculus-based course.
Thus we blocked out a framewo:k for the course. This proposed framework is
sketched below, with pussible locations of the contemporary topics previously list-
ed. This framcwork is more thoroughly developed in my remarks to thc sympo-
sium entitled "Physics Student of the 1990s" elsewhere in this volume.

Framework Contemporary Physics Topics

First Term
Mechanics, Part 1*

Conservation of p, E
F = ma
1/r2 forces
Potential energy
E2 = p2c2 + mo2c4

6 I

Particle physics, via analysis of bub-
ble, spark, or wire chamber pictures
Theme: Building conservation laws



Waves
Standard introduction
Interfeience phenomena
Diffraction
Band-width theorem

Quantum Ideas
Wave properties of particles via,
e.g., electron diffraction
X= hlp
dE = if
Heisenberg
Standing Q-waves in a box

Second Term
Mechanics, Part II*

Field3
Gauss's Law
Gravitation

Electricity and Magnetism*

Statistical Physics*
To get to the point of introducing
the Boltzmann distribution so that
one can use the relation:
Occupation of nth state

exp (EnAT)
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Comment: Early introduction of wave
physics is key to making contemporary
physics available the first term.
Wave physics is actually easier than
much of mecbmics.

Nuclear sizes, via scattering
Spacing in crystals
Molecular dimensions
Stability of matter
Nuclei, atoms, crystris

Newtonian cosmology
Size of universe
Hubble, etc.
Bound or unbound?
Age of universe
Dark matter

General relativistic phenomonology
No curved space time

C'ondensed-matter physics
Electrons in metals
Superconductivity
Semiconductors: Exploiting the p-n
junction
States of matter near 0 K
Phase transitions

* The appropriate conteat of these basic sections is the subject of deliberations
of other study groups in IUPP.

Physics is a living subject. Its ways of describing the world, its conceptual and
theoretical structure, and its subject-matter priorities are eternally provisional. At
the same time, the strength of the physicist is confidence in the time-tested models
and modes of analysis developed between the time of Newton and the beginning of
the twentieth century. The person who plans course content for an introductory

C ))



44 The Computer's Impact on the Physics Curriculum

course is pulled between two attractive but perhaps mutually exclusive options: to
provide a sound grounding in "classical" physics, or to show the liveliness and
open-endedness of contemporary physics. An effort to achieve a satisfying synthe-
sis of the two desiderata must involve a rather substantial rearrangement and alter-
ation in emphasis of the paradigm for the introductoty counx that has prevailed for
the past 30 years. Such a rearrangement may permit natural and effective integra-
tion of contemporary physics within the fabric of the introductory course.

Changing the Introductory Physics
Sequence to Prepare the Physics
Student of the 1990s

Jack M. Wilson
AAPT, Department of Physics, University of Maryland, College Park, MD 20742

Change in physics comes quickly, is readily communicated, and is widely appreci-
ated. Cht.nge in physics teaching, however, is long in development, poorly commu-
nicated, and generally resisted by various special interests in the physics teac' ng
community.

Academic research physicists resist change because it will place a larger
demand on their time. Leaders in research in physics educati3n resist because the
academic content may change to what they feel is a more abstract (non-Newtonian)
approach. Evaluators look at what's being done and say "You can't prove this
works any better, so why should we bother to change?" Some compare our effotts
to the "new math" and express peat skepticism over any attempts to improve the
curriculum. Is it any wonder that such a large disparity exists between teaching
physics and doin physia?

The introductory physics course epitomizes this problem.1 It will also be the
most difficult to change because the special-interest groups have well-formulated
positions and entrenched bureaucracies from which they will fight proposed inno-
vations. Perhaps there is a positive side to thisall innovations should be tested
and criticizedbut the effect has been to stifle and inhibit needed improvements in
the cuniculumpanicularly in the introductory course.

Topic selecon in introductory physics is often driven by the mathematical
complexity one techniques needed to study the topic. Many topics are "off lim-
its" because the students are not expected to have the requisite mathematical tocls.
As computing power becomes widely available in physics departments, a new set
of tools becomes available for student use. Previously off-limits topics become
easily accessible. How will this power be put to use in the teaching of physics?
What are some of the topics that could, and should, be added to the introductory
sequence? How will that change the courses? How will the rest of the physics
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sequence change as a result? These questions will be considered in th;s and several
related MI s.

The use of the computer has become one of the dominant physics teaching
issues of our time. Large questions lonm before us. Will computers improve
physics teaching or make it worse? What other changes will come after we intro-
duce computers into the curriculum? How can the computer best be used? How
can we ensure that less advantaged students will have access to computers? Will
the advances of research into physics leuning be incorporated Into the new curric-
ula? Will the new curricula reflect contemporary physics and the way physics
problems are solved today? I like to sum all of this up by stating that there are
three forces being exerted on physics todaythe dime Cs: computers in physics,
contemporary physics, and cognitive issues.

At the University of Maryland we have formed a group of physicists, most of
whom are well-known researchers, who arc trying to pull together some of these
issues in order to set new directions for undergraduate physics programs. The
M.U.P.P.E.T. iS directed by Edward F. Redish and me, and includes Charles Misner
and William MacDonald as additional principal investigators. Approximately eight
other physicists from the department have contributed to wme of our projects.
Much of what I have to say today will draw upon our experiences with the
M.U.P.P.E.T. project while working with a variety of clams ranging from the intro-
ductory to the graduate level.

We began by reviewing what students were learning in introductory physics and
what we wanted them to learn. Unfortunately, in our opinion, most introductory
physics courses were .eaching students that physics was hard to understand, mathe-
matically intricate, relentlessly deterministic, and concerned with levers, inclined
planes, and nrojectiles. The body of literature on teaching phys;cs and research in
physics education tends to confirm this opinion.

We saw the introductory physics course as the pivotal course in the currictilum.
Improvement in this course is a prerequisite for improvements in both advanced
and high school courses. Advanced physics courses arc built upon the solid foun-
dation of the introductory course, and high school courses try to emulate the uni-
versity course to prepare students for further study. We felt that the introductory
physics course acted as an anchor for the physics communityan inviolable bas-
tion against change. We felt U it the outdated and authoritarian curriculum often
lost us good physics majors. Students majored in physics not because of the intro-
ductory course, but in spite of it. We also felt that the training was inappropriate for
today's physics majors.

It is not enough simply to catalog the failings of the present sy;tem; we also
wished to explore the characteristics such a course should have. Nhat physics
skills do we want our students to acquire?

I. Quantifir,ation skills. The student should understand the relation of numbers
with the real world and with algebraic quantities.

2. Analytic skills, The student should be able to manipulate algebraic equations
and extract physical content from them.
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3. Scales and estimation. The student should understand what controls scales in a
problem and be able to estimate answers to one significant figure.

4. Approximation skills. The student should understand when an equation is being
treated approximately and the range of validity of all equations used.

5. Numerical skills. The student should be able to write simple programs in order
to solve physics problems that cannot be solv .d analytically.

6. Intuition and the approach to problems. The student should develop an intuition
for when results "look right," the ability to choose the approwiate approach to a
problem, and the ability to break down a large problem into component parts.

Gordon Aubrecht, while working with M.U.P.P.E.T. in 1986, made a survey of
physics texts to determine how well they would meet our desires. He found that 95
percent of the content of all texts was universal and that 95 percent of the content
was pre-1935. The cunent texts are enormous, with over 1,000 problems; yet those
problems emphasize only a very limited class of skills. Over 90 percent relate to
analytical skills, only a small number relre to the very important estimation skills,
and almost none expect students to use numerical approaches. Indeed, it is likely
that a student could study physics for eight years without ever seeing a problem the
teacher couldn't solve.

We must engage students in the intellectual process of modem physics much
earfier in their training. The microcomputer can help achieve this by permitting
students to approach a wider variety of phenomena and problems than is possible
with only analytic tools. "Canned" programs can also be used to develop students'
physical intuition and ability to estimate. We see grcat advantages in using these
new approaches with physics majors as well as students who will never again take
a physics course.

Let me address the issues of the three C's by first introducing what I find to be
the mathematical hierarchy of physics: algebra, geometry, trigonometry, calculus,
differential equations, linear algebra, probability and statistics, and partial differen
fial equations.

The path through the mathematical hierarchy is generally serial. Linear algebrz
and probability are taught at various times in the sequence, but the remainder are
taught in "lock step." Numerical methods, if taught, generally come late in the
sequence.

Selection of topics and indeed the physics sequence itself are largely deter-
mined by the expected mathematical level of the student. At the high school level,
students are gener2",, expected to know trigonometry. In the inuoductory universi-
ty physics sequenc. students are expected to start with a little knowledge of calcu-
lus and develop more proficiency as they advance through the sequence.
Differential equations are rarely introduced until the first advanced courses after
the introductory sequence, and partial differential equations are not used until some
junior and many senior courses. Topics from probability and statistics are often
introdaed in an ad hoc fashion when necessary.

Teachers often equate students' mathematical level with their level of conceptu-
al development. Topics requiring a higher level of mathematics arc often viewed as

13;
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being more "abstract." Frequently topics art dismissed as "too abstract" when in
reality the problem is not abstraction, but thc mathematical level. When onc hears
an argument that topics are too abstract, onc should be suspicious cm:04h to look
critically at thc argument to determine whether the prob3cm is conceptual or math-
ematical.

We have madc a virtue of necessity by selecting a palette of topics that arc
mathematically accessible to studcnts and then defining them to be those topics
that are necessary to thc students' conceptual development. Once again a critical
reexamination ;- called for.

It is fair to ask if the mathematical hierarchy given above (which is roughly the
hierarchy as it existed at the turn of the ccntury) remains a valid hierarchy today. I
would say "No!" Certainly physics students need to know these topics, but these
arc not the only, and arc probably not the most important, top:A in mathematics as
used by research physicists tc..dy. Rcscarch physicists loday fely heavily on
numerical and computational techniques for solving problems. In the more tradi-
tional fields of physics, such as condensed mattcr, nuclear physics, particle
physics, astrophysics, and so on, both theorists and experimentalists have become
increasingly dependent GI: computational methods. Few interesting problems
remain that rely solely on thc old analytical techniques. This is not to say that these
techniques arc no longer important. Analytical techniques arc often used extensive-
ly to put the problems in a form that can bc solved computationally, and it surely is
an advantage for a physicist to recognize portions of problems that can bc readily
solved in closed form.

The old mathematics is simply n.,i introducing enough. Even mathematicians
recognize that there is a problem. At the Calculus for a New Century conference
held at thc National Academy of Sciences in 1987, mathematicians called for a
reexamination of what was being taught as calculus.2 Joe Redish wrote the original
"think piece" for thc physics portion of the study; I chaired the physical sciences
discussion group and wrotc the final rcport for that group. There wcrc amazing
parallels between the experiences of the mathematicians and our experiences in
physics. But mathematicians have been extraordinarily effective in translating their
need for curriculum revision into federal dollars to support thc cffort. We have not
been so lucky.

If onc begins by assuming that students should learn something about numeri-
cal and computational methods as a prerequisite or corequisite for their physics
courses and exam;nes which topics contribute most to thc logical and conceptual
development of physics, one might comc up with a very different order for the
standard mathematical curriculum. With this ncw ordcr, ncw topics become acces-
sible, and old topics can be treated differently. Some abstract topics even become
concrete! The language of numerical methods is algebra. Differential equations arc
replaced by difference equations. Although computational physics has its own sct
of advanced mathematical techniques that arc perhaps even more opaque than
some of the analytical techniques, much can be done with thc Euler method or sim-
ple higher-order Rungc-Kutta methods.

Making this assumption should lead one to question convenuonal wisdom in
topic selection, concept development, and approadi. Work in each of these areas

1-1



48 The Computer's Impact on the Physics Curriculum

has been accomplished under a limiting set of rules. Conclusions reached may or
may not ',e valid. Certainly we should at least reexamine them critically.

Co ser, for example, the burgeoning ccttage ihdustry in studcnt misconcep-
tion., in physics.3 This work has helped us to better understand conccpt develop-
ment by students and has led to sonic tentative efforts to improve science learning.
Much of the attention has been directed toward mechanics. In the past, quite a bit
of published work dealt with the reconciliation of students' Aristotelian and teach-
ers' Newtonian worldviews. Now, of coursc, wc recognize the naivete of refeszing
to the various levels of concept development as Newtonian or Aristotelian. Some
early computcr programs dealt with microworlds in which thc students might
explore thex views. One of the most popular was a race track on which students
were to race cars by giving each a "kick" or impulse at various times. Through
experimentation studznts w !re to learn all about inertia and Ncwton's first law. The
only problem was that the Vistts...iian interpretation was better than thc friction-
less Newtonian approach! At the very least, it agreed morc with the gudents' own
expexiences.

Most of the literature cited above tends to classify studcnts along historical
lines, either consciously or unconsciously equating historical development and
conceptual development. "Ontogcny recapitulates phylogcny" is alive and well in
physics. Classification of concepts into Aristotelian or Newtonian (or later into
waves ani particles) is onc of those nonproductive exercises wc should avoid.
These are simply two different perspectives on the same world. One is more com-
plete and consisterh, but the other is oftcn morc useful to nonscientists as a work-
ing model!

If students approach physics through analytical lechniques, thcy arc restricted
from cor idcration of a consistent model of mechanics. Dissipative forces and non-
linear systems ...T simply beyond their mathematical ability. Thc resulting friction-
less Newtonian micro vorld is so different from the highly dissipative world the
studcnts inhabit that it is no wonder so many studies have shown students divide
things into "physics" and the "real world." Wc owc them a morc consistent picturc
of physics, and it is not that difficult to deliver.

One body of opinion bolds that the historical development of concepts is Impor-
tant to students' own coireptual levelopment. While I'm willing to concede some
utility, I think that an excessive emphasis on historical development can create
obstacles to better understanding of concepts. I would cite the Bohr model as a per-
fect example of Gresham's law as applied to physics teaching. "Bad physics drives
out good physics!"

As I hinted earl or wave/parucle duality is anothcr example of a useless con-
struction. Wc needlessly spend one or two years developing students' concepts of
waves and particles as distinct entities.

Contemporary physics is not quantum nh..chanics and relativity. It is especially
not particle physics. Many groups arc busily investigating which topics from mod-
ern physics might be included in an inuoductory course.4 Othus have become
incensed that such things arc even considcrcd. Arr Ad Arons rerrescnteti this latter
group recently when he delivered a stirring polem. condemning those who would
presume to include some topics from physics after 1920.5 Although his talk left the
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impression that issues tic raiscd had not evzin been considered by the modern
physics group, thcy had in fa been central to our thinking throughout the process.
We still don't know what will work and what will not, but we remain persuaded
that we must investigate these questions.

Incorporation of quantum concepts would be quite desirable. Feinman and
Fry it have made two notabic efforts to introduce quantum physics at an introduc-
tory level. More recently Eugen Merzbacher and the group from thc Introductory
Univasity Physics Project have renewed attempts to do this.6 Thc pmblem is not
trivial, and thus far wc have found more problems than opportunities!

One aspect of modem physics that is almost totally missing at the introductory
level is unccnainty (due both to complexity and quantum limitations). Teaching
nonlinear systems helps students to undcrstand why the world is not as relentlessly
deterministic as we might expect from Newtonian mechanics. It's certainly not the
entire story but it is an important, untaught portion of the picture. It has also been
our experience that these topics arc interesting and accessible to students at the
introductory level.

It is our view that the curriculum change will be evolutionary rather than rcvu-
lutionary. It is likely to retain most of thc traditional features while adding some
items that arc on our desircd-skills list but arc not currcntly found in our courses.
Among these arc a stronger emphasis on units, d.mensional analysis, and scales;
usc of numerical techniques for problem solving; use of programming as an inte-
gral pan of learning physics (pee aps in a way analogous tc the usc of calculus);
and the introduction of problems with more complexity than is found in MOSE illus-
trative problems in present texts.

This problem of complexity versus simplicity is one of the most important and
most controversial issues facing thew": of us in this field. Most physicists would
agrec that ti. ability to find a simple model in a complex situation is one of the
greatest strengths of physics. nem . le no question that students should be
taught to develop a simple mode' and solve it using traditional analytical th-
niques. Thc question is whether it is beucr to present the simplified model first and
then add the complicating factors ycars later, or to present a problem with all of its
real-world complexity, solve it, and then boil ii down to the traditional simple
model.

Prior to the usc of computers in teaching, the first option was the only opti-ii.
Students could not be expected to have the mathematical skills needed to solve the
complex problems. By necessity, students were restocted to the simple imxi;.ls. But
using numerical methods to solve complex proNems (for example by the simple
Euler method) is in a fundamental way easier that. the traditional analytical calcu-
lus approaches.

Considcr the case of the simple pendulum. The usual c'assroom approach is to
writc down Newton's second law for a pendulum, makc the approximation of
small angles, and thea solve the resulting differential equation for the simple har-
monic oscillator. But what happens at large an2les? What happens when a damping
force is present? Or what happens if a driving force is added? The teacher is forced
to evade such questions because the students do not have the necessary mathemati-
cal background to consido such complex problems. Further consideration must be
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deiayed for several years I mil the students' mathematical skills develop. Actually,
even the differential equation for simple harmonic motion t: xes most students to
the limits of their development.

Consider the alternative of developing the phenomenon through numerical
methods. In that case, a simple program (using the Euler method) solves it.

For i = 1 to NumData do BEGIN
alpha = -omega * omega * sin(theta);
omega = omega + alpha * dt;
theta = theta + omega * dt;
t = t + dt;

END;

PlotData(theta, t, NumData)

The small-angle approximation can be demonstrated simply by replacing the
first line by

alpha = -omega * omega * theta

and the results compared. The case of driving forces and damping iorces is also
easily done by adding the appropriate terms to the first line. The introductory
physics student is able to consider the phenomenon in all aspects while u-,ing
mathematical tools at a level well below that of the traditional approach. This
"step-by-step in time" approach is also a much more concreteeven transpar-
entapproach to this problem. It is far less abstract than the traditional small-
angle differential equation analysis.

This example reopens the important and controversial Issue of whether students
should be presented with problems with real-world complexity or whether stuaents
should consider first, only simplified cases. It is my opinion, based on my experi-
ence teaching physics for 22 years and doing computer-related teaching for 12
years, that it is much better to deal first with the realistic problem and then boil the
problem down to the simple but powerful model that illustrates the essential fea-
tures of the phenomenon. This is the way physicists actually solve problems, so
why not introduce students to this right away? Why do we have to give the stu-
dents the impression that all problems in physics come already stripped of interest-
ing detail?

It has also been my experience that the traditional approach has the damaging
effect of convincing the student that real-world problems, with all their complexity,
are fundamentally different from "physics class" simplified problems. For physics
majors this results in a large discontinuity in approach to problemsusually some-
where in the junior year

Consideration of realistic problems has another advantage that is shown at once
by the pendulum oblem. Students are able to er,.ore some ncw phenomena not
previously accessible at the introductory level, in this case resonance and chaotic
motion. Students quickly discover the phenomenon of resonance as they adjust the
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frequency of the driving force and observe the response of the system. The
approach to chaotic motion is somewhat more subtle. As the amplitude of the driv-
ing term is increased, the pendulum may swing "ever the top" and enter a new
region of oscillation. It is instructive to introduce the studen.:: to a phase-plane
analysis of the motions. Again this is far more concrete thaft abstract to the student,

ough it may seem (at first) much more abstract to professors who are not well
p.epared on these topics. The actual path of the pendulum is so critically dependent
on the initial conditions that it is difficult to predici This becomes an example of
deterministic chaos.

The previous example is but one of :aany used in the M.U.P.P.E.T. We have used
these examples both in classes and in laboratories taught by at least five different
professors. One of the largest challenges facing our group was the need to select
"language" for considering such problems. We considered many, inc'uding BASIC,
Pascal, FORTRAN, C. APL, FORTH, and Lotus 1-2-3, among others. We eventu-
ally settled on two possibilities, each of which has its advantages and disadvan-
tages, Its boosters and detractors. The two were Turbo Pascal and Lotus 1-2-3.

We selected Lotus 1-2-3 because it is so widely used in business. Use of a
spreadsheet is therefore a skill that would be valuablP in a variety of professions.
The spreadsheet also provides a set of very well-tested and easy-to-use tools for
data entry, data manipulations, programming, and graphics output. Spreadsheets
are particularly well suited for use of the discrete mathematics found in the previ-
ous example.

Although sophisticated spreadsheet programs are in wide use, the most popular
versions arc still expensive and do require students to learn another "language."
Recently a number of inexpensive spreadsheets have become widely available. For
example, Quattro is available for educational uses at about ,y4O, and Quattro is a
significantly better spreadsheet than Lotus 1-2-3. However, because the spread-
sheet language does not contribute to the :rther development of computing skills
for physicists, many of our project group feel that spreadsheets arc best suited to
working with nonmajors.

Turbo Pascal provides In attractive alternative for physics majors. It is widely
used, inexpensive, and quite powerful. Programming in Pascal encourages good
programming and problem-solving habits. In fact, a Pascal program mimics the
solution to simple physics problems. Students arc forced to identify the variables
and constants in a program and discover which are to be gisen and which to be
found. Students arc forced to think about data structures and how to process those
structures. We were struck by the similarities between the techniques used in
Pascal programming and the hierarchical thinking advocated by Reif ant: others
who have studied formal problem-solving skills.7

It is also I. advantage that many schools and universities, as well as the
Educational Testing Service, have adopted Pascal as the introductory computer lan-
guage. We expect the student to know Pascal prior to taking the physics class or to
learn it concurrently with the class. We have deseloped a student tutorial for use by
the roughly 50 percent of our students who have not been exposed previously. We
also present physics applications concurrently with Pascal programming. As the
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semester goes on, both applications become more sophisticated. Our approach to
programming is not unlike the traditional approach :alculus and physics. We are
not the only ones to reach these conclusions. Richard Crandell at Reed College in
Orege in has published two excellent books based upon the use of Pascal at Reed.8

At the beginning of the semester, students are presented with rudimentary pro-
grams and asked to run them and make modifications. By the end of the semester,
they are developing their own programs. In most classes students work on an indi-
vidual project fix completion by the end of the semester. Some of the students
work out particularly elegant projects. These include waves on a hanging rope, the
inverted pendulum, colliding galaxies, and sophisticated orbit programs using
fourth-order numerical methods. Essentially, 80 percent of our classes perform
adequately in the computer area by the end of the semester. For the top 10 to 20
percent of our students, we find that the use of computational techniques opens
new vistas into exciting and challenging problems.

Although we have been concentrating on languages as tools for learning
physics, we must also recognize that other tool, will also become important. One
of the most important of these tools is the simple data-acquisition device. John
Layman of the University of Maryland, Bob Tinker of TERC, and Ron Thornton of
Tufts University have pioneered using the computer as a data-acquisition device,
including using an ultrasonic transducer with this interface to measure position,
velocity, and acceleration of objectsincluding students! The group at the
University of Munich has developed a simple interface that allows one to use a
television camera to locate a single white object against a Mack background. Thus,
more complicated two-dimensional motions may he registered digitally.

Computen can also play a role in preparing students for the laboratory, espe-
cially for laboratories that are more advanced an(' more complex. Just as pilots are
expected to put in some time on a simulator before taking the controls of a com-
plex aircraft, phy sics studu.ts should be expected to put in some time becoming
proficient in conducting themselves in the laboratory prior to inflicting themselves
on laboratory assistants. Prelab lectures and reading assignments are notoriously
ineffective, but there is evidence that use of the computer prior to the laboratory
experience yields better results.9

In order for students to be able to use the computer with a minimum amount of
effort devoted to input and graphic output, we have developed a set of Pascal tools
tIrt can be used to get data into the computer and to preaent data graphically. The
data-input tools allow the student to design a "form" to be displayed on a screen
and to display and edit that screen as a part of a program. This provides a profes-
sional "full-screen" entry method that we feel is far superior to the traditional
"line-at-a-time" approach. ti is very important for students to see all of the input
data and questions at once Otherwise it is like a card game in which one card at a
time is revealed. It is difficult to make consistent and reasonable responses under
these circumstances. We are also able el provide default responses on these "screen
forms." This helps get students started with interesting and realistic situations.

The graphic tools are equally important. I have developed tools that allow stu-
dents to plot data simply by saying "PlotData (y, x, NumData) :". This

71



Wilson 53

means "plot y versus x for NumData points." Scaling, clipping, and adjustment to
screen coordinates is done automaticar.y. Students do not need to know anything
about graphics drivers, CGA, EGA, VGA, Hercules, or even pixels. Availability of
these tools has reduced the programming and computer-related overhead enough to
make M.U.P.P.E.T. possible. On thi other hand, the more sophisticated student has
control of the graphic environment with coirmands such as Scale (sets scale manu-
ally), ViewPort (selecN a window on the screen), Axis (adds an axis system to a
viewport), and various color modes, line types, and label positions. Each package
also allows the student to include bar or pop-up menns in each application.

The Maryland University group has also develoded a number of special-pur-
-. :se programs including a sophisticated orbit program that can handle five masses,
a thermodynamics/kinetic theory program, several nonlinear dynamics programs
including a sophisticated "Mapping Machine," fractals, and many others. We have
also developed the curriculum materials to be used with the e programs. We recog-
nize that these special programs have an important place in intuition building and
in exploration of "microworlds."

I have not commented much on the tutorial materials that are becoming more
widely available. PLATO was one of the first, and very elaborate, teaching sys-
tems, and Alfred Bork at the University of CaliforniaIrvine has been a pioneer in
this area. Our group does not 'lave a strong interest in using these materials with
our students. We are more mterested in having students use computers as tools
rather than in having computers program students. We have been essentially unim-
pressed by past efforts to develop tutorial materials, but perhaps the authoring and
artificial-intelligence techniques being developed at places like Carnegie Mellon
will change our minds.

Using the computer as a tool allows our students to explore phystcs more
deeply and allows us to present current, previously inaccessible applications of
physics. Although we have had much success with classes at Maryland, we have
not yet tried to integrate this in all introductory classes with a variety of faculty.
There are some exciting opportunities, but we still have much to learn.
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Computers and the Broad
Spectrum of Educational Goals

Peter S. S iell
Department of Physics and Astronomy, Michigan State University, East Laasing, MI 48824

Computers can play a vital role in helping undergraduate students g- kills that
are general as well as topical. If faculty turn tasks that are repetitious counter-
productive (such as lecturing) over to materials and computer programs, they will
be freed to provid, an appropriate environment and to work on skills with students.
Faculty members might spend part of this freed-up time improving a system of
nationally shared teaching materials, but most of their ume woula bc devoted to
coaching groups of students in order to ensure learning, improve the academic
environment seen by students, and give the students a Sens( If style in the disci-
plines they are studying.

Computers might be used: (1) as the medium in which a national community of
college faculty continually generates, shares, and uriates a coherent system of
hypermedia lessons that provide the primary presentation of information; (2) as the
medium in which the infoimation is eventually delivered to each student: (3) as the
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medium that guides the student along planned and unplanned paths through the
system of lessons; (4) as the medium that gives each student and fa. ilty advisor
continual feedback on the studcnt's progress toward acquiring agreed-upon person-
al and professional skills.

These ideas came out of a project I have been workir.g on for some 14 years.
During the first seven years of that period the projcct was supported by the Alfred
P. Sloan Foundation ar the National Sciencc Foundation. During the past seven
years it has continued to evolve with university support.

The original idea of the project was to work toward some long-standing educa-
ional goals that had been given a new urgency by new demands on this country's
industries and government. It was obvious that faculty could not turn their atten-
tion to new goals while saddled with current instructional tasks. Fourteen years ago
the possibility of success in freeing the faculty from their instructional burden
seemed promising because of developments that were even then appearing in the
area of personal computers.

We decided to start out on this project even before personal computer technolo-
gy had matured, because ws; observed that the development of high-class software
traditionally lags far behind hardware, and that effective courscwre is particularly
difficult to ^,enerate. We in the education business seem to need a long "lead time."

In the rest of this talk I will discuss some highlights of the public discussion on
goals in higher education; the changes educators must make so we can work
toward these goals; an c' c.ction and a response; the idca of hypermedia as a criti-
cal element in workin, ward the goals; progress in learning how to use hyperme-
dia lessons; how it feels to be a college teacher whosc students are in a hypermedia
environment.

Bc. er: Short-Changed Goals

For a good summary of goals currently perceived as being slighted by higher edu-
cation, see College,The Undergraduatc Experience in America, by Ernest Boyer
of the Carnegie Corporation. I am sure that some of you have read this very influ-
ential book.

To gather data for the book, the Carnegie staff interviewed faculty, administra-
tors, and students on many campuses. The staff noted the way the processes of col-
lege education are currently perceived by the three groups, along with the
problems those groups see. Boyer's book pulls all these perceptions together. His
conclusions echo those of previous studies: he finds that major educational goals
are being gross! ' 'fited :n the classroom and curricula, to the detriment of col-
lege students an.. d7.ty.

Boyer identifies some 80 goals that he feels we should start working toward to
erase instructional deficiencies. An Important benefit of his book is that it colluns
virtually all known goals in one place. It does not, however, have much to say
about what paths might .icasonably move us toward thcse goals. The book tells us
whcie wc should go, but It does not tell us much about how to get there.

7
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Active Lea rni ng

One of Boyer's goals, very r:levant to this conference, is that students should
become active learners and not jist sit passively in lectures. Students whu become
habitually active learners will continue to learn when they get out of college and
are no longer sitting in lectures

Encouraging Creativity

Another goal is to foster student creativity. Unfortunately, no one has figured
out how to measure creativity, except ex post facto. Studies in this area are usually
made by interviewing cr,ative professionals, asking them to remember whether
they felt challenged to show creativity while taking undergraduate college courses.
The response is that college courses emphasize figuring out what the professor is
going to put on the next exam, and figuring out which of the presented stuff the
pmferur really cares about. This is not the kind of mind-set people want when they
look for creative people.

A Rational Environment

Boyer also notes that students perform better when they feel that they are oper-
ating in a rational system. To create a whole environment of rationality, we need to
give students course rules and grading schemes that are obviously based on ratio-
nality and obviously not based on a professor's whims. Such course rules and their
rational bases should be published. Academics should have no trouble with the
concept of publication because of their long-standing tradition of "publish or per-
ish." We have found that only by publication can any other interested person cri-
tique something, build on it, challenge it, and help it evolve.

Internalizing of Basic Concepts

Another goal is to get students to internalize the concepts they learn in the
classroom, to adopt those concepts as parts of their own ways of thinking. This
contrasts to students' associating those new concepts only with the classroom and
exams and ignoring them outside the classroom and after finishing the course. In
physics, th:s point is brought home to us in the research recently published in the
American Journal of Physics by David Hestenes's. Hestenes asks what style of lec-
turing best gets students in calculus-based and algebra-based sophomore physics
courses to internalize the most basic concepts taught in those courses. Is the most
effective style the presentation of striking demonstrations? Is it theoretical deriva-
tions? Is it going Over homework-problem solutions during the lecture? Is it
explaining the textbook paragraph by paragraph? Is it a judicious mix of the above,
created and delivered by an award-winning lecturer?

Which method causes students to internalize basir concepts? None of the
above! Students who have just taken standard lecture courses can work complex
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problems on exams, but they have not incorporated the concepts into their own
ways of thinking. They seemed to mat physics as something that impinges on their
lives only in the classroom. Hestenes' study also shows that students who have
taken physics in high school or previously in college do no better in internalizing
basic concepts than do first timers.

Industrial Research: Graduates Need More
Skills

Several years ago the magazine Industrial Rtsearch polled its readers on this ques-
tion: "How are the colleges doing in producing the people you need?" Tom
Hudson, whom many of you know, ran the poll for the magazine. The resuhs came
out under the headline, "Colleges Get Low Grade " The readers of Industrial
Research felt that we are not producing graduates 1, .o have the range of skills that
industry needs.

If industry people claim that our graduates are not well prepared, we might
wonder whether grades can predict our students' futures. Do grades give students,
faculty, and prospective employers a measure of the likely sue-ess of a student in a
particular professional field? Research in this area typically attempts to determine
whether there is a correlation between grades received in college and measures of
eventual personal and professional success. Personal success is rated by querying
the subjects, who are working professionals. Professional success is rated by
querying the subjects' bosses and colleagues. The researchers find that in virtually
all fields there is zero correlation between college grades and postcollege success
scores. Although grades do seem to predict future grades rather well, they do not
appear to predict much else.

The Skills Needed by Industry

If grades are not good predictors of success, is there a set of skills we can mea-
sure that would correlate well? We asked that question at two conferences we held
with people from industry who were supervisors of college graduates who, when
undergraduates, were typical of students in our sophomore physics courses. The
supervisors who came to our conference were from both large and small compa-
nies.

At our conference we askcd the supervisors what kinds of skills we can develop
and measure in our students that will correlate well with later professional success.
The supervisors agreed that students need to be able to talk about their subject. The
supervisors said they couldn't tell if the cat got the graduates tongues or if the
graduates didn't know their subject, but the result was the same.

The supervisors also said that too mar y graduates appeared to think, with great
reiief, that learning is over at graduati .m. The president of a small high-tech com-
pany said, "All of my engineers are over the hill; they're all over 30 and I haven't
been able to get them to use new software to keep us competitive. We have compe-
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tition from all over the world. We'll have to keep ahead of the gamc or we'll go
under. We need people who are active learners."

The supervisors said they need people who will keep learning, looking ahead,
reading, talking, figuring out where their company should go. They then need to be
able to persuade their bosses, by means of a good presentation, when the company
needs to switch course in order to survive. They must also maLe the presentation to
higher executives. This calls for sophisticated communication ski!ls.

Professional Learr'ng Skills

If students are to be willing and able to learn from professional materials aftcr
they graduate, we must get them to use professional learning skilis, and to usc
them habitually.

By professional learning skills wc mean, first, that students should start into
material by reading the table of contcnts and thcn the overview, making mental
hypotheses about the material's contents and conclusions. Thcn, every few minutes
while learning, the students should stop to reflect, review, and critique. This should
certainly be done at the end of cach paragraph-length piccc of material.

Students should continually think carefully about what they've just learned and
make connections with the;r own past experiences. Thcy should check on whether
what they have just learned seems reasonable. They should makc approximations
to equations and chcck limiting cases, such as zero friction and infinite friction, for
reasonableness and for insight. They should try applying what thcy have just
learned to other examples. Only when they arc satisficd should thcy go on to thc
next paragraph of material. Professors take such professional learning skills for
granted, but studcnts need to acquire them systematically.

The Lecture

Wouldn't it be great if a studcnt could practice professional learning skills in live
lectures? Suppose a lecture starts, a couple of minutcs go by, and the presentation
of a concept ("paragraph") fin:shcs. Thc student presses a button and everything is
suspended, right in midair. Thc student now carrics out thc appropriate profession
al learning activity. Whcn satisfied, thc student pushes thc "go" button and thc live
lecture resumes right from whcrc it left off. By connecting thc material being
learned to material learned previously, the student would stand a better chance of
internalizing thc concepts just learned.

Most lecturers feel compelled to present all details of an explanation so that ali
students can iollow thc line of argument. But studcnts benefit by filiipg in details
or completing an argument on thcir own if thcy can. Thcy need to retrieve as much
as they can from thcir own brains because such retrieval from memory strengthens
th retrieval path in thc brain and hence increases thc ease of futurc retrieval. This
retrieval capability varies from studcnt to student on any particular topic, and thc

I

time needed to perform it also varies, so this very desirable goal is not easily real-
ized in live lectures. Anothcr failing of lectures is that they provide little opportuni-
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ty to build on individual students' hobbies, sports, and intellectual interests so as to
engage their minas and eliminate the "restricted to the classroom" syndrome.

Different students have different preferred learning styles, and these are not
accommodated well by lectures. For example, some students seem to do better
entering a topic with theoretical deductions, and others seem to do better starting
with phenomenology or with a "simple to complex" approach. Some students pre-
fer to go through many topics on a somewhat superficial level, then go back and
recycle through on a deeper level; others prefer to go into one topic deeply before
going on to the next. Finally, some students like to be studying lessons that are far
ahead of the lessons on which th , are being tested; others prefer to be tested on
each lesson or group of lessons as soon as they finish it.

Then too, physics lecturers seldom take the time to be good orators. All learners
do better when a topic is started with a well-constructed overview. Professional
writers and orators concentrate hard on section overviews for groups of paragraphs
and on '-pic sentences, which perform the overview function for individual para-
graphs. .bey have learned that this is necessary for success. Physics lecturers,
however, just don't take the time. The result is that students do not figure ot . a
pod way to organiie the material in their heads and consequently cannot retrieve
it.

Summary of Goals

Let me summarize. We want students to gain professional learning skills and to use
them habitue . We want them to internalize the basic concepts being taught, to
relate those comepts to their experiences, to other courses, to their thoughts, and ,o
their conversations. We want them to talk about their disciplines fluently, perhaps
even become experts in multimedia presentations. We want them to learn in the
manner that is most efficient for them as individual learners. We want them to
believe tnat all of the skills they are acquiring, day by day, are part of a rational
scheme : ;ading toward their own life goals, so they no longer view physics courses
as just hurdles to get past or cheat in, and so there is a seamless transfer to the new
requirements for success in the collegiate "afterlife."

Conclusion: Give Up the Lecture

How can we find time to work on all these new goals? The answer: Give up lectur-
ing and use community-shared presentations produced in hypermedia. Just as in an
earlier, time faculty had to get used to the idea of community-shared textbooks, so
now we need to go the next step and produce community-shared hypermedia that
can take over from lecturing. Sure, each of us gives unique lectures, but that is of
interest only to us, not to our students. If we want the faculty to start doing what
only people can do, and letting media do what they can do, then there's no choice.
We must give up the lecture and spend the saved time on other more important,
uniquely human activities with our students.
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An Objection and a Response

People say to me, "I think physics instruction is pretty good. I just don't sec any
big problem to be worrying aboutafter all, I turned out pretty good. You can't
tell me that I got a rotten education. On top of that, if you change things you might
lose souiething precious that you won't know about until it is too late."

One way to examine the introduction of new technology to the classroom is to
look at a past introduction, the fast total replacement of the slide rule by the calcu-
lator in college science and engineering courses. Letting today's students use cal-
culators does not mean that previous generations who used slide rules received a
rotten education; it just means that today's students (and faculty) can use the tech-
nological advances available to them. No one worries that today's faculty will be
held responsible for some coming disaster owing to the abandonment of slide
rules. Similarly, no one need worry about changing the medium of the primary pre-
sentation of information to the one that is used throughout the professional world,
providing the faculty spcnd their teaching time with students, keeping them on
track in their education.

Producing tn.; Lessons: General Guidelines

Media lessons that replace lectures have to include all of the information normally
presented in lectures and in routine "office hours" assistance to students. This
material needs to be organized in line with researched results on how people in tar-
geted groups learn best. This greatly incrtases the efficiency of learning for stu-
dents. We have produced an author's guide that contains this material.

An Eventual Dyna book

The hypermedia presentations are (eventually) to be made into a Dynabook ver-
sion of knowledge. The Dynabook will store knowledge in a book-sized computer
where the reader can easily construct any desired path through related material.
Fourteen years ago, when we started, the Dynabook concept was little more than a
dream, out we found that a lot (,: its features could be implemented on paper. The
recent development of Hypercard and related products is a big step toward realiz-
ing the ultimate delivery device.

We have been developing our material on word processors and then distributing
inexpensive print versions to our students. These print versions retain the discrete-
ness and user-option branchings of the original model. We have learned a lot about
wnat can happen in an instructional system based on such materials.

The breakthrough that allowed us to start replacing lectures with Arch materials
was the idea of hypermedia. This idea developed about IS years ago and that's
why our project started then. However, the idea of replacing lectures with hyper-
media presentations is beginning to be considered rational only now. The situation
closely parallels Parly faculty hostility to textbooks, a hostility that gradually sub-
sided.

,./ ,
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Hypermedia: A Crucial Idea

The basic idea of hypermedia is nonlinearity. "Non linearity" means that the pre-
sentation has many branches, many options, all at the discretion of the user. Thc
user can take any branch at any time and can stop the presentation at any tine.

To further define the concept of hypermedia, I will list somc types of ?resenta-
tion that are inside the concept of hypermedia and others that are outside of it. You
might think of a map that has various demarked regions, each corresponding to a
different concept. One of the regions is labeled "hypermedia." Some typcs of pre-
sentation are definitely inside the hypermedia region, somc arc definitely outside
it, and some are closer to the edge or closer to thc center.

Types of presentation that are outside the concept of "hypermedia," at least in
the way they are generally used, are live lectures, videotape and audiotape lectures,
the Keller Plan, programmed instruction, computer assisted instruction, and per-
sonalized student instruction. But some presontation methods lie inside the conccpt
of hypermedia. These include very short talks at professional meetings, poster ses-
sions, textbooks, and printed modular lesson systems. In each of the media that arc
inside the hypermcdia concept, you can make many choices. Thc ease of access to
the options and the likely consequences of choosing them are better takcn carc of
in somc media than in othcrs.

Using Hypermedia

Using a CCH (computer-contnlled hypermedia) presentation, you can superim-
pose a lecturer's head (-in a physics presentation, with the lecturer's synthesized
voice "reading" the lecture while the lips move on the digitized image of thc lec-
turer's head. This talking head need not be in a separate window; it can be directly
superimposed on the action just as on television newscasts. The head can be that of
the student's favorite professor, or the student can switch it to be the head and
voice of, say, Brucc Springsteen, giving out synthesized physics words. Thc stu-
dent can switch the head off and just hear thc voice, or can switch thc voice off too
and just watch screen tzxt. Thc studcnt can even decide to download thc text to a
printer text.

In a CCH presentation thc studcnt secs buttons to press on the screen. Here is
what the studcnt might see at the beginning of the lesson:

The studcnt might want to scc data on the lesson's usehow much trouble
other students have had with this lesson. Th.:re might be a prequiz available so thc
student can test rcadincss for this particular lesson. Thc studcnt might want to see
how this lesson fits into the whole of physics or of scicncc. Thc student can use a
mouse to move the screen cursor to thc appropriate button image and click on it to
select any of these, or he can choose none of these options.

When he finishes a lesson, the studcnt might want to select questions to ponder
or problems to solve, or takc a self-test exit exam. Thc student might want to
review certain topics.

While in the midst of studying the lesson, the studcnt has choicc buttons avail-
able at various points. Whether thosc buttons arc displayed on the screen at any

ti
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ID Characteristics

0 Use Data

0 Readiness Quiz

0 Hierarchy

0 Map

Figure 1. Hypermedia Buttons.

particular moment is also a choice. Hcrc are somc option buttons that might appear
on the screen at an appropriate point: a filmed or animated demonstration; morc
examples; illustrative and practice problems; a quiz; references for background;
references for further study; or initial help on completing an argument or on work-
ing an example. Suppose the student pushes a "hclp" bauon but finds thc resulting
help insufficient. He can push a help button witi:in the help prcscntation and
receive further ?Tip. In some of our current lessons wc have as many as four layers
of help. A student need only go to thc dcpth needed to gct past a personal sticking
poiht the', get back to thc main presentation. Wc aim to emulate well-designee
office hours ot consulting-room help. We give varying amounts of help to various
students, and we try not to clutter up the main presentation.

Other buttons, appearing on demand, allow the student to see whcrc this lesson
rcsides in the general scheme of things, or to see buttons next to all words that arc
in the glossary, or to see the glossary itself with the screen centered on entry for the
word at the button. Thc studcnt can also simply hoid down a button that causes a
fast backward or forward flipping through file presentation.

Pre-Computer Printed Versions

All of our lessons in physics, covering most of the nornyti undergraduate cur-
riculum, are currently available to students only in the paper medium, although
they are developed on computer-stored word-processor versions. A basic design
goal of the word-processoi versions has been to hold each paragraph, complete
with rraphics, to the size of the word proccssor's computer screen. This should
make it easy to convert the lessons, one by one, to computer delivery.

Si
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In the printed versions, the CCH "buttons" are represented by alphanumeric
codes in brackets. Instead of just pressing a button at some point in the present,.
tion, the student must note the code, turn to the end of the les.son find the glossary
or the right supPk;m:mt, then find thc right numbered window in the supplement or
the word in the glosstry. Within a help window, a further level of help is provided
by a reference (in brhckets) to another window in the same supplement. Arress to
help is obviously casier in the computer version than in thc printed version. Note
that a print-medium reference to a demonstration on video disk may require the
student to go out and find a video-disk player.

Animation and Lap D;ssolves

One interesting thing wc discovered was that by and large students do not like
truc animation. They think it is too hard to follow. What the students like better is a

series of soft-lap dissolves, where one frame stays on the screen for one second,
then dissolves iruto the next frame over a period of one second. As one frame dis-
solves into the next, the studcrns can see thc change since they're only having to
follow a finite number of changes. Thcy feel that they really get a feeling of
motion from thc dissolves but at the same time they can follow what is happening.
We put these fraines In the print versions with presentation techniques that assist
the eye-brain system in obtaining a modest feeling for the motion.

Lesson Optio

We also use a concept called "lemon options." Lesson options let students apply
physics to areas of strong persokl Interest. For example, when studying moments
of inertia, a student who is a terms player can learn how to locate the throe sweet
spots on a tennis racket and then demonstrate what he has learned to a staff mem-
ber for credit. The student can also learn the derivation of the tennis-racket theo-
rem and demonstrate the theorem using a tennis racket.

Hypermedia Development: People

To develop hypermedia losons, we assign one faculty member at an institution to
one lesson. He spends several years perfecting that lesson. This is a cottage-Indus-
try approach as opposed to an approach where a central project hires media profes-
sionals to develop lessons in cooperation with a few physicists.

If we were to hire professionals to produce all of the necessary hypermelia
lessons, the cost involvcci would nrobably exceed the U. S. gross national product.
The level of expertise needed and the rninute-by-rifinute cost arc about the same a.
that of creating goal televisiNi ads, and for much the same reasons.

Developing hypermedia lessons, with all the optional paths, takes a !rt of
physics insight, some lesson-design insight, and a lot of dedicated work. N"e have
found that, generally, only regular physics department faculty arc able to appiy our
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set of lesson design principles success, illy to any particular topic. We have found
it far more effective to help physics faculty learn lesson design than :o have the
lessons developed primarily by professional writers or educators.

ThP individual lessons in our system have been produced by physics faculty
located in various colleges and universities around the country. Our ploduction
system has to ensure that the lessons fit together like the pieces of a jigsaw puzzle.
One piece of evidence that this happens is that not one of the 10,000 students who
have used our lessons has ever complained that successive lessons had different
styles or didn't fit together. Another piece of evidence is that not one of the 1,000
or so student reviews of lessons has ever mentioned this as a problem (they have
mentioned every othei problem we could think of). To the students, at least, the
system appears to be seamless.

In our development model, the participating faculty do not get paid direLtly to
develop lessons. This is exactly as in research, where faculty are not paid royalties
for publisLed papers, even when these published papers turn out to have enormous
industrial spin-offs. However, according to a national poll of department chairper-
sons, hypermedia developmer.t is considered equal to a research paper in decisions
on promotion and sc;ary.

Developing the Help Branches

We develop the optional help branches in lessons in two stages. First, the lesson
author constructs help branches based on his or her design and insight. Then when
students using the lesson come in for office hour or consulting-room help, or make
points ;n their "graffiti reviews," the author receives relevant feedback and adds
additional Help sequences to the lesson. Over time, as nu .-e and more help options
are added to the lessons, the aced for office hour or consulting-room help drops
dramatically.

Proliferation of Courses

The hypermedia syso-n fosirs a proliferation of courses. With lectures gone, a
faculty ember's teaching load depends on the number of students taught rather
than on the number of courses. Thus the hypermedia system in our department has
become a collecting point for , -;urses whose small enrollments would otherwise
cause them to be canceled or eliminated. We are currently using hypermedia to
teach an upper-division course required of secondary science-education majors.
We also have special courses for special constituencies, such as a calculus-based
course taken by hot-shot premeds and all biochem students. This course is some-
what less extensive than the coursc for physical science and engineering students
but it is more rigorous than the noncalculus course. We also have courses that
"bridge" students up from lower-level courses taken for another major or at a com-
munity college. We have been able to customize courses for individual stUdents
with odd deficiencies.
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The Lessons' Prerequisite Map

The key to putting lessons together coherently and to exposing the structure of
knowledge to view for both students and faculty is the hypermedia system's pre-

requisite map.
The figure shows only a small section of the physics map. Each numbei%1 oval

represents an individual lesson. You can think of the ovals as cities with roads con-
necting them (indicated by lines on the map). These lines represent paths students
can take as they work their way through the system of lessons. Notice that the lines
ose really arrows, indicating one-way travel. In fact, an arrow pointing from one
lesson to a second indicates that the first lesson contains one or more prerequisite
skills needed for entry to the second lesson. To determine the prerequisites on the
map the lesson's author makes statements of the actual skills uiat are prerequisite
for the lesson. After each such input skill, the author notes in parentheses the num-
bers of other lessons in the system that adequately teach that skill (in the author's

Figure 2. Section of a prerequisite map.
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opinion). We use those references to place the lesson on the map and to draw in inz
prerequisite links.

The figure above shows a portion of the prerequisite map in the arca of classical
mechanics. Note that the author of lesson 21 found that lelsons 16 awl 20, togeth-
er, supply the input skills needed for lesson 21. Notice that lesson 21 has many
arrows pointing from it to other lessons, so it must teach an important concept. In
fact, lesson 21 is on conservation of energy.

The smaller the lessons, the more structure of knowledge is exposed to view. If
one were to malee each lesson the size of a whole course, these huge "lessons"
would occur :n a linear chain and the map would be uninteresting. But each lesson
in our hypermedia system cuuently has about the same amount of material as a
lecture; this size of lesson produces a lot of branching in most aruns of the resulting
map. Once we go to CCH we may wish to makc the lessons the size of paragraphs,
but we don't know how much extra worK this will be for a lesson's author.

One can imagine the prerequisite map cxtending to all disciplines in the univer-
sity. Under such a systcm, a studcnt could take lessons from various dcpartments
without recourse to "courses." A student woula ha ,c no motive to :heat if hc or
she could see on the prerequisite map exactly wher.; skills learned txlay wiil be
used down the road.

Printed Version: Method of Distribution

Each of our prescnt lessons has a list of input skills and oir', skills, and is placed
in a delineated region of the physics map. Many lessons arc self-standing and arc
complete will, overviews, problem sets, and special sections containing graduated
help for completing arguments in the text and for working the [ ohlems. The most-
used lessons in particular courses are collected into loose-leat textbookF published
by Michigan State University Prcss. Seven such volumes arc currently in print.
Other individual printed lessons arc purchased by the students from copying stores,

Kinko's, near the campus.
The curr-nt version of each printed lesson also crisis as a word-processing file,

so the lessons arc already partway to the hypermedia stase. As wc finish transfer-
ring each lesson to hypermedia, wc will make it available for frcc usc in campus
microcomputer labs, and we will makc it available for sale on disk in Kinko's or
similar places. Thus, we wid start with yolumary piecemeal substitution of hyper-
media lessons for the equivalent prirtcd

Constructing General-Skills Profiles

Aftcr wc articulate the general skills wc think are important wc must provide
instruction in each of those general skills. To do this, wc niust provid diagnosis
and rcmediation in each general skill. We must test a student's general skills fre-
quently and let students see the profiles, and wc must constantly update those pro-
files.

h 5
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Here is a general-skills profile for one of our students. This student is one of
approximately 700 to 800 students we have each term. These students are spread
out among 25 to 35 courses.

In the skills profile the height of each bar represents that student's percentile
ranking in his or her class for a single general skill. Thus a bar labeled 68 percent
means that the student did better than 68 percent of his peers on that skill.

The first bar, labeled "knowledge," shows the student's ability to acquire and
communicate knowledge and to apply rules in physics.

The second bar shows thi student's )ility to develop problem plans to solve
relatively complex homework problems.

The third bar siows the mathematical accuracy with which the student solves
problems.

The fourth bar shows the student's percentile rating in being able to do parts of
exams and also whole exams "excellently." For example, th har distinguishes
between a student who gets everything half right and one who does - If the things
perfectly but Lhe others not at all.

The reason to separate "mathematical accutacy" from "problem solving" is that
these skills sometimes have separate value in the workplace. For examp' a person
who is excellent at making plans but is not meticulo:s in carrying them out might
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Figure 3. Attribute-profile bar graph.
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be a good group planner. Conversely, a person who has trouble constructing plans
but is meticulous in executing them might be a good group workei.

ne last bar represents communication. To produce a student's communication
rating, we score every question on every exam for communication skill (as well as
for other appropriate skills). We do not believe in using multiple-choice or fill-in-
the-blank questions; the student should formulate the complete response to the
exam question and must not include extraneous material in the response. Students'
exam responses must be neatly laid out, as though for publication. Students occa-
sionally give lectures, complete with demonstrations, and are rated on them. In
fact, most students do become proficient communicators after they become con-
vinced that we are serious about it.

How Staff Are Used

When materials are the primary medium of presentation, the te. :fling staff is of
crucial importance. nisi., there must be human consulting assistance for students
with idiosyncratic problems (these will always be with us). The teaching staff must
evaluate comrlex presentations by students, coach the students, and give ;hem a
sense of style in the disciplines tt.ey are studying. The staff must also give master
classes, where appropriate. Finally, teaching staff must help students acquire
group-project skills and admire good output from individual student projects. Wc
are currently doing some of those things and not others

In our project's current instructional system, it. lowest level of staff assistance
is ptovided by hired advanced students who were highly successful when they took
courses in this format themselves. Students can come to our consulting room any
afternoon or evening. If the student seeks a consultant's help, the consultants' job
is to smoke out the student's real problem, whether it be a mistaken concept, a poor
background, a lack of pursuit, or poor study habits. if the student's sticking point is
a homework problem, the consultant docs net to show a .....udent a complete solu-
tion to the problem. Rather, he just ge:s the student past the immediate roadblock
so the student can proceed on his or her own. If the sticking point is in an explana-
tion in the materials, then the consultant does not give the student a lecture on the
topic, but just gets that individual student past that individual sticking point. If the
consultant or the student feels that a higher level of help is needed, the studrnt is
immediately passed on to an appropriate higher-level person in the teaching staff.

How Does It Feel?

Before I embarked on this rather large enterprise I was a regular lecturer. Over the
years I had taught most of the undergraduate and graduate courses, and I got good
ratings from the students. Of course my lectures were works of art. Then I got
involved with this system and I stopped lecturing. Well, I suffered. I had lecture-
withdrawal pains, and they didn't fadc away for over three years.

After five ycars I decided to try lecturing again, and it was a personal disaster.
As I was lecturing I could not help thinking that the students sitting there listening
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to me should be recalling much of what I was saying for themselves. They should
be filling in the arguments. They should be stopping to think things over in light of
what they 2'ready knew. They should be applying professional learning skills. I felt
that I was cheating them out of their educations. I never tried lecturing again.

I also found that it was tough to set up a rational environment. Students con-
stautly asked that I articulate justifications for things we do not normally discuss,
such as: "Why do I have to take physics?" "Why do I have to learn these particular
things in this particular amount of time?" "How can you justify the exact grades
you give?" "How come some physics professors encourage us to use three-by-five
inch 'cheat sheets' in their exams but you prosccute us as cheaters if we use them
in your exams?" Our Policies Handbook, containing the system policies and justi-
fications, runs to 50 typewritten pages and is frequently updated as students
challenge or seek further clarification on some point or other.

Having a written book If policies and justifications and having It become rela-
tively debugged after a period of time mai s me now feel as though I am operating
according to a "rule of law." On points of policy, the staff and, on occasion, I
myself now cor Rill the handbook. When I think about it, it seems cms strange to
be a professor constrained by rational policies.

One final note: This system seems pretty weird to my graduate TAs when they
arc rust assigned to it. They have spent years being on the receiving end of the
educationa. system and arc now eager to show and tell someone else what they
know. In this system the students arc supposed to tell what they know aid the staff
arc supposed to react. Just before 1 fie v down here to thc conference, the telephone
rang in my office and it was a new gniduate TA in our consulting room. He mid
indign,unly, "This student tells me _ I, we o climb up on this rotating highchair and
he'll demonstrate the Coriolis force on me. Do I really have to do this?" I said,
"Yes, thc student is supposed to do the demonstration on you and explain it to you.
Then ;ou give feedback. But remember, the student is supposed zo be the active
onc." There was a sigh from he other end of the line. It was an echo of myself
when I first tried domg this 14 years ago.

I would hke to thank my long time ccilaborators, Jules Kovacs. Tom Burt, Bill Lanc and
Gene Kales, without whose help thc systcm would bc a pale rellettion of its present self
Michelle Radcmachcr has kcpt the personnel and office humming with hcr steadiness and
infectious enthusiasm. Many of thc basic ideas wcrc pushed into being by Gregg Edwards,
who was always confidcnt that it could all be done by yesterday.
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Problem Solving, Pedagogy, and
CDC Physics

Karen L. Johnston
Department of Phy.sics. North Carolina State University, Raleigh, NC 27695-8202

When we describe the calculus-based university physics coursc to our students, we
immediately emphasize problem solving. We might even tell our students rather
boldly, "In this course you will learn problem-solving skills." When we are with
our colleagues, we nod and agree that developing problem-solving skills in stu-
dents is the primary goal of the calculus-based nhysics course. We say these things
with such authority that we are likely to con x ourselves that we are indeed
teaching problem-solving skills. We teach problem-solving skills by carefully illus-
trating to students how we work problems. Wc assign many problems to students
for practice because drill and practice arc good for thcm. After all, one of the fea-
tures of a good textbook is thc number, variety, and quality of the end-of-chapter
problems. Most calLulus-based textbooks have approximately 50 problems per
chapter, overt 500 per textbook.

We discharge our duty of teaching problem-solving skills by some variation of
the following scenario. We plan a well-prepared lecture with sufficient examples
applying the principles of physics to give students thc opportunity to see how wc
(professors and obviously expert problem solvers) arrange the solution in our
minds. We make thc assumption that when students see how logically we've
approached the problem, thcy will do likewise. So, wc turn our backs to thc class,
cock our heads to the sidc as far left as wc can and say, "Supposc you had..." Wc
sketch a diagram and label everything. We ask thc class if they know what relation-
ship to use. They mumble somcthing. Wc turn our back to thc board again, writc
the appropriate relationship, substitute, and solve.

The tension builds as we complete our solution down to thc correct units. We
turn back to the class and say, "Do you understand?" The students know their part
well. They answer, "Yes." And wc continue. Thc delusion is complete.

I contend that thc "ycs" mcans nothing more than a rcccipt of in;)rmation.
When students drop by our office or mcntion aftcr ciass how thcy undcrstand thc
problems when we work them, but can't gct started on their own, wc fail to recog-
nize our deficiency of our strategy in achieving the desired ot tcome for university
physics.

Problem solving is complex. Until recently, understanding how people learn to
solve problems has been in thc realm of unexplainable phcnomcna. It isn't that
way any more. Over the past 15 years, cognitive psychology and the tools of co.m
puter modc'ing have provided insight into how novices and experts go about thc
business of solving problems.' This comparative information has opened our eyes
to the some of thc strategics that must bc utilized in teaching problem-solving
skills. The bibliography of interesting and useful research in proble- , solving ib
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continuing to grow. Likewise, investigations :nto student misconceptions has pro-
duced information that can be integrated with the problem-solving research to
improve teaching strategies in courses where analytical problem-solving is impor-
tant.2

The wide-scale availability of microcomputers in universities and schools com-
pels us to change the ways in which we work with students. Computers with artifi-
cial-intelligence capabilities offer the widest range of opportunities to alter
instructional strategies, but even the one-computer classroom offers new chal-
lenges to teachers and new ways to improve our instruction.

The Microcomputer and Problem
Solving in Physics

Investigations in the area of problem solving have produced information that can
be used well with microcomputer technology. Anecdotal information as well as
systematic studies support the notion that the novice problem solver (the student)
differs appreciably from the expert problem solver (the teacher). Rief has suggest-
ed that students rarely utilize expert problem-solving tzchniques such as generating
a comprehensive initial description of the problem, synthesizing a solution to the
problem, and assessing a solution.3 Without proper guidance, even good students
rely on problem-solving methods that follow the path of least resistance.

The microcomputer, however, has the potential to force students to assume an
active role in learning. When highly interactive software is employed, the micro-
computer can be an effective tutor. Students can participate in a structured dialogue
or control a simulation of nature. By intellectually engaging students, the micro-
computer in the role of a tutor encourages the student to think.

Students gain useful practice in the art of problem solving when the software is
interactive and is c?ntered on carefully constructed dialogues. Research has
demonstrated that neither extensive observation of expert problem solvers, nor
solving many textbook problems, has noticeable effect on building strong problem-
solving skills. However, students can practice problem selving in a way that emu-
lates the strategies of experts by engag'ng in computer dialogs that capitalize on
the unique features of the microcomputer as a learning tool.

Educational software should take advantage of the following features of the
microcomputer:

1. The potential for high interaction invites students to become active instead of
passive learners.

2. Interactions between computer and student can be planned, not sportaneous.
We ran build into the interaction the collective knowledge about student mis-
conceptions, and we can pose unambiguous questions that guide student, to
correct reasoning.

3. The computer has infinite patience for repetitive tasks. A good interaction can
t e repeated many times with r.-ny students.
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4. Interactions are private, thus alluwing the student to respond incorrectly without
psychological penalties. The microcomputer is nonjudgmental.

5. The computer allows ibr variety in interactions, even those where the student
explores nature via simulations.

Obviously, the microcomputer also does other things of value in physics
instruction, such as running tool software for data collection and analysis.

When the microcomputer is exploited to its fOlest extent as a tutor, we have at
our fingertips a way of challenging students intellectually that cannot be achieved
in any other way given the constraints that exist in schools and universities for
teaching resources. Software that maximizes these features of the microcomputer
provides teachers with a way to give students individual attention. On the other
hand, software that does not use the interactive features of the microcomputer
poses a host of pedagogical problems as ennui overcomes the student who merely
"turns the pages of a computer screen." This kind of software will have little, if
any, positive impact on education.

CDC Physics 1 and 2 and Problem Solving

Physics 1 and 2 is a comprehensive program in calculus-based iysics developed
by Control Data Corporation as a part of its lower division cmgincering curriculum.
Initially the program was delivered on 8-inch diskettes using Viking 110 terminals;
it is now available on 5 1/4-inch diskettes for IBM PC or compatibles. We use both
at North Carolina State University. CDC also offers the option of subscription to its
PLATO system via telephone link with online mastery-based testing and record
keeping. We no longer use the online features in our integration project.

The courseware is highly interactive and the pedagogical desio embedded in
the software focuses on the development of problem-solving skills. The content of
Physics 1 and 2 matches well with thc standard engineering physics course. A
detailed look at one of the modules gives a good indication of the strength the
crogram in developing problem-solving skills.

Each lesson begins with an introduction describing the content of the lesson,
what students should know prior to beginning the lesson, what students will be
able to do at the end of thc lesson, and what tools students need to do thc lesson.

To test the student's pr knowledge on essential concepts, the program pre-
sents a review in which students must demonstrate thcir knowledge. Simulations
arc frequently used in the review as well as in the main lesson. Skills that students
develop in the review may be repeated ;n the main lesson. Whenever studcnts con-
trol a skill-oriented simulation, the program allows students to practice until they
are reaey to begin the problem posed in the main lesson. Thc simulations often use
gamelike features to keep student interest high and require more actual student
input than page turning.

In areas covering problems more like the typical problems in a physics ext-
book, the design of Physics 1 and 2 requires that students (1) describe the problem,
(2) identify a stratcgy, (3) implement the strategy, and (4) check the results. In the
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problem description students identify explicit and implicit numerical information
and sketch a diagram of the problem where appropriate. Identification and imple-
mentation of the strategy include deciding ia advance what the answer should look
like, selecting equations that may be useful, isolating unknown variables, and com-
puting an answer. This strategy, which mirmrs research findings on problem-solv-
ing skills of experts, is repeated throughout Physics 1 and 2 and results in what I
believe is high-quality software. After an extensive study of the pedagogical design
of Physics 1 and 2, we have modified and embellished the problem-solving strate-
gy into a problem solving template that we use with students in our Physics
Tutorial Center. We have been pleased with this as a spinoff of our CDC Project
and see the problem solving template as something we learned from good soft-
ware.

The details of how I have integrated this courseware into engineering physics
have been discussed in The Physics Teacher,4 but let me qu kly recall some of the
information for you. Approximately 40 students each semester from my section of
engineering physics select to use computer-assisted instruction as a part of their
course. We supplement CDC Physics 1 with other commercially available thermo-
dynamics software. Stu&nts spend three hours per week at a microcomputer sta-
tion using Physics I. We encourage students to view the three-hour-per-week
commitment as structured study time. Table 1 shows a comparison of grading
schemes of students using courseware to students following a traditional course
with a problem session.

Table I.
Comparison of Traditional Physics and Physics with Courseware

Physics using
Traditional Physics Credit Courseware Credit

Lecture (3 hr./wk.) Lecture (3 hr./wk.)
Four tests 56% Four Tests 50%
Experimental lab 10% Experimental lab 10%

(2 hr./wk.) (2 hr./wk.)
Homework 10% Homework 10%
Final examination 24% Final Examination 24%
Problem Session 0% Courseware work 6%

(I hr./wk.) (3 hr./wk.)

Students keep a notebook of courseware assignments and ar ... graded on this
work. Attendance is required, but we aso offer students the option of returning to
the traditional course and grading scheme at any time.

We monitor student comments and attitudes about the program both formally
and informally. We keep the level of interaction high by using the software and by
assigning tutors to work with students. Students' comments are positive for the
most part. One student summed it up nicely: "It was almost as though I was work-
ing with a calm, patient, flesh-and-blood tutor."

( ' )
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The Most Frequently Asked Question

I am frequently asked which students learn morethose using CDC physics or
those attending the traditional problem-solving session? First let me tell you what I
believe and then tell you what I know. I believe that learning is both difficult to
define and difficult to measure. Unless you have repeated measures of achievement
on a particular objective over time, you can't be sure if learning has taken place.
That is, if someone has "learned" something, there must be evidence that the new
information can be applied correctly on a construct-valid measwe and replicated
on repeated measures. We might find it useful to know that if we apply Topic X to
a student via a microcomputer-based lesson, the student will learn mole, but this
learning is not something we can mcasure definitively.

So, what do I know about learning problem-solving skills and CDC Physics 1
and2?

1. The authors of Physics 1 and 2 have taken traditional topics in university
physics and developed those topics in such a way that the microcomputer acts
as a "good" tutor for developing "good" problem-solving skills.

2. Students who use CDC physics in a structured homework mode for approxi-
mately three hours per week arc favorably impressed with the problem-solving
discipline imposed on them by the microcomputer.

3. In comparing achievement on common examinations between stueents in CDC
physics and those in a traditional problem session, we find indications that
achievment may be improved for those using the courseware. The evidence is
limited at this point, but this continues to bc an interesting problem for investi-
gation.

1. J. Larkin, "Cognition of Learning Physics," Am. J. Phys. 49, 534 (June 1981).
2. L. C. McDermott, "Research on Conceptual Understanding in Mechanics," Physics

Today (July 1984).
3. F. Reif, "How Chemists Teach Problem Solving," J. Ch. Ed 60, 948 (November 1983).
4. K. L. Johnston L. Grab le-Wallace, and J. S Risky, "Integrating CDC Physics

Courseware into Engineering Physics," Phys. Teach. 25, 286 (May 1987).
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Early Experiences with Physics
Simulations in the Classroom

Bias Cabrem
Physics Department, Stanford University, Stan, , CA 94305

Many concopts in physics involve the dynamic motion of a system. We understand
the transmission and reception of radio waves because we uaderstand the motion
of electric-field patterns produced by accelerated electric charges. Other examples
are planetary orbits, which we understand through Newton's laws, and the kinetic
theory of gases, which we onderstand as the motion of many atoms bouncing in a
box. In the traditional instruction of elementary physics courses, instructors intro-
duce these concepts with classroom dcmonstrations and laboratory sessions.
However, some concepts have b-en difficult to elucidate. Powerful computers have
now become sufficiently inexpensive to allow the widespread introduction of sim-
ulations as teaching aids for elementary physics instruztion at the college level.

Physics Simulations is a series of computer simulations for elementary physics
instruction.1 These programs have grown out of our &sire to use the instructional
potential of modern, inexpensive microcomputers as 2, tool for students to explore
thc structure of physical models. Such programs arc intended to supplement intro-
ductory-level physics courses. Particularly useful is the graphics capability of the
Macintosh, which uses the mouse interface ard is capable of high-quality anima-
tion. The visualizations provided by these simulations develop physical intuition
and allow the use of this softwarc over a widc rangc of matematical sophistica-
tion, from our Physics for Poets course to intermediate-level mdergraduate-major
COUrses.

Philosophy

The Macintosh was the first inexpensive computer to introduce a highcr level of
animation capability. Using this tool, we have developed simulations that graphi-
cally represent simple physical models so that students can understand thc exact
relation between the screen animation and the analytic descriptions. Our programs,
designed to help the studcnt undcrstand physical conccpts, should be used together
with conventional teaching ochniques for elementary physics courses at colleges
and univesities. In designing the software, wc have adhered to thc following prin-
ciples:

1. No computer literacy should be rcquired of the student. Wc do not want to turn
the physics class into a computer-programming class. Students c only thc
mouse and the customized pull-down mcnus. They can enter pocise data with
the mouse by using slide bars with numerical displays.

9 3
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2. The simulations should maximize the use of graphics. Graphical representat!on
of data always aids the understanding of physical p.ocesscs, particularly for
physical systems that evolve in time.

3. The presentation and the format should be as simple as possible. Wc are not
interested in generating more corny-or-arcade gamcs, but rather in ensuring
that every input by the user will prot.Lce an easily understandable rest.lt on the
screen.

4. The scope of each program should be maximized. We want each program to
address a large number of problems without making them overly complicatrAL

5. No computation should take longer than about five minutes. Therefore, the total
time involved in a studcnt session with each program would be about one to
two hours.

Description of Programs

The central programming theme of these simulations is animation. We have used
three different techniques, depending on thc level 'of complexity in the screen pre-
sentation. If comritations and screen updates can be done quickly enough, then
e. .11 new frame is generated in real time and displayed while the next frame is pre-
pared offscreen. If the computation time is more than about 0.1 scc. per frame,
each frame is generated in an initial sct-up procedure and stored in memory. About
32 frames arc generated and then played back in rapid succession (up to about 15
frames per second) to produce the animation. If the set-up timc for framc genera-
tion exceeds about five minutes, tnc frames themselves arc stored on the disk and
loaded into memory to producc the animation sequence. This last technique is less
desirable because it does not allow student interaction.

The folbwing programs arc in the Physics Simulations software. Thc program
disks incluue utilities for printing the set "i-. splay on an Imagewritcr or storing it
on the disk for later printing.

Mechanics

Ballistic simulates two-dimensional motion in a constant gravitational field. A
drag proportional to velocity can be included ..,ith an optional dependt.nce on
exponential altitude.

Putential simulates the motion of a particle in a one-dimensional potential well.
Students can plot energy, velocity, acceleration, and time-average probability dcn-
sity. Students may choose from predefined potentials (e.g. harmonic) or define
their own.

Oscillator simulates simple, damped, and driven harmonic oscillators. Displays
incl:Ide a mass in an clamic band, amplitude versus timc, and energy (see Figure
1). The total energy is continuously partitioned into potential and kinetic.
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Figure 1. The program "Oscillator" from Mechanics simulates the simple,

the Oamped, and the driven harmonic oscillator. The damped oscil-
latc r is shown.

Kepler simulates planetary motion. Students study Kepler's laws by using pre-
defined orbits or by setting the parameters of one or two planets around a large
central mass.

Einstein a,monstrates special relativity. The screen is divided into a stationary
and a moving frame that contain clocks and light pulses on a grid. Students can
simulate special relativistic effects (including the twin paradox).

Electromagnetism

Coulomb displays the electric-field pattern for up ,o 15 point charges on a
plane. Students set the position and magnitude of each charge.

Laplace calculates and displays the solutions to Laplace's equation on a two-
dimensional rectangular lattice. Students can set fixed boundary conditions any-
where on the lattice to simulate a number of physical models.

Radiation simulates the time evolution of the electric field of an accelerated
point charge. Linear, circular, and oscillatory motions with user-defined velocities
and near-field to far-field magnifications are displayed as animation sequtnces (see
Figure 2).

Ampere displays the magnetic field pattern for up to nine coaxial current rings.
Students select the position and magnitude of each ring.
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Figur. 2. The program "Radiation" from Electromagnetism, simulates the
time evolution of the electric field produced by an accelerated elec-
tric charge. Dipole radiation, such as that generated by a transmit-
ting antenna, is shnwn.

Monopole simulates the passage of a magnetic monopole through a perfectly
conducting ring (superconductor). Students can view the frames individually or as
an animation sequence.

Modern Physics

Gas simulates the thermal motion of particles in a box and demonstrates ele-
mentary kinetic theory.

Brownian simulates the random thermal motion of a particle in a one-dimen-
sional potential. Students may select from a range of potentials and temperatures.

Wave demonstrates the concepts of group and phase velocity in an animated
sequence. The ratio of group to phase velocities is adjustable.

Fourier performs the Fourier transform and inverse trarsform of any user-
defined function. Students can plot results as amplitude versus phase in real and
imaginary components.

Hydrogen generates electron density plots for each of the quantum states of the
hydrogen atom. Students may select the n, I, and m quantum numbers (see Figure
3).

9iffraction generates density plots for single and double slits and other aper-
twts.

S
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Figure 3. The program "Hydrogen" from Modern Physics, simulates the
electron density around the proton in a hydrogen atom. Here the
4d orbital is displayed.

Ginzburg introduces an elementary model of a superconductor by displaying
the coherent quantum phase on a lattice. Students can set fixed boundary condi-
tions.

Transition is an animated si quence 3 howing the semiclassical transition
between the 2p and Is states of the hydrogen atom.

Course Use and Early Experiences

We developed these simulations specifically for use in the advanced freshman
physics course at Stanford University. The one-year course covers mechanics, elec-
tricity and magnetism, and modern physics. There is also an accompanying labora-
tory course. Advanced freshman physics is intended for entering students who
have taken more than a year of calculus in high school and who intend to major in
physics as undergraduates. The course typically enrolls about 25 students.

To introduce the simulations, we devote some class time to numerical tech-
niques. For example, we cover Euler's approximation in mechanics when we int-o-
duce initial-value differential equations in the formulation of Newton's equations,
and we cover the lattice-relaxation technique in electricity and magnetism when
we discuss solutions to Laplace's equation. In fact, these specific examples aid stu-
dents in developing an intuitive understanding of formal differential equations.
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After we have covered the numerical technique in class, we introduce each pro-
gram to students with a lecture demonstration using a video projector onto a high-
contrast screen. We cover several specific examples. Then students have to answer
one or two problems in each weekly problem set (out of a total of about eight) by
using the software. Students can complete these problems by checking out the soft-
ware for two-hour sessions either at the physics department litwary, which main-
tains a cluster of four Macintosh computers, or the central undergraduate library,
which" maintains a 40-Macintosh cluster, or by purchasing the software and using
their own Macintoshes. The solution handed in by the student comprises a comput-
er printout and a written discussion of its significance. The questions typically con-
tain a first part that students can solve analytically and check against the
simulation, and a second pan that is beyond the analytic scope of the class but can
be solved numerically. For this second type of question, we typically ask students
to explain the qualitativi. behavior based on inequalities derived from the analytic
formulations. We have used many of these programs in the advanced freshman
physics classes for nearly two years.

In addition, these programs have proven useful for introducing physical con-
cepts to nontechnical audiences, such as students in the Physi.--s for Poetq course,
which requires a minimu.n of mathematical sophistication. We use computer simu-
lations to present the solutions to mathematical equations. We then discuss these
solutions in qualitative terms. We believe that this application for the simulations
will become more important. We are developing student exercises geared to these
less technical uses.

Conclusions

Inexpensive microcomputers are now sufficiently powerful to be very useful teach-
ing aids in elementary physics classes. Physics Simulations is a series of such
teaching aids that can be used over a wide range of introductory physics courses at
the college and high-school levels. For the instructor, these simulations provide
easier-to-follow alternatives and supplements to traditional classroom demonstra-
tions. After introducing the program in class as a demonstration, instructors can
assign follow-up homework problems. Students ma then investigate the structure
of these physical models in an interactive environment, even though the mathemat-
ical sophistication of the models is often beyond their grasp.

The development of this software, always a time-consuming effort, would not have been
possible over these last two years without substantial contributions from the Faculty Author
Development program at Stanford University (supported through an Apple Corporation
grant). Programming support was provided through FAD by Sha Xin Wei ("Keppler,"
"Einstein," "Laplace," "Gas" and "Ginzburg"), Jim Terman ("Ballastic," ""mentiar
"Oscillator," "Radiation," "Monopole," "Brownian," "Wave," "Fourier," "hydrogen,"
"Transition" and "Diffraction"), Daniel Schroeder ("Einstein"), Donald Geddis
("Coulomb") and Dian Yang ("Ampere"). These applications were written in Pascal and
compiled using the Macintosh Workshop environment. Early contributions from Brian
Penprase were also important. Needed support and encouragement has been provided con-
tinuously by the FAD staff, including Michael Carter, Ed McGuigan, Barbara Jasinski, Tom
Malloy, and Stuart Crawford.
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1. Mechanics, Ekctromagnetism. and Modem Physics were developed by Bias Cabrera
and the Faculty Author Development Program at Stanford University for use with the
Macintosh computer. The three software packages are available separately from
Kinko's Academic Courseware Exchange (a service of Kinko's Copies), 4141 State
Street, Santa Barbara, CA 93110 (telephone: (800) 235-6919 or in California, (800)
292-6640).

Cellular Automata

George Marx
Department o f Atcvnic Physics, Eetvös University, Puskin 5, Budapest 11-1088, Hungary

Continuous or Discrete?

When Galileo studied the laws of free fall by dropping stones from the Leaning
Tower of Pisa, he counted time by his heart beats. As the stones dropped, he
noticed that less and less time was needed for the stone to reach the next lower
floor. He explained this phenomenon in the following way: something gives small
kicks F to the falling stone causing its speed v to increase:

(t+1) = v(t) + F. (1)

Half a century later, Newton made a differential equation from Galileo's idea:

d2x/dt2 = F. (2)

Newton described free fall (without or with air ry.,stance) as dvldt = g or dvldt
= g kv2. The analytical solutions of these equations could be obtained by evaluat-
ing integral:

v = gt or v = fuTc tanhergi

In more realistic problems, however, such an elementary analytic solution does
not exist. Let us consider a pendulum with air resistance c129/dt2 = (WO sin 9
kl (d(p/d02. In order to force an elementary analytical solution (for blackboard use)
we truncate this differential equation to a linear one by brute force: d29/dt2 + kl
dc/dt + (g/1)9= 0, which leads us to the usual analytical formula

9= A exp (kl t /2) sin ei(g11)(k114) t + B).

Education has gotten used to offering a sterile linear world picture, but wn lose a
lot by such linearization and oversimplification.

The advent of microcompiters has eliminated the need for such simplificatirn.
Microcomputer clocks work in discrete ticks (in microseconds). If the coordinates
of a mass point at the times 1-1, t, 1+1 are x0-1), x(t), x(t+1), then the average val-
ues of speed in the time intervals t-1, t and t, t+1 are v(t-1/2) = x(,) x(t-1),
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v(t+1/2) = x(t+1) x(t). Therefore we can estimate the acceleration at time t as a(t)
= v(t+1/2) v(1-1/2) = x(t+1) 2x(t) + x(1-1). Let us assume that we know the
explicit force function a = F[x]. In this case we can write x(t+1) 2x(t) + x(1-1) =
F[x(t)]. Thus we can calculate the future location of the tody from its present and
Past

x(t+1) = 2x(1) F[x(t)] At-1). (3)

By choosing a small enough unit ot time (if the frequency of ticks is high
enough) xyl. can integrate the Newtonian differential equation (2) as accurately as
we wish (or the speed and capacity of our computer allow us to do) for any force
function F[x].

When the raindrop starts falling, it certainly does not look at the integral

f dv
, vI

and say: "Aha, I remember! Its primitive solution is the area of the hyperbolic tan-
gent!" in order to find out how to increase its opeed while falling. As physics sees
it, nature works more in the way of equatiea (1) and equation (3).

If one takes quantum mechanics into ACCOUnt as well, one may say that a stone
in Earth's gravitational field has discrote quantuol states (discrete energy levels)
and the classically continuous trajec,ory of a "masq point" is an (acceptable)
approximation. John von Neumann has :aid that "the continuity that we observe
everywhere in the macroscopic world is the misleading autcome of averaging in a
world which is discontinuous according to its inht,:z.ra nature."

We used to describe the manifold of discrete atoms with a continuous variable,
as in the case of radioactive decay: dN/dt = kN, giving N(t) = N(0) exp ( kt). We
still describe population curves with smooth lines (in spite of the fact that popula-
tion can change only by discrete numbers). We forget that our heritage is inscribed
in DNA molecules by an integer of bits, that our body is made of an integer of
cells, that our bean beats once a second, that our thinking happens in discrete space
time (by firings of neurons). We approximate integers by continuous variables in
order to be able to describe physical laws with analytical formulas such as (2).
Nowadays, we solve these triostly nonlinear) differential equations by approxima-
five methods such as (3) in the discrete space time of the computer. Is the "devia-
tion"

2

discrete reality > continuous model --> discrete computer

a necessity? Or is the differential calculus (and all those analytical functions of
continuous variables) just the product of Newton's efforts before the arrival of the
computer era to compute how things move.

This seems to be a good question, but it is not so deep as it loc....s. Continuum
modelslike space time and differential equations of motionare useful models
of reality, just as discrete modelsatoms, cells, speciesare. Which model is
more appropriate depends upon what we are aiming at. But if we decide to begin
with a discrete model, let us put it directly into our discrete computer.

1
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Deterministic Cellular Automata

The modem world has discrete space time. Our digital watches, our computers, our
movie projectors and our television sets count time by ticks. The television screen,
the photo film, and the moving picture depict space by discrete spectra. This digital
technology enables us to handle information free of dissipation losses.

Two extraordinary mathematical talents of the twentieth century, Stanislav
Ulam and John von Neumann, have introduced the concept of cellular automata. I
am convinced that in the era of television, video games, and computers, cellular
automata may offer educational advantages worth exploring. They are less
abstract, more concrete and visuallike the thinking of teenagers. You are now
invited to explore this discrete universe.

Ulam and von Neumann had their roots in central Eastern Europe but they
worked for the Manhattan Project in the United States during World War II. Both
of them had access to the first electronic computers. Stanislav Ulam enjoyed gen-
erating beautiful patterns by simple recursive rules (e.g. "Symmetry" on the
Games Nature Plays1 diskette for the Apple II), thus imitating crystal growth. Von
Neumann dared to raise more provocative questions. He became increasingly wor-
ried by the fact that in the compuvr- -built from thousands of vacuum electron
tubesalmost one tube a minute burned out. The search for the spoiled tube and
its replacement consumed more time than the useful running time of the computer.
He began to wader why a living organismeven the human brainis able to
work well for decades, in spite of the fact that some of its cells die every minute.
He started using computer-oriented cellular models to investigate some basic prop-
erties of life.

The space of a cellular automaton is like a huge checkerboard, a two-dimen-
sional array of squares called cellslike the monitor screen. A state of the cellular
automaton is characterized by the sta:2s of its cells. A cell may have a finite num-
ber of (quantum) states like the set of colors on the screen. In the simplest cases a
cell may be dead (off, black) or alive (on, bright). Time passes in finite units (ticks,
beats, generations).

The state of a cell in the next generation depends only upon the state of its
immediate environment in the present generation, according to a simple determin-
istic law. That is, it may be influenced by the present states of its four immediate
n :ighbo:s:

Ci,j(t+1) = F[Ci-1,j(t), Cij--1(:), Ci+ 1 j(:), Cij+ l (0]. (4)

kQ=quart-type environment.) The law may be as simple as this:

cij= 0 or 1 for each cell,

q(1+l). 0 if Ci_i j(r)+Ci j_i (1)+Ci÷i j(t)+C I (I) = even,

Ci j(t+1) = 1 if Ci_i j(t)+Ci j_i (t)+Ci+ 1 j(t)+Cij+ 1(0 = odd.

(See "Reproduction" on the Games Nature Plays diskette or "Q13" on the
Cellular Automata2 diskette.) Simply said, c cell will live if there is now an odd
number of live cells in its environment. The cell will die if there is an even number
of live cells around it (this law was introduced by Ed Fredkin at MIT). Even this

I I.) 3
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simple law has different visualizations. We may consider it to be a simple model of
elementary wave propagation:

.1 IIIIII

We can add of a sort of interference: two waves may annihilate each other by
interference:

This law offers a manifestation of the superposition principle. The law can be
reformulated in this way: Imagine an array of Petri dishes. We put an amoeba in
some of the dishes. In the next generation each amoeba produces four offspring in
the four neighboring dishes and itself dies. Each dish contains indicator dye that
becomes colored if there is an odd number of amoebas in the dish but becomes
invisible if the number is even (different amoeba families coexist, they do not
influence each other).

Von Neumann in 1948 created a more sophisticated system to show that the
behavior of atoms may be described by simple laws, but appropriate ensembles of
these atoms can realize an organism that is able to make :ts own replica. In his
classical paper he introduces a cellular automaton in which the atoms have twenty
29 states 29 different colors on the screen). The state of an atom in the next genera-
tion is influenced by the state of the atom and the states of its four immediate
neighbors in the present generation. CV" environment, "V" for Von Neumann and
"V" for ski in Latin.) These laws are rather sophisticated. Von Neumann has
proved in this special case that self-replication is possible if one takes enough
atoms.

Von Neumann's organism has been constructed of two parts. There is a tape (a
linear sequence of colored atoms) that carries a finite amount of information. (we
would now call it software. The tape contains a mazhine (a sophisticated arrange-
ment of atoms), that uses an arm to read the message written in the tape and anoth-
er arm to place an atom to the appropriate square of the screen. We would now call
this hardware. If the tape carries the instruction to produce a replica of the
machine, and to copy the tape, this arrangement will be able to produce a perfect
copy of itself. Later cn the copy can make a new copy, and so on.

TapeI
t

I Machine
I

1

t
New

1

Machine
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Watson and Crick discovered the molecular base of life in 1955, seven years
after Von Neumann's self-reproducing automatonthe genetic 'nformation of a
living organism. It is carried in the DNA molecular chain (the software). This mes-

1

1sage is copied by a system of enzyme molecules (the hardware). The main part of
the genetic information is a blueprint for the enzyme molecules.

Von Neumann gave a mathematical proof for the possibility to: such a self-
reproducing machine, but he did not implement it in a specific program 0 a com-
puter. It is too complex even R :: the computers of today. But Fredkinca aton
offers a simplified version of self-replication. If you start with any pattern, the e
"Reproduction" will produce four or 16 or 64 replicas of this pattern on th'scrden
after a sufficient number of generations.

Fredkin's model is oversimplified; in some sense it is linear approximation.
'No puterns may produce transient interference, but they do not afluence each
other in the long run. The cellular models that are interesting enough are essential-
ly nonlinear.

Conway's Game of Life

John Horton Conway of Cambridge University had the intention to create a cellular
automaton with the following properties:

I. the laws of the game are simple;

2. most junk configurations disappear soon;

3. some structures survive;

4. some structures perform unexpected evolution.

In Conway's Game of Life each cell is either dead (empty) or live (full). Its fate
is influenced by its state and by the states of its four neighbors:

Law I. Birth: a cell will be born if the empty place has three neighbors.

Law II. Survival: a live cell wi survive to the next generat:on if it has two or
three neighbcrs.

Law HI. Death: a live cell will die (of isolation) if it has fewer than two neighbors
or it will die (of suffocal;rm) if it has more than three neighbors.

You may try the fate of some three-cell configurations with three buttons on a
chessboanl:

___I3

-1T1--

--0. *

--

0.

IP.

* extinction

stabilization

periodicity
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An important simple structure is the glider, made of five cells. It performs loco-
motion diagonally across the screen with 1/4 of the "speed of light" (which is
equal to unity, the maximum speed on screen).

the glider

This cellular automaton has become an all-time favorite. It is played on thou-
sands of computers (costing milli0E3 of dollars, according to Time magazine).
Young hackers compete in making faster and more extended versions of it.
Thousands of people explore the strange world of "Life." Books describe the
"physics" and "biology" and "technology" of this nonlinear universe. (The excel-
lent book The Recursive Universe3 is fully devoted to the exploration of the "Life"
environment. Some simple but interesting creatures are desuibed in 0: book
Games Nature Plays.4) On the Apple II diskette Games Nature Plays you find the
code for "Life," e.g. how a tissue (type 4) can heal a wound (type 28, 20) or how
the tissue may die like a tumor due to a misplaced cell (type 29, 20). It is worth
experimenting with an initial state of randomly distributed cells (type 2). Some
junk dies away, but some structures stabilize, propagate, and interact. The interest-
ing feature of "Life" is that favorable initial patterns lead to unlimited spreading of
cells, e.g. 13 colliding glidas make a "mother" (type 3), which produces new glid-
ers that fly away in infinite sequence. (The CellWar Automata diskettes offers fast
versions of "Life.")

With the help of gliders one can send signals across the screen. The trajectory
of these signals can be interrupted by blocks; the simultaneous input of two gliders
can be processed by appropriate gates. Conway has shown that one can build NO,
AND, OR, NAND, and NOR gates in the world of "Life." (See Conway's book
The Winning Ways.5) In this two-dimensional world even high technology can be
developed: universal cemputer can be consUucted.

The universe of "Life" is far from being completely explored. With its simple
nonlinear laws and with its unexpected behavior, it is an amazing model of our real
world.

Phase Transition

We can explore populating problems by taking the "Life" screen and scattering
cells randomly onto it to cover a given percentage P of the screen. (For the "Life"
on the Cellular Automata diskettes we can fabricate appropriate initial states by the
"percent" code.) If P is small initially, junk dies away (by isolation) and later the
screen gets rather empty. If P is very high, most cells will die again (by suffoca-
tion). What is the optimum initial percentage P leading to the most survivors in the
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long run? If we experiment with this problem we begin to understand the present
problems of our globe a bit better.

Such "population problems" can bc treated with a widc class of cellular
automata introduced in thc computer science lab of MIT under the name
"Majority." (Sec "Majority" on the Apple II diskcttc Games Nature Plays,
"Additive Law" on the Cellular Automata diskettes.) The law of these games is of
the type

Cell (t+1) = F[Environment (0).

There are differ( it options for the environment

e MI A

Q (quaue=4 in French): 4 ncighbors;
(Von Neumann): 5 (4 neighbors + central cell);

H (huit=8 in French): 8 neighbors;
M (Moore environment): 9 (8 ncighbors + central cell).
The fate of any square in the next generation depends only on thc number of

present Iive cells in the environment of this square. E.g. "Q13" means Fralkin's
'Law: we shall have a live cell on the square in the ncxt generation if and only if the
number of live cells is one or three in the four (Q) ncighboring squares.

Let us consider the M56789 automaton (we type M56789 when wc select the
"Additive" law of the game on the Cellular Automata diskette). Wc fill P percent-
age of the squares randomly using the "percent" option for initial state. If P is
small, isolated cells perish. Connected formations fill up the concavities and get rid
of sharp corners. (A cell will survive for the next generation if and only if it has at
least four neighbors, offering a model for surface tension.)

M456789 is intcrcsting as well: Convex droplets stabilize, and their growth
stops (phase 0). If, however, P is larger than Po = 0.25, capillary action makes
independent droplets fuse by coalescence, filling the whole field with live cells
(phase 1). This automaton imitates the condensation of droplete from supersaturat-
ed vapor. The fate of a small high-density region in an extended low-density rcgion
(making average P < Po) is worth our specific investioation. Po is called the spin-
odal point in the theory of phase transitions.

VA V 131
AM%A"Vff' v474

ZOVAVAV XAV A
131

capillarity

In the case of the Q234 autvnaton Po = 0.133, for thc V2345 Po = 0.0822 and
for the H45678 Po = 0.333. Thcce critical values have been obtainee by computer
experimentation; no one was able to derive them by theoret.cal (analytical) meth-
ods.

tti7
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Percolation

By compressing a mixture of metallic and insulator grains we can make a solid
block. Then we can connect the two apposite faces to a voltage. If metallic grains
touch each other in a continuous chain, the block behaves like a conductor. If they
are interrupted, the block is an insulator. Thus we can try to find the critical metal
percentage Po, (Sec the "Forest Fire/Woods" programs on the Games Natures
Plays diskettes.) This phenomenon is called percolation, coincd from the name of
the coffee machine (which has been stuffed with coffee so the hot water can come
through). Percolation is a subject of active research in materials science.

Several cellular automata show the phenomenon of percolation after a transient
"recrystallization" period: V345 with Po= 0.500, M546789 with Po = 0.500.

Reversible Cellular Automata

Thc laws of games mentioned above ate irreversible in time.

Cii(t= l) = FICenvironman(01

ccaesponds to liffusion equation

dadr = DV2C,

(5)

(6)

which leads to irreversible phenowena. For example, in the game of "Life." small
fragments disappear. From the obtained emptiness one cannot reconstruct the scat-
tered live =Us. One can say that in "Life" and in other irreversible cellular automa-
ta th-te is an entropy sink that helps in the formation of sensible structures.

1 he laws of microphysics arc, however, reversible in time. Let us see, for
example, the "Reverse" model on the Apple II diskette Gltnes Nature Plays. Here
a speciai :aw describes the fate of 2'2 blocks:

NIIII
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We can take also the rotated pattera into account in the same way. The a:ck is
that the 2*2 block network is different in even and in odd generations, respective-
ly:

if t Is even

--J
if t is odd
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In this way we can model inertial locomotion and collision of billiard balls.
This law is reversible. If one omits an odd generation, i.e. if one takes an even gen-
eration after an even generation, the ball begins to roll backwards!

I I 1 -- 1 I I -- I I

t is even I is even again

With this "Reverse" model we can watch how the second law of ther.nodynam-
ics wotks in the world. We begin with a simple pattern (Ile the character E, type
P). If we let its eight atoms roll on the screen for ten to 20 generations, the pattern
decays. If we stop the pattern and reverse the direction of time (type TO, we expe-
rience a movie played backwank the pattern E will be restored.

Since the second law of thermodynamics is of statistical origin, it is better to
study this law on the Cellular Auwmata diskettes where we may get better statis-
tics. An irreversible law can be made reversilrle by the simple trijc of adding a
new term.

c(:l)= F[Cemi...t(0) C4(:-1). (7)

This can easily be reversed Cij(t-1) = F[Cam.t(t)] C1i(:1-1). The new
term makes a second-order equation (7) out of the rust order equation (5). We can
see that the Newtonian equation (3) is of the same type as (7): x(t-s-1) = (2 x (1) +
F[x(t)]) At-1). Equation (5) is a discrete model and equation (6) is a continuous
model of an irreversible world; to calculate C(i4-1) the requested initial condition is
C(t) in case of equations (5-7) is a discrete model, equation (2) is a continuous
model of a teversible world; to calculate C(i4-1) the requested initit' conditions are
C(r) and C(-1).

The computer is able to demonstrate how irreversibility operates in the macro-
scopic world in spite of the fact that the laws in the microscopic world are
reversible. If we load the initial sr3te "Pic.Einstein" or "Pic.lion" from the
Cellular Automata diskette Ind choose the law "Reversible reproduction()" on
the Apple II or prograr.. R13 . Lae IBM PC diskette (this is Fredkin's Q13, made
reversible by the extra ter., . r [A we can run ten generations. When nothing
changes anymore (ten gen, iations have passed), if we press "escape" on the Apple
II ("R" on IBM), the compter will ask: "Change of time direction?" If we answer
"Y(es). CONTINUE," even/odd generation pictures will be exchanged, which
means that the movie will run backward. Einstein's face (or the lion's body) will
build up Lgain.

In the AND gate there are two inputs and one output (A and B-->C). Common
logical gates lose information, and therefore their use increases the entropy in the
con puter. To get rid of it, computers emit heat, and therefore they consume elec-
tric-free energy. This energy consumption can be decreased by using a reversible
logical gates. Norman Margolus has proven that in the "Reverse" automaton the
rolling balls can transfer 'nformation. We can construct RAND and ROR

10 9
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(reversible AND and reversible OR) gates in this model (by using much larger
screen). In the two-dimensional universe of reversible cellular automata we can
construct dissipation-free technology. No wonder digital data processing knows
only yes/no states; slight dissipative changes are not tolerated. Loss of information
can be avoided. Therefore digital electronics is more powerful in computation and
audiorecording than analog electronics.

Stochastic Cellular Automata

Ftmdamental particles and atoms obey laws of motion that are reversible to a very
high deree of accuracy. But due to the (almost) continuous spectrum of states, dis-
sipative phenomena occur on a large scale. Larger "cells" (like atoms in a crystal,
coupled to invisible photon or phonon fields; dust grains performing a random
walk because of collisions of invisible air molecules; 'mons of the brain subject-
ed to thermal fluctuations) may behave according to "dienal" patterns, their laws
of motion may contain dissipative tendencies. This is why the deterministic but
irreversible rules of the popular cellular automata (like "Life") can be used to
reflect reality. And this is why randomness is tolerated in the more relaxed rules of
some scientific simulations. (See "Random Walk," "Vacancy," "Domain,"
"Struggle," "Shark," "Survival" on the Games Nature Plays diskette.) The compu-
tational possibilities of deterministic and stochastic cellular automata are far from
being exhaustcd.

Parallel Processing

In naturt, events happen simultanelusly in each space point: all the atoms interact
and accelerate. In the Von Neumann computer the central processor decides about
each change in a deterministic time sequence. It has to scan the dots of the whole
screen, one after the other this makes the screen simulation of varying fields very
slow. Nowadays there is a tendency to build computers that work with sevcal pro-
cessors. These enable the parallel evaluation of the fate of each "cell," (at least
each group of cells). That means an enormous gain in the speed of computation.
l'hese computers often are canal "non-Von-Neumann-computers," even though the
idea for them appeared first in Von Neumann's papers.

Cellular automata are mathematical models for parallel processing: time ticks
simultaneously at each square. Therefore they offer a good analogy for the parallel
processors of modem computers. Actual microcomputer codes of cellular automata
are not yet parallel processing, but if they are speedy enough, they give the impres-
sion of parallel evaluation. Thus these codes educate our mental vision to under-
stand how nature works.

The first high speed card for IBM PC was constructed by T. Toffoli and others at MIT.
"CAMA High-Performance Automaton," Physics 10D, 195 (1984). It uses the pipeline
architecture to economize the work of the central processor. Pipeline firmware has been
adapted to the software of common microcomputers by Zsolt Frei and Andrew Juhasz and is
used on the Cellular Automata diskettes. The author is indebted to Gerard Vichniac for dis-
cussions.
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Animation in Physics Teaching

Eric T. Lane
Department of Physics and Astronomy, University of Tennessee at Chattanooga,
Chattanooga, TN 37403-2598

In the laboratory, animated simulations on the microcomputer ease the burden on
students to grasp difficult concepts in experiments. They allow students to simulate
experiments that are too expensive, too delicate, or too dangerous to do in real life.
Microcomputers should complement the usual laborator) offerings rather than
replaze them.

Like the simulators that airlines used to train airline pilots, the microcomputer
allows simulations of difficult experiments to save us time, effort, and money in
doing more and better experiments. As a result, the students' laboratory experience
will improve significantly at a fraction of the cost that would otherwise be neces-
sary.

High-quality, interactive simulations have to be written in machine language
today. The fast pace of computer development means that anyone will soon be able
to write these simulations in high-level languages. This paper presents some of the
techniqms used to generate elementary simulations of vaves and particle motion.
It also discusses some possible simulations for physics and science teaching.

Why Simulation?

If a picture is worth a thousand words, then a dynamic animation may well be
worth a thousand pictures. Dynamic, interactive presentations make difficult con-
cepts easy for people to see, to use, and to understand.

One can tell students all about wavelength, amplitude, and phase of a wave.
And these concepts can be illustrated with diagrams. But the concepts of wave
speed, frequency, period, and many other dynamic concepts requires direct, mov-
ing experience for most people to understand easily.1 Ordinarily experiments in the
laboratory or experiences in everyday life provide th necessary background for

1. 1 1
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understanding these and other dynamic concepts. But too often, students miss the
necessary observations because they don't know what to look for.

We can diagram the idea that a standing wave can be thought of as the linear
sum of two traveling waves going in opposite directions. but most students fail tc,
see tit:: connoztion from the still picture. Yet an animated presentation makes the
traveling waves asy to sc.; and the two-wave addition is clear almos:. immediately.

The exponential decrease of the number of particles with height in a gravita-
tional freid shows the basic idea of the Holtzman energy distrinution. Diagrams and
still pictures mcouit ge students to assume that once the particles are in position,
they must stay there to maintain the exponential disuibution. Only a dynamic pre-
sentation can show the active change in position of each of the particles as they
move independendy of all the others while retaining the exponential distribution.

The old Bohr model of the atom is used to illustrate the wave nature of the elec-
tron around the nucleus in an atom. When I first started teaching scienceand mod-
er physics, I wanted to snow the dynamic properties of this wave. This desire was
or. . of the driving forces in my efforts to animate science concepts. The Apple II
microcomputer was thtt first to allow sufficient graphics resolution with reasonable
speed at a low enough price to make such animations possible.

Prospects

Recently it has been stated that there is no place for the "teacher developer," that
we should let the professionals handle it all. Yet I submit that the professionals
must follow the market. Rarely do they provide really new, innovative sLaware. It
remains for the individual develpt?cr with a unique idea and little to lose to come
up with true innovations. We as teachers can see the needs of our disciplines. It is
up to us either to develop the program: or to encourage others to do it for us. We
will soon have machines fast enough to do this.

Fairly extensive animated games have appeared in the last few years. With a lit-
tle help from hardware, simulated airplanes and space ships move smoothly and
with fair realism. Unfortunately the educational market does not provide the incen-
tive for companies to develop such hardware tor educational use, much less the
more difficult software to run on today's popular microcomputers.

Yet these games do show what can be done with today's technology.
Fortunately, with the steady decrease of chip and system prices, we can look for
equivalent capability in just a few years. Recent reports suggest th,,t today's micro-
computer his roughly the same power as a mainframe computer of 20 years ago at
one-thousandth the price. With the development of dedicated VLSI graphics chips,
the next generation of microcomputers will provide the level of speed and memory
capacity required for really good animated simulations.

Wave Algorithms

The next generation of machines wi:i *lave enough power to do simple, interactive
animations written in high-level languages such as Pascal, BAS'C, etc. (Currently,

1 1 9
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animation on microcomputers must be done in mazhine language to get the speed
and interactivity required.) In the following, I present some of the algorithms and
tricks to do fast animations.

The basic approach to animating waves on a computer is to generate a table for
one full period of the wave. This avoids having to calculate sines and cosines for
each point during the animation, which takes a relatively long time in most com-
puters.

First, we erase the old paint and plot the new point. Stepping through the table
with a variable irrrement allows us to conaol the apparent wavelength of the ani-
mated wave. Te make the wave appear to move, we simply increment the starting
point in the table. Moving the starting point to the left in dic table makes the wave
appear to ,nove to the right, etc.

To produce a standing wave, we use two pointers in the table. We move one to
the left and one to the right, corresponding to the two traveling waves. Adding the
values at the pointers generates the standing wave. Thus animations like those in
faanding Waves are quite easy to generate.

"b see group velocity or relativistic electromagnetic wave effects, we use two
separate tables with different amplitude sine waves. Adding values from two tables
allows us to simulate a wide variety of physical phenomena.

The tables, once calculated, can be used to produce any wave shape imaginable.
Ws can dunonstnite pulses, triangular waves, square waves, or any other wave
shape we desire.

To generate a circular wave such as is used ia the Electron Wave animation, we
also need tables of x and y conversion factors for each angle. We take the appropri-
ate factors from the table rather than calculate them "on the fly." The rest is just
wave animation Al over again.

Particle Animations

Particles are extremely easy to animate. We set up a calculation loop that succes-
sively operates on each simulated particle. In the loop, we erase the old particle,
calculate, and plot the new particle.

In the calculation, the acceleration of each particle is added to the velocity and
the velocity is added to the position for both the x and y dimensions (and the z
dimension, if you're doing 3-D). Ordinarily, one multiplies the acceleration by the
time increment before alding to the velocity, and multiplies the velocity by the
time increment before asking to the position. To avoid four (or six) time-consum-
ing multiplications per point, we scale the acceleration and the velocity so the time
increment is unity. This increases the conceptual difficulty of programming but
makes animation much quicker.

Choosing the velocities from a true Maxwell distribution may seem difficult,
but in fact is qaite easy. If we look at the Maxwell velocity distribution, we see that
each component of the velocity, x, y, and z, is chosen from a normal or Gaussian
distribution. A simple way to obtain Gaussian random numbers is alternately to
add and subtract twelve uniform random numbers. This gives a Gaussian random

3
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number with an expected average of 0 and 2 standard deviation of I. Then we sim-
ply multiply the Gaussian random number by the square root of the simulated tem-
perature to obtain the appropriate Maxwell distribution.

All the rest is keeping track of where the particles are, making sure that they
stay inside the walls of the simulated box, etc.

Work in Progress

This section summarizes some of my work in progress and ideas for tin future.
They are arranged roughly in onler of the amount of work that I have alrealv put
into thern.

Current Development

Kinetic theory. Animation of moving particles under varying conditions of tem-
perature, pressure, volume, gravity, etc. Shows Maxwell's Demon in action. Can
display Bose-Einstein, Fermi-Dirac, and other distributions. Calculates entropy,
energy, etc.

Diffusion. One-dimensional concentration plot shows exponential diffusion
from various initial conditions: delta function, edge, dipole layer, sines of decreas-
ing wavelength, etc. Diffusion coefficients can be varied. Program is expandable to
include other interesting effects.

Chromatogr aphy. Real-time display of concentration alonga gas or liquid chro-
matography column. Shows partitioning of various components between mobile
and stationary phases as well as separation of components at end of column. Can
also simulate diffusion, nonequilibrium, instrumental, and other effects.

Lissajous Figures. Animation of crossed sine waves or other wave forms of
arbitrary frequency and phase, with or without amplitude variation. Has possible
artistic application. Can animate thousands of points.

Holograms. Making holograms, also called kinoforms. Can be output to a
matrix printer for photographic reduction to view with a laser. Would be good for
high school science projects, and for showing the phase relationships of waves,
Fresnel diffraction, etc.

Elliptic waves. Animation of panicle motion in waves.
Earthquake waves. Rayleigh surface waves, Love waves, compressional waves,

transverse waves, etc.
Water waves. Capillary waves, deep-water waves, variation of amplitude with

depth. Will be of interest to geologists, engineers, physicists, etc.
Fermat's principle. Real-tim iisplay of Fermat's least-time principle.
Reflection and refraction. Co ild be presented as a game.
Multislit intetference. Draws either Fraunhofer or Fresnel diffraction patterns in

real time for all arbitrary number of slits with variable widths. Shows quantum
probable buildup of photons as they are diffracted by the slits.

Relativistic shapes. Animation of simple shapes as they move past an observer
moving at speeds near that of light.

114
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Orthogonal functions. Real-time display of Hermite, Legendre, Laguerre, and
other orthogonal functions. Would be useful in quantum mechanics to show hydro-
genic atom probability clouds, in engineering to show antenna radiation patterns,
and in chemistry to show atomic orbitals.

Algorithms Developed

Rotating three-dimensional display. Animated 3-D perspective display of any
object with 256 points rotating about a vertical axis. Mom points slow the anima-
tion. Considers 3-D chemical molecular models, crystals (hexagonal, face-cen-
tered, etc.), Platonic and Keplerian solids and others. Can have different objects
rotating at different rates at various places on screen.

Curve drawing. Curves with second-order differential equations can be drawn
in real time. Can go to third and higher orders with little effort. (Real-time calcula-
tion should be done in less than a second.)

Fourier transform. Real-time display of periodic wave forms and their Fourier
transforms including amplitude, phase, real or imaginary components, power spec-
tra, etc., in rectangular or polar plots.

General relativity. Animates the three basic effects: frequency and amplitude
increase 3f light waves falling into a black hole: light bending in a gravitational
field, and precession of the perihelion of mercury.

Wave group. Animates particlelike wave groups to illustrate Heisenberg uncer-
tainty, Feynmann diagrams for elementary particles, etc.

Compton scattering. Simulates photon collision with wavelike electron, shows
change in wavelength of each, or tries for simulated interference effects.

Dashed lines marquee effect. Animation of dashes moving along arbitrary
curves would be useful to illustrate charge 'notion in an electric or electronic cir-
cuit. Considers animation of charges moving in a vacuum tube or in a semiconduc-
tor, cars moving on a highway, traffic flow in a hospital, etc.

Ideas under Development

Four-dimensional rotations. Real-time display of 4-D objects in perspective
under interactive control. Could Jo rotating hypercube, spheres, molecules, etc.
Would be useful in mathematical discussions, relativity, crystallography, group the-
ory, etc.

Dopp'er effect. Animation of circular wave fronts of light or sound, moving
outward L-9m a source as the source and observer move across the screen at vari-
ous relative or absolute velocities. Could also show shock-wave effects of objects
moving faster than sound.

Vibrating beam. Animation of the vibration of a solid beam under various end
conditions: clamped, fixed, free, etc.

Reactor simulation. Animation of the neutrons in a nuclear reactor as they col-
lide with uranium atoms, which causes them to fission and generates more neu-
trons. Would also show slowing of neutrons in moderator, absorption by damper
rods, poiloning, delay effects, etc.

1 1 Fi
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Wave reflections. Animation of waves being reflected from hard, soft, or inter-
mediate boundaries with different wave velocities. Would show both transmitted
and reflected waves including components. 0Cozdiac simuladon. Animation of an electrocardiogram showing abnormalities
of the heart under interactive control. Could also show vector plot, etc.

Quantum mechanics. Real-time solution of Schrodinger's equation with inter-
active parameter changes. Would solve square well, simple harmonic oscillator,
hydrogen atom, and other potentials.

Crystal defects. Animation of the motion and behavior of defects produced by
inclusions, vacancics, slip planes, etc. in crystalline and amorphous solids.

Relaxation techniques. Real-time solution of Laplace's equation for heat flow,
current flow, temperature or voltage distribution, etc.

Fluid flow. Real-time display of the vector velocity field around various objects
in a moving compressible or incompressible fluid.

Sound generation. Would produce the sounds of a given Fourier series or gener-
ate tones with fixed ratios. These would be of interest to musicians (especially
those who work with synthesizers), engineers, etc.

Particle scattering. Animation of particles scattering off a nucleus or other
object. Would also generate the scattering pattern in real time. Could be set up as a
game with various levels of difficulty. Particle-beam collisions, center of mass con-
version, and cross-scction concepts.

Quantum scattering. Real-time generation of the scattering pattern produced by
particle waves using S-matrix theory, etc.

Accelerators. Animation of the charges in a cyclotron, synchrotron, linear
accelerator, or others. Would show bunching, phase effects, quadruple focusing,
etc.

Supercollider. Geographical dimensions, goals of supercollider, particle beams,
experimental areas, detectors, etc.

Possibilities

Hanging chain oscillation. Bessel functions, solution of finite partial differen-
tial equation.

Advanced waves. Block waves in a crystal, quantum electronic devices, Huygen
wavelets, hologram formation.

Green's function simulation. Would show point effects, illustrate summation,
delta function, impulse, etc.

Electron motion. Electron beam in television tube, oscilloscope, drift-tube
amplifier, magnetron, vacuum tube, or in a semiconductor diode, junction transis-
tor, or field-effect transistor.

Maxwell's equations. Would show differential forms, integral form; would ani-
mate qualitative interpretarion; would show plane current increasing, radiating
dipole; would have animated, interactive displays of accelerated charges.

Bell's theorem. Would review theory and quantum evidence; would give inter-
active examples from classical and quantum cases.
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Superconductor. Wave properties, energy gap, flux quantization, interference.
Superfluid. Zero viscosity, fountain effect, second sound, lambda point.
Nuclear reactions. Conservation rules, reaction lab, energetics, decay schemes.
Elementary particles. Group theory, conservation laws, reactions, quark theo-

ries, other theories.

Conclusion

My present goal is to develop animation modules for the Macintosh, the IBM PC,
the DEC Rainbow, the BBC Acorn, and other microcomputers. The modules
should be accessible from BASIC, Pascal, and any other language that allows
parameter passing to machine-language subroutines. This will ellow teachers to
create their own demonstration, tutorial, and CAI materials using these animations.
It will also allow students to use the animation modules in their own projects.

Experience suggests that I concentrate on animation graphics design. Given the
limitations of time and support that I face, I must concentrate on those efforts that
will yield results in projects that no one else is attempting. This optimizes the gain
of teachers and students alike by giving them a number and variety of animations
that they would not otherwise have.

I welcome ideas and suggestions from the physics community. I especially need
input on what teachers would like to see in the way of simulations. What is impor-
tant? What is useful? What mainframe programs have you seen that you would like
your students to use tin microcomputers?

The possibility of interactive, animated simulations holds great potential for
providing high-quality education to the public as well as to our students in class-
room and laboratory.

I wish to thank the physics department and the Center for Excellence for Computer
Applications at the University of Tennessee at Chattanooga for their continuing support.
An:matedWaves and Particles may be obtained through the Physics Courseware Laboratory,
Department of Physics, North Carolina State University, Raleigh, NC 27695-8202, or tele-
phone (919) 737-2524. Animation Demonstration is published by CONDUIT, which also
publishes the related programs Group Velocity and Standing Waves. To order these pack-
ages, or r free catalog, contact CONDUIT, Room 4557, Oakdale Hall, University of Iowa,
Iowa City, IA 52242, or telephone (319) 335.4100.

1. Since a written discussion cannot illustrate the dynamic nature of animations, the read-
er may wish to obtain a copy of the author's programs from the sources listed to see the
effects described in the paper.
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Physics Simulations for High-
Resolution Color Microcomputers

Richard A. Arndt and L David Roper
Department of Physics, Vuginia Polytechnk Institstte and State University, Blacksburg,
VA 24061

Since the mid-1970s we have had many physics simulations running on DEC-
VAX11/780 (now VAX-8800/2) and IBM (currently 1BW-3084 and IBM-3090
with vector facility) mainframe computers. We have useu monochrome graphics
terminals that emulate a Tektronix terminal. Students have been able to use our
simulations because we have made strong efforts to register all entering freshmen
and fast-year graduate students as VAX users and because monochrome graphics
terminals are available at various locations on campus. We also have taken a termi-
nal into classrooms for lecture demoastrations, connecting it to a VAX by a tele-
phone line and modem in the early years and by a Sytek local-area network in
recent yeas.

We have a restricted log-in user ID on the VAX and freely advertize it to all
inZerested students. Nnyone who logs into the VPI&SU VAX cluster on this
PHYSICS user ID can do nothing but run our set of physics simulations. (Since
VAX allows multiple log-ins to user ID, many students can simultaneously log
into the PHYSICS user ID.)

About 1,500 freshmen engineering students at VPI&SU are currently required
to buy an IBM PS/2 when they enter the university; there were over 10,000 person-
al computers at VPI&SU in January 1988, and about Z000 are being added each
year. The free Kermit tantillai emuleror software for IBM PC/AT/(PS/2) (version
2.31) emulates a monochrome Tektronix graphics terminal. Thus all engineering
students at VPI&SU are able to use our physics simulations on a VAX computer,
either from the data connection in their dormitory rooms or through moJems in
their apartments.

In 1983 we decided that it was time to buy a color-graphics microcomputer for
our research and teaching. Our criteria were that resolution had to be about what
we had had on our monochrome-graphics terminals, with the addition of at least
eight colors; the characters had to be easy to read (no discernible jagged edges or
spaces between pixels); the graphics had to be fast; software for doing scientific
word processing had to be available; software for Tektronix color-terminal emula-
tion had to be sirtilable; color-graphics software callable from one or more stan-
dard MS-DOS programming languages had to be available; and, ofcourse, the cost
had to fit our budget. After a thorough study, we found only one microcomputer
that met our criteria in 1983: the NEC-APC, two of which we purchased. After
1985 the choice was greater; then our choice became the cheaper and faster NEC-
APCiII; our department, fa-ulty, and students have purchased more than 25 of
these machines. At that time it cost at least $2,000 more to buy an IBM PC with

11 8
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EGA graphics than it cost to buy the APCIII. Now, of course, EGA and VGA
machines are very inexpensive and we arc buying such machines.

With the advent of the NEC-APCIll in 1985, all of our simulations were
instantly available on it because the ESC140 VTIOCI'ektronix color terminal emu-
lator was available for both the APC and the APCIIL (Several Tektronix color ter-
minal emulators are available for the IBM PC/AT/PS/2, the least expensive of
which is VTEK.)

We have converted many of our VAX physics simulations to run on the NEC-
APC, NEC-APCIII and IBM PC/AT/PS/2, both as color terminals with a VAX
mainframe and as microcomputers.

The physics department has an NEC-APCIII on a wheeled table for easy trans-
port to a classroom. We use the APCIII as a standard classroom tool, similar to
slide and film projectors, lecture demonstrations, etc. The use of color greatly
enhances viewing a computer screen in a classroom. In large classrooms we use a
Sony large-screen projector, which automatically adjusts to the resolution of vari-
ous microcomputers used with it. When the APCUI is not bcing used for lecture
demonstrations, it resides in the department's SAIL (Student Audiovisual
Interactive Laboratory) room for student use as a microcomputer and a color

i graphics terminel.

Physics Simulations at VPI&SU

Many of our physics simulations have been converted to run on the NEC-APC,
NEC-APCIII, and IBM-PC/AT/PS12 as stand-alone microcomputers, using MS-
FORTRAN and the QCAL graphics package. QCAL emulates CALCOMP graph-
ics, has graphics cursor capability, and allows several special featurs of
high-resolution (not CGA) microcomputers (e.g., eight colors, four (sawing

, modes, and quick-graphics save and restore). CALCOMP graphics run on
Tektronix terminals and their emulators; we have been using them for two decades
on VAX and IBM mainframes. Thus we can download FORTRAN graphics pro-
grams from a mainframe to a microcomputer and auickly get them running on a
microcomputer. (A site license for educational inst. ions is available for QCAL.)

There are at least two types of physics simulations: those that draw a "picture"
of a physical situation and then show how it changes with changed parameters (e.g.
time); and those that draw mathemati .; functions that show how some physical
function varies with changed parameters (e.g. time). Both types arc uscd in some
of our simulations. Students a:so appear to enjoy game aspects in simulations, so
several of our simulations are designed so that they can be used as games.

Some features of our physics simulations are as follows:

1. Seven colors are used for texi as follows: magenta (purple) for questions to
user, red for warnings and errors, yellow for standard text, green for help infor-
mation, cyan (greenish blue) for user input, blue for incidental information
(e.g., copyright notice), and white for titles and general information. These
color guidelines follow recommendations based on the physics, physiology,
psychology, and sociology of color vision.1 We sometimes deviate from these
color guidelines when colors arc needed to differentiate several parts of a
screen; e.g., parts of a menu.

I_ 1 1;;
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2. Seven colors me used in graphics, usually in rainbow order (magenta, red, yel-
low, green, cyan, blue, and white), for curves with increasing values of time or
MC other parameter, for example, rainbow-ordered colors are used for third-
dimensional values instead of hidden-line removal, thereby showing more
information and saving calculational time.

3. Brief help information is usually present on a screen, but extensive help is
quickly avaiLible by pressing the "r key; all graphics and text on the screen are
quickly saved and then quickly restored after the help screen is read.

4. Many of our simulations use a graphics cursor for input; for example, thc
graphics cursor is often used to enter position and/or velocity fora particle.

5. Run-time branching allows the user to skip around in a simulation using
two-letter codes. This includes restart (RS) or quit (Q1) at most poims of user
input.

6. Reasonable default parameter values are available so users can repeatedly press
return to run an example before choosing their own parameter values. Some of
our simulations allow much leeway for the user to enter variable parameters, so
we use an easy, fast, and error-checking input procedure described in table 1.

7. 'typical interactive sessions can be demonstrated using a "data-stream" feature
whereby user inp a be saved in a "replay" file. The replay file is an ordinary

Table I.

Data-Entry Rules

There are two kinds of data entry: alphanumeric and graphicscursor.

Alphanumeric Data Input
Separate numeric entries by spaces, end of line, + or -.
A real entry ck.,c, ;iet need a decimal point (see examples below).
An enuy can be repeated: .2R6 or 34R13 or 5.3 R 7
Entries can be incremented: 315R13 or 2.51.6R5 or 11.3 1 3 R 7

The remainder of an anay can bc skippcd: (array X(19)) -4 5.3 2 -4.5 S

The remainder of an array can be zeroed: (array X(19)) -4 5.3 2 -4.5 Z
An element for an anay can be entered at any next clement by using *: (array

X(19)) *5 3.2 5 *10 5 S -4 Sets elements 5, 6, and 10 only.

The remainder of an entire entry call can be skipped: (call for X,Y,Z,N) -3.2
4 Q

Transfer codes may he available for somc applications.

Graphics Cursor Input

When a fall-screen graphics cursor is displayed on the screen, move it around
with the cursor keys and then stroke a single key for entry as directed. The INS
key toggles the spced of cursor movement.

1 0
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Table 2

Replay of Nooks Simulations

Recording into a File

(Default file name: INPUTINP or run program with PROGRAM FILENAME)
DSSR: Switch onfolf recording into replay file. (DS = 'data streaml.
Eater Program Dma sad Commands
DSPS: Insert * pause at non-graphics-cursor input.
DSPS n or / n: When pause is disabled, insert a pause or a delay of n seconds at

non-graphies-curnar input.
1: Insert a pause or a delay at any input (at graphics-cursor input you will be
prompted for a delay time or a pause).
DSRF: r-Avind replay file.
DSEF: Go to end of replay file.
DSRS: Set random-number generator seed from system clock.
DS?: Display this data-stream information.
DE?: Display data-entry rules informal:Am.
(Only 1 is entered at graphics-cursor hiput.)

Starting Replay from a File

(Run PROGRAM FILENAME).
DSRF: Rewind replay file.
DSSB: Switch off/on input-attention beeps.
DSSI: Switch input from keyboard to replay file.
DSSI n: Switch input to replay file and set a ommon delay of n seconds for all

pause locations.

At Pauses when Replaying from a File

DSSB: Switch off/en input-attention beeps.file
DSNP: Disable pauses.
DSNP it: Disable pauses and set a common delay of n seconds for all pausc loca-

tions (n is -1 to return to specific pauses).
DSSI: Switch input from replay file to keyboard.
DSRF: Rewind replay file.
DS?: Display this data-stream information.
DE?: Display data-entry rules information.

While Replay is Runnhig

<ESC>: Quit program while running replay.
Q: Stop replay and return to keyboard entry.
<KEY>: Actume any .ases while running replay without pauscs

(<KEY> as any key other than <ESC>, q, or Q).
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ASCII file, so it can be exlited by any editor. One can insert pauscs or time
delays at any input point in the replay file, or one can cause the replay to irtore
al: ..ich pauses and time delays or insert a common time delay a all input
pvints. The replay can continuousk. recycle for demonstrations. Scc table 2 for
recording/replay details.Brief descriptions of our physics simulakns arc given
in Tehle 3.

Some representative scre,-.' I available in our simulations are shown in Figure 1.
Of course, these static black-and-white pictures cannot adequately show the infor-
mation available in an interactively changing color display. Thcy are ttnretouched
gr phics screen dumps from a NEC-APCIII microcomputer to c Hewleu-Packard-
500-Plus laser printer. Since the APCIU screens sometimes contain nongraphics
text as well as graphics text (an excellent feature of the NEC-APC and NEC-
APCM, not available on IBM-EGA or VGA), thc graphics screen dumps do not
show everything that a user sees on the screen.

QCAL programs can run on the IBM PC/ATMS/2 .,ith either the color-graphics
adaptosimonitor (CGA) or with tbc enhanced graphics adaptor/monitor (EGA). Of
course we ;Icier the latter because of its higher resolution (640x350 pixels) and
greater number of colors (8 + high intensity = 16). Our simulations are linked such
that they will run on a microcomputer with or without thc 8087 mathematics
coprocessor installed, but we strongly recommend i:Italling thc 8087 (or
80287/80387 in 802861ATI/80386 machines). Floating-point calculations and
graphics are extremely slow without it (by a factor of over 10 for PCs).

Some papers have beer published about our simulations.2 Our physics simula.
Lions for the VAX computer can be obtained from the authors on a VAX back-up

Table 3

Physics S(mulations at VPI&SU

tiamc Docrizion
ART *frajectory mction (artillery gamc)
LEM Planetary landing Junar !ander)
TRAJ Orbits and scattering in a spherical potential
SCAT 11vo-dimensicual scattering game
TURT Relativistic view of moving object
CLOSC Classical oscillator
QNT One-dimensional quantum mechanics
WAVEPAC Traveling wave packet
QCLOCK Quantum mechanical clock
ECB Motion of electron in crosse.. E and B fields
EFIELD Fields, equipotentials, and motion in E and B fields
LRC LRC circuit
GRATE Diffraction grating patterns
BEATS INvo frequencies
GEOPTIC Ray tracing for mirrors, surfaces, and lenses
FOURIER Fourier representation of wave forms
MATHF Orthogonal functions
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A
3.0

Probe veloc.te 1.000
Counter .c131, 5.0
keG (eackerovod) IQ

50mr.cs1

n. 1.00 n. 1.50 n 1.00

0.sners.on .s ON
., OFF

0.soers.on .s ON
Perebol.b Extrenslel.on .s 014

n. 1.00

II

Figure 1. (A) CLOSC: Classical Osci lator Simulation, (8) SCAT: Classical
Scattering Simulation, (C) EFIELD: Simulation of Charge
Distributions, (D) and (E) GEOPTIC: Geometric Optics Simulation,
(F) FOURIER: Fourier Representation of Functions.

tape. The microcomputer physics simulations for the NEC-APCIII and the IBM-
PC/ATAPS/2) are available commercially at low prices from GlobalView, Inc., Rt.
1, Box 282, Blacksburg, VA 24060.

Future Physics Simulations at VPI&SU

We plan to continue improving our current physics simulations and zontinue con-
verting more of the VAX simulations to run on high-resolution color microcomput-
ers and to create more simulations in all areas of physics.

1 0 0
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We plan to transfer our programs to the new IBM VGA graphics and the new
Macintosh II in the future (see table 4). We have chosen the Macintosh II as our
future research teaching machine; however, it is much harder to program than

Table 4

Comparison of High Resolution Microcomputers

NEC-APC NEC-APCIII
640x480 640x400Pixels

CGA

EGA

Colors

CPU

8 8

8086 (5 MHz) 8086 (8 MHz)
(13xIBM PC) (2.5xIBM PC)

FORTRAN
Whetsone 12 s
(with 8087)

FORIRAN
Whetsone 141 s
(w/o 8087)

IBM-PCIAT
320x200 (4 colors) CGA
640x200 (mono)

640x350

4
2 (mono)
16(*+high int.)

8088 (5 MHz)
80286 (6/8 MHz)

16 s PC
8 s 8 s 6/8 MHz AT

5 s 12 MHz AT

99 s

IBM PST21MCGAIBM PSI2IVGA
Pixels 640x480

Colors 2 (mono)

CPU 8086 (8MHz)
(2.5xIBM PC)
(Model 30)

Macintosh ll
Pixels 640x480

Colors 256

CPU

320x200

256

8086 (8 MHz)
(2.5xIBM PC)
(Model 30)

Hercules Incolor
720x348

16

68020 (16 MHz)

208 s PC
69/49 s 6/8 MHz AT
36 s 12 MHz AT

640x480
(graphics)

16

80286 (10 MHz)
80386 (16-25 MHz)
(Models 50, 60, 70, 80)

VaTStation 2000
1024x864

16

VAX

CGA
CGA
EGA

PC
AT

720x400
(text)

16

24
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8086- family machines, if one allows all Macin. )sh features to be constantly avail-
able to the user of a simulation. The advent ot the much faster Macintosh II and
machines using the Intel 80386 cpu, will enable us to expand our simulation set to
include simulations that require more complicated numerical calculations.

We wish to thank many students who have helped us develop and refine our physics simula-
tions over the past decade. Some who were especially helpful were Brent Landers, James
Fmegan. Randall Price, Charles (Chet) Perkins. Kuryan (Oby) Thomas, Mark Mathews. and
Craig Burkhead. Special gratitude is due to Roger Link in the physics electronics shop at
VPI&SU for much help with hardwire and software.

1. "The Effective Use of Color," Eurographics 86 Tutorial (Gerald Murch. Tektronix.
Inc., P.O. Box 500. Buverton, OR 97077).

2. R. A. Arndt and L. D. Roper, AJP 51. 418 ;1983); R. A. Arndt and L. D. Roper, AJP
54, 614 (1986); R. A. Arndt and L. D. Roper, Computers in Phys. 2. 61 (1988); R. A.
Arndt uid L D. Roper, "Scattering in a Spherical Pote.itial: Motion of Complex Plane
Poles and Zeros," VPI&SU preprint (to be published in Computers in Physics).

Apple Simulations

R. H. Good
California State University, Hayward, CA 94542

What should we do with computers? We can do almost anything:

1. Word processing and number crunching.

2. Data acquisition and analysis. For example, with an Apple II and A/D convert-
er we can pick up data at the rate of 10,000 bytes per second and carry out real-
time frequency analysis.

3. Text programs. In such programs the screen displays text material in much the
same way it might appear in a textbook. Such programs are still being written,
even for the new microcomputers, but they represent an abuse of the medium,
because for this purpose a book is more legible and more flexible.

4. Tutorial programs. Text programs often are mislabeled as tutorials, but real
tutorials change their presentation depending upon the user's response. Surely
such programs are destined to play the major role in CAI (computer-assisted
instruction). However, the Nggest problem they currently face is how to get stu-
dents to use them.

5. Simulation program. Tutorial programs are intended to replace human teachers
(quite properly), whereas simulations enhance the teacher's resources.
Quantitative simulation of physical phenomena that cannot otherwise be
demonstrated easily (or at all) constitutes a revolutionary new resourcr for the
physics teacher. For example, in no other way can one conjure up quantum-
mechanical probability amplitudes with real and imaginary parts, and at the
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same time display probability densities quantitatively, and moving across the
screen in real time, all subject to interactive adjustment by teacher or student.
Such programs are of value in concept formation from high school through col-
ler and in:o graduate school. They can be used briefly, for a few minutes, as a
lecture demonstration, or they can support an hour or two of individual study.

This paper discusses simulation programs and the microcomputers that run
them.

In presenting the Doppler effect and the related sonic boom, many a teacher has
filled the blackboard with circles and then had to say, "Now imagine it moving."
The Appk II provides a kind of magic blackboard on which the circles really do
move. And in this case the circles are practically perfect (user adjustable) and
quantitative work can be done with measurements on the screen images.

Radi2.tion from a dipole antenna is of interest over a broad range of class levels,
and corresponding still pictures abound in textbooks. The 48K Apple II can store a
sequence of 64 full-screen high-resolution pictures and present them at eight
frames per second, showing how field lines "break off" and so forth.

At the most fundamental level, electromagnetic radiation begins with accelizra-
tion of charge. A highly interactive Apple II program enables the teacher or stuaent
to move a single c:-...trge arbitrarily in the vertical direction and observe in real time
the effects on the electric field, and in particular the formation and growth of the
transverse components that represent electromagnetic radiation.

You may never have seen a Maxwell's demon, but an Apple II simulation
allows you to be a Maxwell's Demon. And it's no bed of roses: you have to be
quick and clever, and kids do it better than their teachers. You can open and close a
trapdoor to select large atoms, or fast ones, thus lowering the entropy, in flagrant
violation of the second law of thermodynamics. It's like a video game, and your
score is the (negative) entropy you achieve.

Nothing like these programs is available for microcomputers other than the
Apple II. This is of course a tribute to the impressive simplicity, flexibility, and
performance of the Apple II with Applesoft BASIC. But it also constitutes an
indictment of the new, more "sophisticated" microcomputers.

For example, the new Tandy 5000 personal computer advertises 256,000 differ-
ent colors, 16M RAM, an 84M hard disk, and 20 MHz. But we s;..iply don't need
all of this performance, and in fact the wonderful variety of options not only com-
plicates the programming but also tends to make us lose sight of what we're really
doing.

Eric Lane informs me that the Macintosh is abcut ten times as hard to program
as the Apple H, and the IBM PC has problems of its own. This is why we do not
yet have any of his excellent programs available for these machines, even though
they have been around for years. And Bruce Sherwood paints a poignant picture of
a top-flight programmer in front of his microcomputer, with ten manuals open In
front of him, struggling to put together a simple system that others will find usable
for the "sophisticated" micros. I believe that the cT approach (formerly Andrew
and CMU-Tutor) is sensible for making the new machines accessible to educators
generally. But I question whether the new machines themselves are really appropri-
ate for the field of education.
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We need to be able to program the machines ourselves beca. ;,:. Apple cerpora-
don is not going to be writing our physics programs for us. And especially if we
want to bring students into the operation, simplicity of programming is of utmost
importance. That is what the supposedly more "sophisticated" machines do not
have. Sophistication without simplicity is barren. The pro-nise is there but the pro-
grams are not.

It is not true that increased performance requires increased complexity. An
Apple II at 4 MHz would possess formidable performance and yet be precisely as
easy to program as it now is. And such performance is now easily attainable; but
unfortunately the Apple corporation is not currently disposed to make it available
to us. The Apple IIGS is not an upgraded Apple II; it is a downgraded machine of
greater intrinsic complexity, and at its higher speed it is relatively incompatible
with the old Apple II and is harder tc program. I know of none who is program-
ming in physics for the GS, and that in ;tself suggests that the machine's premise is
foolish.

For educational purposes, the ideal mazhine would be something likz.: an Apple
IIc with DOS 3.3, operating at 4 MHz with I28K RAM, and with one channel each
of A/D and D/A. This is simply an implementation of current technology. h would
cost no more than now. It would have plenty of RAM; indeed, it could hold half a
dozen of my programs simultaneously, or several hundred high-resolution pictures.
It would also be a powerful and inexpensive laboratory instrument capable of 12
frequency analyses per second. Most important, it would be easily programmable.
With its size, power, flexibility, and econor.y, it ...3uld represent the general-pur-
pose computer of choice for educators well into the twenty first century.

That is the direction we should try to go.

Macintosh Demonstrations for
Introductory Physics

Irvin A. Miller and Richard D. Haracz
Physks Department, Drexel University, Philadelphia, PA 19104

Each Drexel University student owns or has access to a Macintosh computer. The
engineering and science freshmen are introduced to Pascal and some of the graph-
ics capability of the Macintosh in their first quarter. The two-quarter introductory
calculus-based physics course, which starts the following quarter, covers mechan-
ics and wave motion. We have written short Pasc.:l programs to illustrate physical
principles or their applications.

Each program illustrates a single concept or topic, such as the difference
between static and kinetic friction, or provides a graphical solution to a problem,
such as the comparison of two linear motions. The programs are used as short
demonstrations during course lectures. They immediately follow the p.-esentation
of a concept or the analysis of a problem. Many use graphic animation to illustrate
sequences of events or motions.
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Concentrating on a single concept or idea reduces the coMplexity of the physi-
cal interactions and allows variation of the input data to show how changes in one
or more variables affect the result. Thus the student gets a visual representation of
the numerical solution and a better understanding of the relationships between the
relevant variables. Since the data set is small and a single execution of a program
usually takes less than two minutes, programs can be run in the middle of a lecture
without disrupting the flow of the overall presentation.

The programs are written in Mac Pascal and have been converted to a stand-
alone application using the PSHELL software in Mac Pascal. To execute the appli-
cations on the Macintosh, the other software needed is Macintosh system software
and PSHELL. When a program is opened, either the drawing commences (as for
the wave reflections) or a prompt is displayed in the "Text" window on the screen
for the input of some data. After all data are given, the program executes and pre-
sents the graphical solution in the "Drawing" window of Mac Pascal, usually with
the input data displayed.

The software is also available to students for individual use. Because the pro-
grams run quickly, they do not intimidate the student. The short time commitment
encourages reruns with varied input data. An additional benefit is that some stu-
dents reinforce their Pascal experience by delving into the program code.

In our presentation, we demonstrate some examples as stand-alone applications.
'Dm programs illustrate the reflection of a wave pulse at a fixed and free end, one
program shows the difference between static and kinetic friction, one shows the
locations of two vehicles moving with constant accelerations, and one shows the
trajectories involved in the classic projectile problem of a hunter shooting at a
monkey. We are currently trying to simplify user interaction so that students will be
able to concentrate on the relationships without being distracted or inhibited by
data entry.

The software programs Fixed and Free Reflection, Friction, Car & Truck, and Monkey &
Hunter are part of the collection Computers in Physics Instruction. Software, which can be
ordered by using the form at the end of this book.

Teaching High School Students to
Write Physics Simulations

Joel Goodman
Cedar Ridge High School, Old Bridge, NJ 08857

Flr four years now, the science department of Cedar Ridge High School has
offered a course that uses computers to ielp teach science. Prospective students are
required to have a working knowledge of BASIC and the approval of their current
science teachers.
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The written materials for this course consist mainly of lecture notes, though we
will be developing a text over the next year. So that students may complete work
on their home computers, we have acquired Vic-20, C64, Apple II, and IBM-com-
patible computers. This course is quite different from the computer science courses
offered by the math or business depanments. By including introductory-level top-
ics such as statistics, CAD and three-dimensional wire-frame drawings, and digital
electronics, the course exposes students to a broad range of computer fields related
to science that they may wish to pursue after high school.

As part of the curriculum, students write physics simulations. Writing simula-
tions has much educational value. To write successful simulations, students must
learn the fundamental physics, use a certain amount of reasoning to write and
debug programs, and study the results for accuracy. In the process, students devel-
op an appreciation of how simple simulations can be used to obtain aumerical
answers to problems beyond their physics or mathematical ability.

The unit on simulations begins with a review of random-number generation and
simple graphics. The first program is a simulation of Brownian motion. This is fol-
lowed by a simple particle-in-a-box model for a gas. Students are asked to change
parameters in these simulations, observe the results, and discuss deviations from
the real systems.

Next, students develop a projectile-motion simulation, using a set of formulas
to fmd the height and range as a function of launch velocity, launch angle, and
time. Students must then improve the simulation so that the projectile is shown
moving at a scale set by the user. The simulation must run in real time (within
hardware limitations) and must include an option to draw scale targets (walls,
inclines, etc). Since about half of the students taking the course have not yet had
physics, they cannot solve problems like determining the angle to launch a projec-
tile at a given velocity to achieve a maximum range. Still more difficult, is answer-
ing the same question applied to landing the projectile on a plane inclined as
specified by the user. Using simulations, students can easily find numerical
approximations to both of these problems.

Students who have already had physics experience often want to attempt some-
thing more difficult. Sometimes they try to simulate the action of a rigid pendulum.
This involves torque and motiun in angular terms. This simulation can then be used
to determine how long it takes for a rigid pendulum to fall through a given angle.
Although this problem is difficult to solve with only an introductory background in
calculus, students can apply numerical integration techniques learned earlier in the
course, to obtain results that closely agree with the simulation.

Depending on the available time, students can go on to develop simulations on
topics such as electron orbitals, sound waves, and light waves.
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The Evolution of Computer
Simulations in Physics Teaching

Harvey Weir
Department of Physics, Memorial University, St. John's, Newfoundland, Canada

There are many physical phenomena that are too dangerous, too expensive, or sim-
ply impossible to demonstrate with real equipment in the physics classroom. The
potential of the computer to simulate such phenomena has been recognized since
its invention. This paper traces the evolution and benefits of computer simulations
in physics teaching both in Great Britain and North America.

Some fear that simulations wili be used in lieu of real experiments and demon-
strations, and that physics education will suffer. I argue that the marriage of com-
puter and interactive videodisc technologies can enhance many traditional
simulations, create opportunities fo, whole new classes of simulations, and help
students bridge the gaps between computer simulations and real phenomena.

Simulation Laboratory for
General Education in Natural
Science

Martin H. Krieger
School of Planning, University of Southern CalTornia, Los Angeles CA 90089-0042

Genenti education courses in the humanities require students to read the great
works of literature and politics, and do not mediate this initial reading with sec-
ondary sources. It is possible for general education in courses in natural science to
use the same approach. Such courses might set up situations in which students con-
front reasonably complex and untamed phenomena, and then try to figure out not
only what is going on, but what might be of interest at all.

On these pedogogical principles, we have developed a simulation laboratory for
teaching the general education science course for honors students at the University
of Southern California.1 The laboratory covers two-dimensional percolation, an
Ising model, random walk, differential equation in the plane, cellular automata, and
a Polya ball-and-urn process. The software is reasonably friendly and allows stu-
dents to conduct a variety of parametric changes so that they can experiment in
each of these worlds and look for what might be called "interesting phenomena."

Our simulation laboratory gives students an Ising model or percolation and tells
them little about the expected phenomena. If the students play with the
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modeland that willingness to play is what needs the most encouragementthey
will begin to get a feeling for how hard it is to find reproducible effects, and for the
relationship of the simple to the complex and of randomness to ordercrucial
themes in modern physical science.

The experiences students encounter are archetypal of modem physical science.
The linear differential equation is the archetype of Newtonian science. Brownian
motion is the archetype of random processes. The Polya ball-and-urn (selecting
balls with replacemeni determined by the color of the ball picked) models noner-
godic processes, that is, processes that are sensitive to initial conditions and that
settle into a final state. The cellular automaton shows how complex phenomena
may be a product of simple ntles iteratively applied. Percolation shows one way a
seemingly smooth process can have discontinuous consequenixs, and how small
changes in a parameter (say, infectiousness) can change the behavior of a system
radically (from no spread of disease to epidemic, for example). Pruning a percola-
tion lattice or tree is a good way of introducing algorithms and programs. And an
Ising model is a story of phase transitions and of the coherence available in a ran-
dom coupled thermodynamic system.

The models typically are about N= 20 on a side, if they are grids (Ising, perco-
lation), or hundreds of steps if they are sequential random processes (random walk,
Polya process). In the long run, I hope to model several of the processes in three
dimensions, so that dimensionality will become a parameter of interest.

The simulations are actual event-by-event, not analytically smoothed, approxi-
mations. Each step is separately generated and accumulated; their evolution is dis-
played in a real-time scale. What students see on the screen is the whole story. The
simulation on the screen is all there can be.

The computer environment has other benefits. Students who feel alien to appa-
ratus and equipment seem to be more comfortable in the clean world of the PC. We
do give up the rite of passage represented by "wet" or mechanical laboratories, but
this sacrifice allows us to give students the difficult experience of finding some-
thing interesting in this tame but varied laboratory. Students also learn that a com-
puter is not just a number cruncher or a big file manager. As 73busky suggests,
there are synergistic effects from experimenting on the machinesurprising
effects you would not see in the analytic mode (including fluctuations and idiosyn-
crasies).2

The laboratory works reasonably well. Students eventually understand that
there is no right answer; their problem is to find something interesting. I should
note that at my university some of the best urvIergraduatcb arc in cinema and jour-
nalism, and their universe is rapidly being populatPAi by graphics-intense computer
environments.

The software Simulation Lab sets up the variety of experimental worlds in
which students can vary parameters, and for random processes. do niany nonidenti-
cal runs. Though the laboratory is designed for freshman lindergraluates, it might
well be useful for seniors majoring in physics. In any case, the laboratory is quite
friendly, and the graphics are straightforward and helpful.

The software is completely self-contained with the six models described above
and includes built-in help, including explanations of the models. At the prompt,
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on; types simlab, a menu appears, and the rest is self-explanatory. A PC XT with
512K and either a text monitor or a color graphics monitor is all that is needed.

Acknowkdgruents: Richard Martin did all the programming and is responsible
for the friendliness and look of the laboratory. The research was supported by
Exxon Education Foundation and by Project Socrates, a grant from IBM to the
University of Southern California, as well as the Thematic Option Honors Program
of the University. The course syllabus and a more detailed paper are available from
the author.

The software program Simulation Lab is part of the collection Computers in Physics
Ineruction: Software, which can be ordered by using Iht .31111 at the end of this book.

1. W. B. Arthur, "On Historical mall Events and Ines Asing Returns Scale," mimeo,
Stanforc' 'Iniversity Food Res, +Institute, 1986; D. Bell, The Reforrming of General
Education (New York: Coln 1 University Press, 1966); M. H. Krieger, "The
Physicist's Toolkit," Am. .. Phy 54, 1033 (1987); M. H. Krieger, "The Elementary
Structures of Particles," Soc. Stud. Sci. 17, 749 (1987).

2. N. Zr.busky, "Computational Synergetics and Mathematical Innovation," J. Comp.
Phys. 43, 195 (1981).

Simulation of a Rigid Pendulum

Joel Goodman
Cedar Ridge High School. Old Bridge. NJ 08E57

Tc help high school and colltIge physics students understard the variables affecting
the mouon of a rigid pendulum, I have developed a microcomputer program that
simulates the action of the pendulum graphically. In this graphic simulation, the
student has control over o number of parameters including gravitational accelera-
dor.. the length of the pendulum. and the uistribution of mass. The student can
measure parameters that are difficult to measure in an actual experiment, such as
thc interval of time between any two angles, or the tangential velocity. The student
can also change factors that cannot be controlled in the laboratory, such as the
gravitational acceleration. The student can opt to continually display digital values
of time, angle. and other data, and can step the motion of the pendulum mavially
at sthgle intervals of time or make it move in real time. Operating instructions for
the simulation are availabl at all times through a help key.

To start the simulation, the student specifics various parameters involved in a

rigid pendulumin a data-entry screen. These result in a graphic depiction ofa pen-
dulum. The compute.' allows students to make changes quickly, to use values that
have a much greater range than in real life. Accurate results are easy to obtain and
are not influenced by unwanted extraneous factors or poor lab technique. No
eqpment (other than the computer) is required.

3
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This graphic simulation offers numerous advantages over a laboratory setup,
and it can be used in a number of educational situations. The way it is used is
entirely up to the teacher or the student. When the telcher uses the simulation to
demonstrate the behavior of a rigid pendulum to a large class, the program allows
for quick changes to be made in response to student suggestions. When the simula-
tion is used for smaller lab groups, the groups can be asked to explore what factors
affect the period of the pendulum. This could be a qualitative or quantitative exper-
iment. Individual students can use the computer to chock results obtained from a
lab, performed with a real pendulum. Students can also compare the action of the
rigid pendulum to that of a pendulum in simple harmonic motion. The simulation
can also be used to provide numerical solutions to various problems, which can
range from finding the kinetic energy at a given height to determining the time
required for a long pole to fall to a horizontal position.

Like many simulations, the rigid-pendulum simulation is not always an ideal
pedagogical choice. Since no equipment is required, it diminishes the importance
of *.aboratory technique, a skill that students frequently need to devclop. The simu-
lation also tends to diminish the opportunity for discovery or inventiveness,
because it provides all the simulated equipmem along with a list of parameters.

future additions to the program will include options for damping the motion,
applying a petithlic torque, using different mass distributions, and graphing various
results versus time or angle.

The software program Rigid Pendulwn Simulation is part of the collection Computers in
Physics Instruction: Sofiware, which can be ordered by using the form at the cnd of this
book.

Graphs and Tracks

David Trowbridge
Center for Drsign of Educational Computing, Carnegie Mellon University, Pittsburgh,
PA 15213

Researchers in physics and mathemafts education have docummted several com-
mon difficulties that students have with drawing graphs of motion.% These difficul-
ties include not representing continuous motion by a continuous line, not
distinguishing the shape of a graph from the path of the motion, and not represent-
ing the continuity of velocity (i.e., kinks in a position-vs.-time plot).

cyraphs and Tracks is a two-part educational software package dealing with
graphs of motion. In the ftrst part, students are shown graphs of position, velocity,
and acceleration vs. time. They then try to create arrangements of sloping tracks on
which a rolling ball executes the motions represented in the given graphs. In the
second part, students watch demonstrations of animated motions and then sketch
graphs on the screen that correspond to those motions.

1' 33
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Part I, "From Graphs to Motion," displays graphs of position, velocity, and
acceleration for a number of examples of rectilinear motion. The student is pre-
sented wit,. an adjustable set of sloping tracks, and with scales of initial position
and initial velocity. The student is asked to set up an arrangement with suitable ini-
tial conditions so that when a ball rolls on those tracks, the graphs it generates
match the given graphs. Students use a mouse to adjust the incline of the ramps
and to set the initial position and initial velocity of the ball. They may use either
the collection of built-in examples, or can define their own examples. A "help"
facility provides specific suggestions for correctingerrors, and works equally well
for any problem that can be entered using the arrangement of the tracks.

Part 2, "From Motion to Graphs," poses the complementary task: given a
motion and a verbal description of that motion (generated automatically by the
computer), sketch the corresponding graphs of position, velocity, and acceleration
vs. time. The graphs need not be precis!! to be judged as correct, but they must rep-
resent the most salient featums of the motion correctly. For instance, an object trav-
eling in the positive x-direction and speeding up should be represented by an
upward curving x-vs.-t graph. The program looks for common kinds of errors and
gives appropriate feedback. The facility for giving feedback is completely general;
specific help can be given that refers to particular segments of the student's graphs,
and this Is:lp can be automatically generated for any problem that can be created
using the Graphs and Tracks simulation.

Students may ask for feedback on their graphs at any time. The program is able
to evaluate both the overall qualitative correctness of the graphs, and the detailed
attributes such as differentiability of x-vs. -t, continuity, and correspondence of
segments among different graph types. The evaluation facility of "From Motion to
Graphs" was built using the specific research results on student difficulties with
graphs. For example, the program anticipates and gives feedback on student graphs
that do not represent continuous motion by a continuous line, that do not distin-
guish the shape of a graph from the path of the motion, or that do not represent the
continuity of velocity. These crrors have been documented as common errors of
students drawing graphs of motion.

Working in pairs, participants in my workshop will examine the main features
of the Graphs and Tracks, including interactive documentation, context-specific
help, and feedback keyed to predictable student difficulties, and will work through
a few problem examples.

Graphs and Tracks is an example of research-based software. The program was
produced by incorporating results of research conducted by the physics education
group at the University of Washington. It was implemented using the cT prugram-
ming environment developed by the Center for Design of Educational Computing
at Carnegie Mellon University. Graphs and Tracks illustrates a way in which spe-
cific student difficulties, uncovered by research, can be targeted for remediation
using a highly interactive, graphically oriented computer program.

1. L. C. McDermott, M. Rosenquist, and E. H. van Zee, "Studen. Difficulties in
Connecting Graphs and Physics: Examples from Kinematics." Aif: J. Phys. 55, 6
(1987).
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Using Computer Simulations of
Orbital Motion

Charles E. Peirce
Physics and Chemistry Department, Carson City-Crystal High School, Carson City, MI
48811

Computer simulation of orbital motion can allow interactive observation of orbit-
ing objects. Using a heliocentric setting and a period short enough to maintain
inkiest, the shnulation facilitates the display of force vectors at any time during
the orbit. After the observation, students can test the simulation of the orbiting
objects on hard copy to reinforce problem-solving techniques without being
restricted to expressing their knowledge of osbits to formulas or a set of numerical
data. .

I have developed an Applesoft BASIC program, Orbital Motion, that allows the
user to interact with the program and tat the progrun's simulations by making
actual measmements off the hard copy and substituting those measurements into
propostices made from relevant variables.1

The student uses Kepler's third law to predict the correct Vy (vertical velocity)
required to produce an "other when a new "wine is selected. Kepler's third law
demonstrates that the force of attraction (F) between two objects is inversely pro-
portional so the square of the distance (R) between those objects. It also demon-
strates that the cube of the average radius of orbit is proportional to the satellite's
period squared, and that the satellite's orbital velocity is inversely proportional to
the square of its average radius.

Graphic printouts enable the student to perform the analytical evaluation of the
above objectivm or predict new values of those son variables for a ne experi-
Malt

The software program Orbital Motion is pan of the collection Computers in Physics
Instruction: Software. which can be ordered by using the form at the end of this book.

1. Harold J. Bailey and J. Edward Kerlin, Apple Graphics Activities Handbook (Bowie,
MD Robert J. Brady Co., 1984); David Halliday and Robert Resnick, Physics, parts 1

and 2 (New York: Wiley, 1966); Franklin Miller, Jr., Thomas J. Dillon, and Malcolm K.
Smith, Concepts in Physics (New York: Harcourt Brace, '980); Lon Poole, Martin
McNiff, and Steven Cook, Apple 11 User's Guide fa. Appie ll Plus and Apple lle
(Berkeley:Osborne/McGtat .iill. 1985).

135



,

.

118 Physics Computsr Simv%tions

Simulation Programs for Elementary
Physics Courses

Harold Salmon
Masks Departatot, Stevens !mime ofTechnolosy, Hoboken, NJ 07030

Since September 1983 every entering student at the Stevens Institute of
lbdmology hm owned a microcomputer. This was once a Digital PRO/350, but is
now at AT&T 6310 (IBM AT-compadde).

I distribute supplemenairi nrataisl for my introductory physics courses through
the Stevens compost: netwedc. Pmgranz are placed on a fde server and rrients
bring their didcettes to the computer center to copy the files, using one of many
networked microcomputers. We see now extending tbe network to the dormitory
rooms so that students will be able to access the server from their own machine&

My programs give students a chance to see graphic representations of physical
phenomena that they would not be able to see without a computer. In general, the
student enters a number of psrametas for the phenomena and the computer carries
out calculations and presents results for the given parameters. lb overcome the
time constraints of most plotting routines, which take a long time to draw a large
number of curves, I have written several of my progsams with "fast graphics"
(direct access to the -video screen) to speed up the drawing. At the present time,
only PIKW350 verAons of these fast-graphics programs am available, but most or
all of them will have been translated to IBM AT-compatible programs by the time
of the confaence.

I will demonstrate five programs.
Orbit is a simple BASIC program that integrates the orbit equation for a general

attractive power-law potential, V = Cry. and plots the orbit. The user may input the
power, v, and the (scaled) maximum or minimum radius as well as the step size for
the integration (an issue of waiting time vs. accuracy) and the number of loops.
This program gives students a chance to see that most orbits arc not closed, despite
the fact that Kepler and harmonic-oscillator othits are.

Efield draws lines of force in a plane for a user-specified set of point chargiz in
that plane.

Wave uses fast graphics to produce moving curves representing the superposi-
tion of two sinusoidal waves moving along the same line. The apparent movement
is produced by rapidly erasing the curves and redrawing them in their changrd
form and position. (On the PR0/350. the curves are erased and redrawn about six
times a second.) The usa hPs control of the Wavelengths, amplitudes, and speeds
of the two component waves. Fiv3 eXaMDICS with already determined parameters
are also available.

Fourier uses fast graphics to illustrate the convergence of Fourier series and
show the fa= of the sums. A large number of terms may be added and all inter-
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mediate sums are plotted and then replaced. In addition to preset examples demon-
strating some well-known Fourier series, input may be taken from a user-prepared
file listing the parameters for the terms of the series. I also find this useful to
demonstrate results in some of my more advanced courses.

Damp is a BASIC program that plots the solution for damped harmonic motion
for given frequency, damping constant, and initial conditions. The user may also
see phase-space plots (x-vs.-p).

I have fGund using these programs to be an enjoyable and intuition-building
experience for me. I hope it will be for you as well.

Animated Waves and Particles

Eric T. Lane
Physics Depaament, University of Tennessee at Chattanooga, Chattanooga, TN 37403

The dynamic concepts of waves and pulses, the kinetic theory of particles, and the
behavior of electron waves cannot easily be demonstrated in classroom demonstra-
tions or laboratory experiments. The guided simulation Animated Waves and
Particles is a convenient way for students to learn such concepts. The software
provides an interactive environment with immediate feedback, which allows stu-
dents to learn more effectively. It may be used at any educational levelfrom
grade school through introductory university courses. It is effective in several dif-
ferent educational modes: as a dynamic demonstration in the classroom, as a com-
plement to laboratory experiments, or as an individual tutorial.

Animated Waves and Particles is divided into three parts. The first part, "Waves
and Pulses," covers standing waves, pulses, group ve;ocity, Doppler effects, and
electromagnetic waves. The treatment of standing waves demonstrates the con-
cepts of sine and cosine waves, wavelength, amplitude, traveling waves, and a
standing wave composed of the superposition of two equal amplitude waves travel-
ing in opposite directions. The treatment of pulses illustrates the addition and can-
cellation of pulses, including the effects of reflection of pulses at fixed and free
ends of a string or spring. Group velocity is shown by the motion of waves within
a group, the motion of the group alone, and two real-world applications: deep-
water waves and capillary waves. The treatment of Doppler effects for sound
shows the apparent shortening of wavelength as a source of sound moves toward
us, compared to the apparent increase in frequency as we move toward a source.
Also shown is the effect of high-speed motion. The treatment of electromagnetic
waves shows the same relativistic Doppler effects of shorter wavelength, increased
frequency, and increased amplitude regardless of how the source and observed
move toward each other.

37
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"Waves and Pulses" provides an attractive, interactive, randorr lisplay of
waves and pulses. This display motivates the student to experiment with waves of
different wavelength, speed, and amplitude. The student controls the number of
waves on the screen, their velocity, their amplitude, and their appearance on the
screen. The student can explore the possibilities of any combination of two moving
waves.

The second part of Animated Waves and Particles, "Particle Motion," covers
kinetic theory, Brownian motion, gravitational effects, Maxwell's Demon, electric
conduction, and magnetic effects. The treatment of kinetic theory shows the effects
of particle speed on temperature and pressure, including sound effects proportional
to the pressure of a simulated ideal gas. The treatment of Brownian motion demon-
strates the effect of density on the mean free path of diffusing particles and also the
effect of diffusion of particles in a closed room. The treatment of gravitational
effects on a collection of free particles shows the exponential density distribution
as wea as the escape of high-speed particles from low gravity. Maxwell's Demon
is shown as the equilibrium of particles diffusing through a hole in a wal i. There is
also an elementary demonstration of the entropy concept. The treatment of electric
conduction, demonstrates the drift velocity of charged particles in an electric field
when collisions occur. The treatment of magnetic effects shows the charges mov-
ing in circles in a magnetic field. Also shown is the Hall effect, when an electric
field is imposed and collisions are allowed.

The third part of Animated Waves and Particles, "Electron Waves," tells an
illustrated story of the development of the concept of the wave natnre of the elec-
tron, its constructive interference in a stable orbit, and its destructive interference
as it makes transitions from one energy level to another when light is absorbed or
emitted. The treatment of constructive interference shows how the wavelike nature
of the electron requires an integral number of wavelengths around the atom. The
treatment of destructive interference demonstrates what happens when we try to
use a nonintegral number of wavelengths for the electron around the atom. Also
shown is the transition as the number of waves changes as the electron goes from
one energy level to another, absorbing or emitting light of the proper energy.

Animated Waves and Particles gives the instructor a selection of animated
demonstrations to use in class, in the laboratory, or for tutorials. The dynamic
nature of the demonstrations provides motivation for students to view the anima-
tions and experiment with the interactive wave displays and the electron-wave
interference displays. The wide variety of the animations offers the student a rich
experience in areas that are otherwise difficult to understand. No computer skills
are required, except that the user turn on the microcomputer, insert the disk proper-
ly, and use a keyboard to prompt a menu of choice.

The software program Animated Waves and Particles is part of the collection Comp .ters in
Physics Instruction: Software, which can be ordered by using the form at the end of this
book.
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Animation on the IBM PC

Eric T. Lane and Daniel B. Lyke
Physics Deparonent, University of Tennessee at Chattanooga. Chattanooga, 7W 37403

The IBM PC program Animated Waves and Particles allows students to see the
dynamic simulation of waves and pulses, particle motion in kinetic theory and
electric conduction, and electron waves around an atom. The interactive anima-
tions allow the student to try out the behavior of the waves, particles, 2.14 electron
waves. The animations are coded in the C language using an optimizing compiler
for speed. The menu and text displays are all written in a version of BASIC to
allow teachers and others to write their own versions of the progtams using the ani-
mations.

A Potpourri of Color Graphics
Enhancements of Classroom
Presentations

Clifton Bob Clark
Department of Physics and Astronomy. University of North Carolina at Greensboro,
Greensboro, NC 27412-5001

To show students how tr; draw principal rays for thin lenses and spherical mirrors
in the absence of spherical aberration, I have written two software programs in
BASIC for a Heath/Zenith Z-100 microcomputer) Each program is available in a
version for students to use in a tutorial outside of class.

For each of the programs, the student gives focal length, object distance, and
height, and the program calculates the image position and height. For a lens, the
scale drawing shows the object, lens (line), principal axis, and focal points. Each of
the three principal incident and transmitted rays is drawn and erased four times,
and then drawn a fifth time. The instructor controls the interval between drawing
the rays, so he may describe as much or as little as he wishes. Each of the rays is in
a different color (red, green, blue). Any extensions or virtual paths are shown in
yellow. The program then draws the image.

For a mirror, the object, principal .is, focal point, center of curvature, and the
bending line are shown.2 There are four rays in red, green, blue, and magenta, with
extensions in yellow.

1 3 ri
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The programs accommouate any single lens or mirror with real or virtual, and
upright or inverted object. The student works out multiple-lens or mirror problems
one at a time.

Another program for the Heath/Zenith 2400 is a sequence of drawings t.

the conunercial software package Pa leue.5 Successive drawings show the prc ac-
tion of a Liss-, as figu. : for equal amplitudes and frequencies of the two rectangu-
lar component oscillators, with phase difference described as "x leadsy by 45°."

I have also written a number of programs that will run on any IBM-compatible
microcomputer. Teachers may use existing commercial spreadsheet software
(Louts 1-2-3 and SuperCalc4) for classroom presentations concerning oscillators,
beginning with Feynman's simultaneoas introduction of simple harmonic motion,4
and numerical integration by the "half-step" method. The use of the spreadsheet
eliminates the tedium of the calculations, makes the technique clear, and allows
rapid and relatively painless production of graphs that can be alteral to show
effects of changing parameters. My software presents examples of damped oscilla-
tors (overdamped, critically damped, and underdamped), and the daven-damped
oscillator (resonance phenomena and phase-angle relations).

The notation is consistent with

a + 2yv + ab2x =f0 cos (a)r),

for the equation of motion, with A used for displacement amplitude, subscriptm
denoting maximum, and P for the phase difference angle.

The undriven (fo = 0) overdamped oscillator (o.>02 < y 2) and the critically
damped oscillator (ob2 = y2) spreadsheets allow the user to see the graphs for ini-
tial conditions, where the oscillating mass is released from rest and a positive dis-
placement and asymptotically approaches the origin. In textbooks, these are
usually the only graphs shown. The spreadsheets also show graphs for other initial
conditions in which the mass crosses at most once through the origin.

The underdamped oscillator (ob2 > y2) spreadsheets allow the usual plots of
displacement vs. time, with damping envelopes A exp ( y 0 and A exp ( yr).
Here one can easily point out the difference in the points of tangency to th
envelopes and the relative minimum and maximum points. The spreadsheets for
the driven-damped oscillator present relations between the ratio of the steady-state
displacement amplitude to the ma\ imum amplitude and the driv.ng frequency.
Specifically, the relation

/ Am)2 = (Rod /) (a)/ riP 4 1) -'

yields the familiar bell-shaped resonance curve for discussions of half-width, of
an oscillator, and the reser ore, damped, and undamped frequencies. The abscissa
is (a)/ y), and the parameter (ab/ y) is easily changed.

Also available is a spreadsheet for the relation between the phase difference
between the driver and the displacement, as given by

P = arnan {2(a)/ (op) / [(0.0 7)(1 (0)/ 4)2)1}

where the abscissa is (a)/ coo) and the parameter (coo / y) is easily varied.

(1 '1
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Spreadsheets by C. B. Clark for Lotus 1-2-3 are part of the collection Cmpuiers in Physics
htstruction: Software, which can be ordered by using the form at the end of this book.

1. Clifton Bob Clark, "A Color Computa ?rogram for Thin Lens Ray Diagrams," AArT
Announcer 15, 51 (May 1985); "A Color Computer Program for Spherical Mirror Ray
Diagrams," AAPT Announcer 16, 62 (May 1986).

2. Clifton Bob Clark, "Ray Diagrams for Spherical Minors in Introductow Texts," AAPT
Announcer 14,94 (May 1984).

3. Palette (St. Charles, MO: Software Wizardry, Inc.).
4. Richazd Feynman, Robert B. Leighton, and Mathew Sands, The Feynman Lectures

(Reading, MA: Addison-Wesley, 1963!

Software Packages for High
School Optics

David Singer and Uri Genie!
Department of Science, Weizmann Instinue of Scierce, Rehovot 76100, Israel

We will demonstrate three software packages designed to enhance the study of
geometrical optics n high school. The packages include all necessary instructions,
so they can be used by individual students without any additional guidance. The
packages are available for Apple II (+, e, c) and for IBM PC microcomputers. The
Apple versions can run with either monochrome or color monitors. The IBM ver-
sion is for a color monitor (CGA card necessary).

Hide-and-Seek in Mirrors

One of the basic principles in geometrical optics is the law of reflection. The law
itself is simple, and by using it, the student can understand the formation of images
in plane mirrors.

In a plane mirror, the image is located behind the mirror at a location that is
symmetric with the source with regard to the plane of the mirror. Many studies
show that students have difficulty understanding the concept of an image's location
ehind the mirror e.ey think that the image is located on the plane of the mirror.

Our package enables the student to broaden and consolidate his/her understanding.
The program includes two parts: a tutorial and a game. In the tutorial, a cross-

section of a plane mirror appears on the screen. The location and size of Ilk. mirror
change randomly. Two random points appear in front of 'he mirror. The student has
to decide whether a person located in one of the points can see the image of the
other point in the mirror. Th, student develops a strategy for making thic decision
by using the graphic representations that appear on the screen.
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In the game, the computer "hides" at a random location in front of a plane mir-
ror. The student has to fmd this location in an optimally small number of steps. In
each step the student locates himself in one of 220 possible points in frontof the
mirror. The computer tells the student whether it "sees" the student's image in the
mirror.

After each step the student receives some feedback. Using this feedback, the
student can use the law of reflection and the various symmetry properties that fol-
low to develop an intelligent strategy to proceed successfully. Important advan-
tages of the computer are the instant feedback and the possibility of playing the
game repeatedly, where each time a new situationand therefore a new chal-
lengeis presented. The game is designed to improve students' motivation, inter-
en, and understanding. We are presently evaluating its success.

Fermat's Principle

The laws of reflection and refraction can be derived from Fermat's principle, that
the time light takes to travel betwerm two points has a stationary value, whizh usu-
ally is simply a minimum. Proving this principle for the case of reflect;Jn is sim-
ple; but :or the case of refraction, proving the principle is too mathematirally
complex for high school students and is usually avoided. The principle 1:: q(.! impor-
tant, however, that it ought to be introduced.

In this module the student is engaged in a simulated experiment that leads
him/her to Fermat's principle. Thc program starts with an everyday problem (reach
a drowning person as quickly as possible). To selve the problem the student is
guided through a simulated sequence during which he/she tries to "enter the water"
in different locations on a beachline. Through trial and error he/she finds the
answer and then the law that describes the requested path.

In the second part of the simulation the student learns about reversibility: the
path that takes the shortest time from point A to point B is also the shortest path
from point B to point A. Having established the rule for determining the paths of
minimum travel time, the law of refraction (Snell's law) can be introduced in a
more meaningful way.

This package illustrates some important advantages of the use of microcomput-
ers in science teaming. It demonstrates phenomena that cannot be shown in an
actual laboratory exrriment, and it solves problems that are conceptually simple
but need a level of mathematical ability many students do not have.

Thin Ls nses

This tutorial emphasizes elements that are sometimes neglected in lecture-textbook
presentations. The program enables the student to examine any type of thin lens,
choose its parameters, and study an) variety of image-formation situations. Thus,
the student controls the size of the lens, its focal length, and the distance between it
and any object. Performing such a variety of experiments in a real laboratory
would be practically impossible.

42
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Another feature of the package is that it deals with bcams of light rather than
rays. Although light sources actually emit beams of light, for reasons of conve-
nience most textbooks deal with rays, and usually only a few special rays. This
package allows the student to engage in situations that are closer to reality, and
consequently to avoid serious misconceptions. There are six parts to the package:
(1) classification of thin lenses, in which the student learns how to distinguish
between converging and diverging lenses; (2) focal lengths of different lenses, in
which the student learns about the focal length and its dependence on the shape of
the lens; (3) the image el a point source in a converging lens, in which the student
observes the behavior of different beams of light emerging from point sources
located on the axis of a converging lens and passing through the lens; (4) the image
of a point sourcz in a diverging lens, which is simaar to the previous part, but deals
with diverging lenses; (5) the image of an extended object in a converging lens, in
which the student observes beams of light emerging from different points on an
object that is perpendicular to the axis of a converging lens, and by choosing dif-
ferent points on the object observes how the image (real or virtual) of the object is
constructed; (6) the image of an extended object in a diverging lens, which is simi-
lar to the previous part, but deals with diverging knses.

Although this package deals with standard material that can te found in any
textbook on geometrical optics, the approacn is different. The package specifically
treats subjects that are eaditionally difficult for students (the ray-beam confusion,
the effect of lens size, the use of "special" rays to construct images, etc.). For acuv-
hies like simulating the motion of the source approaching a lens and observing
how the image moves as a consequence, the package makes effective use of the
dynamics of computer simulations. Such simulations help students internalize the
topic much more clearly than do mathematical representations by formulae.

ln:eractive Optics Softwa(e for
the General Student

Michael J. Ruiz
Department of Physics, Umversity of North Carohna-Asheville, Asheville, NC 28804

I have written programs for the IBM PC to illustrate principles of optics for the
general student enrolled in Physics 101: Light and Visual Phenomena, a conceptual
optics course taught at the University of North Carolina at Asheville. The course is
offered each spring and has an approximate enrollment of 50 students. The soft-
ware programs were developed to help students master material in their excellent
text, Seeing the Light: Optics in Nature, Photography, and Holography.'

Students use the software in a departmental computer facility, partially funded
by National Science Foundation College Scientific Instrumentation Program Grant
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No. CSI-8750 195. The departmental computers are used by majors for data analy-
sis and by general students for programs like those described in this abstr t.
Charles A. Bennett is project director of the grant ($17,400, 50 percent UNCA
matching), through which four XTs, one AT, and two laser printers were acquired.

The above textbook gives the background physics. The pedagogical approach
of the program is similar to that of the textbook: diagrams and illustrations teach
basic principles of light.

In many cases the software is an interactive tutorial whe",tstuden ,:an see how
optics problems can be solved with graphical schcmes. The student can often pick
the initial arrangement. This enables them to study and review material discussed
in their text and in class. They are then given homework assignments in which they
can apply the learred principles on their own, e.g., ray tracing to locate images
formed by mirrors and lenses.

The individual software programs are accessed through a main menu. Programs
include Rainbow, Kaleidoscope, Ray Tracing with Spherical Mirrors, Ray Tracing
with Lenses, Camera Lenses, Optical Illusions, and Practice Exam.

Rainbow constructs a large raindrop and shows what happens when a white
bcam of light enters. Ray diagrams arc given in color for primary and secondary
rainbows.

Kaleidoscope illustrates the formation of virtual images by two plane mirrors
with one common edge. The student can choose from a variety of vertex angles.

Ray Tracing with Spherical Mirrors allows the student to investigate ray tracing
for concave and convex mirrors. The student chooses object distances and the pro-
gram gives three key rays leaving the tip of the object and locating the tip of the
image. Image characteristics (real, virtual, smaller, larger, upright, inverted) are
noted. One mode sweeps the object in from far away toward the mirror and illus-
trates the shifting image position as the object nears the mirror.

Ray Tracing with Lenses offers the student an opportunity to visualize ray trac-
ing for converging and diverging lenses. The student chooses an object distance
and uses the function keys to see three key rays leave the tip of the object and
locate the tip of the image. Another function key produces a window win; image
properties: type (real or virtual), orientation, and size. The student watches as an
object gradually approaches a lens; the image location and size changes as a func-
tion of the position of the object.

Camera Lenses allows the student to choose the focal length of a camera, and
then shows the resulting different angles of view for a given two-dimensional
scene. It also illustrates the use of compound lenses in cameras by covering the
principles behind the close-up lens and teleconverter.

Optical Illusions illustrates several traditional optical illusions associated with
ambiguous depth clues. Also included are computer graphics to illustrate effects of
lateral inhibition, eye movements, and color afterimages.

Practice Exam is a multiple-choice exam on the material for the entire course.
Each program has its own instructions and/or help screens to assist the user.

The programs were written for students with no prior background in computers and
are therefore very user friendly.

1
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The software was do.zioped with Borland's Turbo BASIC 011 a compatible IBM
XT running with MS-DOS 3.1. Although the rust version of the programs requires
EGA and a math coprocessor, a future version is planned that will run on EGA,
CGA, or HGA, with or without math coprocessors. However, the loss of color with
HGA will limit the use of some of the programs.

1. D. S. Falk. D. R. Brill, and D. G. Stork, Seeing the Light (New York: Harper and Row,
1986).

The Computer as a Teaching Aid
in Physics: A Case Study in Optics
and Wave Theory

Frank Eason
Silkeborg .inasgymnasium,Oslovej 10, DK-8600, Silkeborg, Denmark

During the past decade we have been privileged to witness the evolution of
remarkably versatile computers. The challenge to us as physics teachers has been
to select from among the large number of available options in order to develop use-
ful learning tools for our students.1 Incompatibility of equipment and operating
systems previr-Aisly hindered efficient development and exchange of programs, but
several clear standards have emerged within the past five years. making the choice
of a relevant computer system much easier. One of these standards is the IBM per-
sonal computcr and the MS-DOS operating system. The programs presented in this
paper operate in this environment

This contribution to the conference is a combined poster and display demon-
stration. Using the theme of optics and wave theory to illustrate each point, I will
address the following questions: (1) What material within the discipline of interest
is pedagogically appropriate for presentation on a microcomputer? (2) What is
required of the programmer and the program development environment to develop
a program package quickly and successfully? (3) What factors affect student
response to the program package? (4) Do students really benefit from the use of the
microcomputer as a teaching aid?

It is, of course, essential to consider the first of these questions very carefully
before embarking upon a major programming effort. After the main features oi- a
project have been established, it can be difficult to make major changes.

The subject of optics and wave theory is particularly suited to illumination by
means of a modern microcomputer because it makes good t:se of the extensive
graphics facilities currently available. Computer graphics make possible rapid
dynamic interactions between visual information and quantitative algorithms that

-1 4 3
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could scarcely be contemplated just a generation ago. With this in mind I have
developed the following program modules:2

Huygens illustrates Huygen's principle, showing the propagation of a plane
wave, reflection from a specular surface, refraction at an interface, and interference
between waves emitted from two sources.

Waves illustrates several phenomena associated with the interference of waves.
StarIng waves and beat notes can be generated, allowing the student to experi-
ment with various combinations of parameters and to see the consequences on the
screen.

Doppler illustrates the Doppler effect by showing the emission of waves from a
point source. It is possible to move the smite or the observer at a given speed and
to observe the consequences. The program can also provide insight into the devel-
opmezt of a shock wave when the velocity of a point source exceeds th., propaga-
tion velocity of waves in a medium.

Fermat illustrates Fermat's principle of leaot time and displays results to
demonstrate the equivalence of Snell's law of refraction.

Prism simulates the optics of a prism on the graphics screen and provides tables
of results for direct comparison with the same experiment performed with a prism
and a laser in a laboratory. The passage of a ray of light through a prism illustrates
several interesting aspects of optics.

Lenses simulates the passage of light through a selection of lenses to supple-
ment the experience gained by direct experimentation in the physics laboratory.

The student can select these demonstration programs from a convenient menu
program. They will run on any IBM PC XT or compatible, provided that it has a
color-graphics or enhanced-graphics adapter. We developed this demonstration
diskette using the UniComal COMAL development system.3

This demonstration concludes with a description of teaching situations in which
they, programs have been used. Student merits and critiques are sup- marized
an:. presented in tabular form with a view to improving future program packages
for use in physics aching.

1. F. Bason and Leo Hojsholt-Poulsen, "Computer Usc in Undergraduate Physics
Teaching," 3rd World Conference on Computers Li Education. WCCE 81, Lausannc,
Switzerland, 1981.

2. Several programs have been developed just for this conference. Others have been
adapted from earlier work and from descriptions appearing in thc literature. Complete
feferences r..al be available in the final paper.

3. Cor further information, contact UnicGmal A/S, Trarmarksveg 19, DK-2860 Soborg,
Denmark (telephone: Int. + 45-167-3511). Ask for their free dcmonstration disk.
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Making Waves: Software for
Studying Wave Phenomena

Joseph Snir
School of Education. University of Haifa, Mount Cannel Haifa 3 1999.1srael; and
Educational Technology Center, Harvard School of Education. Cambridge, MA 02138

The phenomenon of waves is central to classical as well as modern physics. Wave
theoty is the basis for our understanding of sound and light, the duality of waves
and particles, and quantum mechanics. But teaching this major topic at all levels of
education is a very difficult task. We have developed a computer program, Making
Waves, for learning and teaching about waves. In developing this software tool, we
have paid special attention to students' commonly held conceptions about waves.
In our presentation we will mainly disct....s waves in elastic media, but we have
designed Making Waves so that it is also a useful modeling tool for describing elec-
tromagnetic waves.

Making Waves is composed of three pans, which can be entered from the main
menu: pulses, waves traveling in a one-dimensional array, and waves traveling in a
two-dimensional array. In each of the three pans the student can learn about the
waves that he creates on the screen by making waves. The student can choose to
explore one or two pulses and one or two waves and their sums. He can change
any of the parameters that derme the waves, collect data, perform measuremenw of
time and length, and change the number of points by which a wave is represented
on the screen. Student worksheets that suggest specific activities accompany the
softwarc kind can be used to structure student interaction with the package.

The program provides three modes of experimentation. In the first, the student
observes qualitative features of waves. In the second, the student solves a problem
by making use of the software to create a particular sit tation on the screen that
meets the requirements of the problem. In the third, the student performs experi-
ments with real-life materials and uses the computer to reflect and model phenom-
ena that he observes in the laboratory.

The student can select various options of the program from menus without hav-
ing to leave the created wave phenomena. Thus, the student can manipulate param-
eters Of change options in any of the four windows while observing the effect of
these changes in the other windows. The movement between the menus is simple
and options can be freely selected in any desired order. This modularity between
options and windows allows the student to create and study almost every wave
phenomenon. The synchronized, multiple, and modular representation of the waves
makes this program uniqw among other wave programs available today.1

From a pilot study in which high school students were interviewed, we have
identified several obstacles to understanding waves. One such obstacle is the need
to differentiate between the local behavior of individual particles and the integra-
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don of the movement of these particles in a global wave pattern. Our program can
easily correct this basic misconception.

Making Waves has been specifically designed to help the student see the trees
and the forestto be able to integrate the global and the lwal in wave phenomena.
Among the options that are offered to the student for manipulating the waves on
the screen there is one that allows a change in the number of points by which the
wave is described. When the number of points is maximum, the wave is seen as a
continued front. As the number of points is gradually reduced the movement of
each individual point in the now-discrete chain of points moves up and down
around a fixed point. When the shape of the wave is made up of only a few points,
it starts to fade, but can still be traced. Most students are startled to discover the
movement of the individual points that occurs when the number of points is
reduced, and are led to a new understanding of the phenomenon. The flexibility of
this dynamic simulation of the phenomenon makes feasible the teaching of this
aspect of waves in a unique way.

The modularity of the program allows the student to alter the number of points
in many other activities. For example, in studying the phenomenon of waves inter-
ference, the student can create two waves and watch how their sum changes from
constructive to destructive interference when the phase difference between them
changes. At the stagc when the phase difference reaches 1800, the number of points
in the waves c.i be reduced gradually, thus allowing the &Lidera to observe the
asymmetric muvement of individual points in the two waves. This observation
clarifies the destructive nature of the combination.

Making res allows the student to understand the concepts and process that
underlie wh,ds without using mathematical formalism. Comprehensi-e research to
find optimal ways to use this software is now under way.

1. E. T. Lane, Group Velocity Demonstration (Iowa City: Condun, 1980); E. T. Lane,
Standing Waves (Iowa City: Conduit, 19°,4); I. Tesh. I. Kinvnitt, Transverse Waves
(London: Heinemann Computers in Education. 1982); D. Vernier, Wave Addition
(Portland: Vernier Software, 1984).

Educational Software: Oil Drop,
Schrodinger Equation, and Size
of a Molecule

John Elberfeld
EduTech, Rochester, loY 14609

I have developed a series of highly interactive problem-solving activities to be run
on an Apple II or compatibi computer. A single disk drive is reqiiii- .. A printer is
optional, but helpful for keeping records. In addition to the software, the packages
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include a comprehensive manual containing teacher notes, student instructions, and
a backup disk.

Oil Drop

This simulation of the Milliken oil-drop experiment peovides students with the feel
and excitement of petforming an important experiment that is often considered too
expensive or complicated to implement in the lab. In a computer animation, an oil
drop is shown dropping between two plates. The studeist varies the voltage
between plates by turning the dials on game paddles or pressing arrow keys on a
keyboard. When the student obtains a voltage that suspends the drop motionless
between the two plates, he/she leaves the computer to calculate the charge on the
drop. (The mass or radius of the drop is given.) This strategy makes the computer
available to other students, which reduces the number of computers needed per lab.

Tbe student must correctly enter the charge of the stopped drop before repeat-
ing the experiment. Individual files are kept of each student's calculatiofis and a
master file is kept of the entire class, which permits a histogram of the pooled data.

Schrodinger Equation

Schrodinger Equation permits students to calculate and plot numerical solutions
the one-dimensional Schrodinger equation for a variety of standard potentials (har-
monic oscillator, square well, and Coulomb) and for any potential th can be
drawn with a game paddle.

The student specifies a trial value of the energy and the initial conditions of the
wave function. be display of the resulting solution shows graphically weth( the
solution is covergent. Schrodinger Equation also allows investigation of
lion from and transmission through a barrier.

The program permits solutions to be stored on the disk and printed on a printer
equipped with a graphics card. The disk includes demonstration solutions. Game
paddles are requ'red to draw your own pomntial.

Size of a Molecule

Developed for use in a benzene-free laboratory, Size of a Molecule is
of an experiment to determine the length of an oleic (or stearic) acid mulecuie from
measurements of a monorolecular layer.

Using animated high-resolution graphics, the program takes the student through
the experiment in a self-paced, step-by-step fashion, generating reasonable data as
needed. From these data, the student performs a step-by-step analysis resulting in a
solution of the value of the length of the molecule. The student must work with
relationships between volume and density.

This program can also be used to analyze data obtained from an actual laborato-
ry experiment. Thus it is valuable as a prelab, make-up lab, or simulation when the
actual experiment cannot be performed. Data can be saved on disk and printed.
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Electric Field Lines
Simulation Lab

hnny B. Holmes
Physics Department, Christian Brothers College, Memphis,TN 38104

Using the grapNics of an Apple II-family mizrocomputer, Electric Field Lines
Simulation Lab allows studeats to kwestigate the electric field lines resultirg from
various charge distributions. It introduces students to the concept of an electric
field line and demonstrates the behavior of the electric fields produced by point
charges.

At Christian Brothers College, we use Elect, Field Lines Simulation Lab as
our first lab experimerkt in the s..cond course of the introdtztory physics sequence
that covert electricity and magnetism. The students in this course are normally
fust-semrster sophomore engineering and science majors.

AlthrAtit we do supply a handout tha specifies five charge distributions for the
student to investigate, the pedsgog;:al spproach is thai of experimentation. It is up
to the student to discover the shape of the field lines. We !Nuke the student to
specify at least two additional ctwge distributions and invesiigate their electric
fields. (The disk will hold up to ten plots.)

The studc: . enters the charge and the position of up ) six point charges on a
grid of 280 by 160. When all the charges are specified, the computer asks for a
beginning field point (which must be on the grid). After the student specifies the
fiehl point, the computer calculates the electric field (magnitude and direr Ion) at
that point, and draws a five-unit line segment in the direction -,f the field. The
computer then recalculates the field at the new point (i.e., at the end of the line seg-
ment) and draws ae.other five-unit line seg sent in the direction of the field at the
new point. The process continues until it runs off the screen, conas within five
units of a negative charge, or is aborted by the student.

After completing one field line, the computer asks for another starting field
point or allows the student to end the plot. When the student ends the plot, 1m can
rAve the plot on disk for recall later and start another plot with another set of
charges. When all the plots are reviewed near the end of the lab session, a grade is
assigned.

The program is self-booting and menu driven. There are four choices on the
menu: run the plotting Rogram, review the plots st, 1 on the disk, cancel all plots
on the disk, and end the program. The program retu., ns the user to the menu after
each application.

The software runs on any of the Apple II-family microcomputers and uses
Applesoft BASIC and the Apple DOS 3.3. It is completely self-contained and
needs no software or haadware other than the Apple, a 5.25-inch floppy disk drive,
and a monitor. The plots are stored on the disk in a bit-mapped form urable by
graphics printing programs (e.g. Beagle Brothers Triple r lip) so hard copies of
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the plots can be printed. The names of the plots (for use with the hard-copy pro-
grams) are: DR 0.-n where n is the number of the plot (from 0 to 9).

The software program Electric Fields Lab Diskette is part of the collection Computers in
Physics Instruction: Software, which can be ordered by using the form at the end of this
book.

United States Energy Simulator

Richard W. Tarara
Department of Chemistry and Physics, Saint Mary's College, Notre Dame. IN 46556

The complexity of our modern energy system was well demonstrated by the
Energy-Environment Simulator, an analog computer de, ."...ped in the early 1970s
at Montana State University for the Department of Energy. Although working ver-
sions of this computer still exist, there is now a microcomputer software package
designed to cover the same subject matter in an updated format that is more widely
accessible.

The United States Energy Simulato- is in the form of a game in which the class
(in demonstration mode) or an individual tries to pilot the country into its future by
maintaining a balance between the demands and supplies of energy. The pedagogi-
cal objective is for students to grasp the complexity and interdependence of the
task, the fmite nature of the fossil fuels, the effect of various actions on the envi-
ronment and standard of living, and the importance of early research on new forms
of energy.

In demonstration mode, the decisions on how to supply needed energy or what
demands to increase or decrease is done by consensus of the class; in the individual
mode, all choices fall on the operator. Tutorials provide the student with back-
ground information that puts the game into sharper focus.

The software uses a number of screens to present the rate of use of the various
xsources, remaining reserves, the condition of the environment, and the status of
supply and demand in food and both chemical Ind electrical energy. The user can
view the numerical values of all important parameters or change the supplies
and/or demands. The goal of the game is to make it as far into the future as possi-
ble while maintaining fae environment and standard of living. Theft are various
starting conditions based on diffecent ,ssumptions about the available reserves.
Unlike the analog computer, the program its the changes permitted to ± 25 per-
emit of any parameter in any given year. The program also evaluates the effort once
the player quits.

The exercise can be valuable at both the secondary and undergraduate levels.
All energy parameters are given in kWh and shown in computer-exponential nota-
tion (xE09). This might require some explanation wher uscd in precollege classes,
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but a full understanding of the magnitude and units of the energy quantities is not
essential to play the game or to grasp the main concepts.

During play, the user must not let the supply fall below 70 percent of demand.
If this happens, the player cannot progress until the imbalance is correctedat
least to the point where supply is 90 percent of demand. If the imbalance occurs
because one of the resources is exhausted, it may be impossible to correct the prob-
lem. It is therefore important to plan ahead.

Long-term supplies are determined by new or future energy technology, but the
timing of the appearance of this technology is tied to early investment in research
and development. Since such new technology will most likely provide only electri-
cal energy, the user must plan ahead so that the energy demands of the future will
be electrical. Heavy use of fossil fuels adversely affects air quality, aid heavy use
of nuclear energy presents a waste problem. Overall heavy energy t se involves
waste-heat prob. A crude accounting of these factors is indicated on the r :in
screen. The c ,n of the environment, th '.. number of shortage years (supply
less than 90 pment of demand), the number of critical shortage years (supply less
than 70 percent of demand), and the standard of living as measured by the per-
capita energy use are the factors that determine 11-; player's final rating.

Versions of the simulator are available for the Commodore 64/128 (disk drive
and color monitor), Apple 11 (DOS 3.3, monochrome monitor), and MS-DOS
(BASIC and monochrome monitor). The C-64 version has a more extensive tutori-
al section than the others and includes short animations to elaborate certain points.
Each version includes instructions for running the program and the play itself is
guided by on-screen instructions.

Use of one of the surviving analog computers has been a highlight of our ther-
mal segments in all physics courses for a number of years. Students find the ana-
iog-computer exercise both exciting and educational (as indicated by essays on the
topic). The microcomputer version now provides a way of experiencing this learn-
ing exercise in almost any educational setting.

Simulation Software for Advanced
Undergraduates: Electrodynamics
and Quantum Mechanics

P. B. Visscher
Department of Physics, University of Alabama, Tuscaloosa, AL 35487-1921

Most existing software for partial differential equation (PDE) courses such as elec-
trodynamics and quantum mechanics relates to time-independent problems: com-
putation of electric field lines for point charge distributions,1 relaxation-method
computation of potentials,2 or computation of time-independent one-dimensional
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wave functions in potential wells. The connection with physics and intuition is
closer if the fundamental time-dependent PDEs are used directly. I will describe
several programs for direct time-dependent simulation using discretizations of the
fundamental time-evolution equations (Maxwell's equations or the SchrOdinger
equation). I argue that such programs make it possible to reverse the usual order of
introduction of discrete and continuum methods in mathematical physics.

Most physicists think of discrete equations as approximations to continium par-
tial differential equations, but I argue that this is a matter of conditioningfunda-
mentally, the derivative is define as a limit of discrete differences, so that vector
operators (divergence, curl, etc.) are ultimately defined as limits of discrete opera-
tors. It has been customary in teaching these to go immediately to the abstract con-
tinuum limit, because it is hard to do problems that are nontrivial enough to
describe important physical phenomena by hand with discrete equations.

Just as Newton had to invent the integral calculus to determine the phenomeno-
logical consequences of his theory of universal gravitation, all physics students
have had to use calculus to gct an intuitive understanding of the phenomenology
implicit in PDE systems like Maxwell's equations. It has always been clear that the
abstractaess of PDEs introduces a formidable barrier to such understanding, but
this has been accepted as the priro a student has to pay to see how sucn diverse
phenomena as wave propagation, electromagnetic inchrtion, electrostatic fields,
and magnetostatic fields arise from a simple set of underlying Maxwell equations.
But the advent of the computer has changed all this. It is now possible to study all
phenomena using discrete Maxwell equations with high school algebra as the only
mathematical prereq-.3ite. The continuum equations can be returned to their natu-
ral roles as the small-cell limits of the discrete equations and studied after the phe-
nomenology is clear.

This approach may seem inelegant tC, someone who is used to thinking of dis-
crete equations as lacking the beautiful symmetry and conservation properties of
the continuum Maxwell equations. I will demonstrate, howzver, that there is, _
maximally simple discretization of the Maxwell equations that possesses all of
these properties. In particular, energy is exactly conserved, Gauss's law (exprassed
in terms of a discrete arca integral) is exactly lrue,3 Ampere's law and Poynting's
theorem are exxtly true. Although the discrete eauations in a cubic lattice do not,
of course, have the rotational symmetry required to derive Cojlomb's law from
Gauss's law, the discrete equations cal be written for any coordinate systcm, and in
a spherical coordinate systcm Coulomb's law is easily derived. Thus it is possible
for a student to learn all of these laws and gain an intuitive understanding of elec-
trodynamic- by experience with simulations, which are not dependent on calculus.
Calculus may be a crystal-clear window to a mathematically sophisticated instnic-
toc, but to the average student it is more than a little rain-streakPd.

Specific simulations that can easily be done with a two-dimensional Maxwell
equations solver include anterma radiation and plane-wave propagation. Static
fields may be calculated by evolving the system until it stops changingone can
calculate the Coulomb electrostatic field of a point charge brought fron. infinity,
the magnetostatic ,,eld of a solenoid of arbitrary cross-section (whose evolution
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shows the induced elec ic field along the way), and the solution of an electrostatic
conducting-boundary problem (showing the migration of induced charge).

The software pwgram Sample Sinus lotions from Fields and Electromagnetism is part of the
collection Computers in Physics Instruction: Software, which can be ordered by using the
form at the end of this book.

1. Harvey Gould and I y Tobochnik, Computer Simulation Metho is (Reading, MA:
Addison-Wesley, 1987).

2. Steven E. Koonin, Computational Physics (Menlo Park, CA: Benjamin/Cummings,
1986).

3. P. B. Visscher, Fields and Electrodynamics (New York: Wiley, 1988).

Microcomputer Simulations in
Statistical Physics

Jeffrey R. Fox
Thermophysics Division, National Bureau of Standards, Boalder, CO 80303

Because visualization is a key part of the learning process., one of the most impor-
tant tasks in science instruction is creating effective visual metaphors for natural
phe.iomena or model behavior not otherwise readily observable. The problem of
visualization is particularly acute in statistical physics, where the cooperative
dynamical behavior of systems of very many microscopic degrees of freedom is
the subject, and the abstractions of a higher mathematics is the present instruction-
al strategy.

In this report I will show a microcomputer-based simulation of one of the most
important model systems in stat:stical mechanics, the Ising, or lattice-gas, mode!.
This model may be interpteted as a system of molecules interacting through very
simple pairwise forces that are repulsive at short range and attractive at longer
range. It is also widely interpreted as a model of a magnetic solid with a structure
composed of microscopic magnetic dipoles arrayed on a fixed lattice and interact-
ing with their nearby neighbors through highly simplified force. Computer enthusi-
asts will perhaps prefer to think of it as a statistical version of Conway's Game of
Life, a popular microcomputer simulation of population growth.

The model has a number of interesting behavior modes, but the most important
is the splitting into two phases at low temperature6 (temperature being one of the
control parameters). The phases are interpreted as liquid and vapor in the language
of the lattice gas, and as two distinct n.agnetic domains in the magne'" language.

Whether used ar a classroom demonstration or laboratory exercise, this simula-
tion effectively shows the connection between the simple energetics of the model
particles and the macroscopic thermodynamics of phase transitions, spinodal
decomposition, and critical phenomena. Because it is a Monte Carlo simulation, it
is based on a "statistical dynamics," rather than Newtonian mechanics. But this
means that the central theoretical construct in statistical mechanics, the ergodic



Peterson and Lane 137

hypothesis, is directly exercised by the algorithm. That such an algorithm, which
may be clearly and simply staled, can produce a wide variety of behavior, includ-
ing the discontinuous behavior of the phase transition, is the principle instructional
point.

Such simulation programs are neither commercial nor directly pedagogical;
they are feasibility studies designed to show the scale of research practicable using
microcomputer resources. This type of simulatit-,:: ii, to my knowledge, the only
way that phase transition phenor -a can be effectively demons! ' with micro-
computers. Indeed, the same phenomenon, when simulated witn, ic. example,
Lennard-Jones particles, requir- extensive supercomputer resources. The reduc-
tion M computational complexity represented by the lattice-gas model is due to a
digitization or "coarse graining" of the special coordinates of the gas molecules.
This digitizaon is such that the entire simulation algorithm may be parsed into
primitive bit-manipulation operations and thus encoded directly into the machine
language of any microprocessor.

The principle design goal of the present program is speed of equilibration. The
program must be coupled with a system size sufficiently large to allow macrosopic
behavior to be readily inferred by visual observation. The simulation is of a two-
dimensional system for the sake of unambiguous and high-speed display, but the
behavior is qualitatively like that of three-dimensional systems in almost every
respect. The program accepts input for two control parameters, which in the mag-
netic language used in the prompts are the temperature and an applied external
magnetic field. The physical system to which the simulation raay most easily be
compared is thus a magnetic film, like the recording surface of magnetic tape or
computer disks, under the action of the recording magnet and temperature.

Because I hope to stimulate the further development of statistical simulation in
physics instruction, I have placed the programs, in both source and executable
forms, in the pte-lic domain. The source contains some assembly lanoage code
specific to the target microprocessor, and makes use of the hardware features of the
target machines, but the algorithms can be easily ported to any microcomputer.

The software program Two-Dimensional Ising Model Simulation is part of the collection
Computers in Physics Instruction Software, which can be ordered by using the form at the
end of this book.

Spectrum Calculator: Results
from Student Use

R. S. Peterson and Eric T. Lane
Physics Department, University of Tennessee at Chattanooga, Chattanooga,IN 37403

The Apple II program Spectrum Calculator helps students identify spectral series
and devise energy-level diagrams. After experimentally measuring the emission
wavelengths of a particular atomic specimen, students enter these wavelengths into
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the program and interactively search for two or three consecutive lines of a series.
The program computes additional wavelengths for the series so that students can
compare and evaluate the agreement with the experimental lines. The program pro-
vides the energy levels, quantum numbers, and the computed Rydberg with each
calculation. From these, the students can design an energy-level diagram.

Spectrum Cakulator thus transforms a simple comparison of wavelengths with
accepted values into an interactive laboratory in which students discover the atom-
ic structure for themselves.

Computer Simulation of the
Scattering of a Wave Packet from
a Potential

J. E. Lewis
Department of Physics, Stale University of New York, College at Plattsburgh, Plattsburgh,
NY 12901

This software package illustrates an important aspect of quantum mechanics that
has been neglected or treated only britity in standard texts: the development in
time of a wave packet in the presence of a potential. There are several reasons that
this problem has been neglected. First, the problem does not readily adapt to text-
book presentation. It can be fully understood only by seeing the wave packet
develop in time, for example, in a movie, or on a computer monitor. Second, the
general solution to the probletr cannot be expressed analytically and requires fairly
extensive numerical computation.

In tire past., teachers have relied either on expensive film loops, which offer a
limited and fixed number of solutions (and a rather class-disrupting method of
viewing), or on static diagrams culled from various textbooks, which illustrate only
the salient points of the progress of the wave packet. Today a new approach is pos-
sible. The new class of high-powered microcomputers, which are equipped with
excellent grap'.hic and animation capabilities and relatively fast yet accurate float-
ing-point arithmetic, allows in-house production of high-quality animation
sequences of the wave packet's progrcss. We have developed software that pro-
duces a library of data files, one for each scattering problem. These data files can
be modified with an editing program to fine trim the resulting animation sequence.
Since a typical animation sequence lasts ':-ss than two minutes, many kinds of
behavior can be viewed in a class period, totally under the control of the instructor.
Because they are easy to use, the files are also suitable for student instruction in
self-paced tutorials.

The software illustrates the basic wave behaior of quantum particles in the
presence of a potential. The student learns fundameno.l facts of quantum mechan-
ics by seeing the development in time of various sow.u, r.s. of the time-dependent
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Schrodinger equation. The program uses easily understood animation sequences to
illustrate the spatial broadening of a wave packe., oscillations in the packet enve-
lope induced by abrupt changes of potential, tunneling phenomena, transmitted and
reflected packets, and metastable resonance particles. Because the software can be
easily reprogrammed to compute data files for any user-defined wave packet or
potential profile, it can be tailored to thc exact interests of a particular instructor,
student, or course.

The intended audience is intermediate and advanced undergraduate students in
physics or any other discipline where quantum taechanics or modern physics or
their equivalents is a requirement.

The software assumes that the viewer has already been introduced to the topic
of wave packets, the steady-state solution of the Schrodinger equation, probability
density, etc., and it covers only the abstract and poorly understood aspects of quan-
tum mechanical scattering. Besides the opening title and a legend displayed during
the animation, the program offers no explanation of events; these must be supplied
by the instructor, either as comments during a formal demonstration, or as notes in
a self-paced study pr.,ject.

The package consists of three programs and a library of data files. The library
of data files covers the common scattering problems encountered in quantum
mechanics. The first program, Scalier, displays on a monitor the data file associat-
ed with a particular wave packet and potential. The easiest use, therefore, is to run
Scalier with appropriate data files.

The program Makewave is used to display other scattering situations. Here the
user must modify the source code Makewave .c, supply code to specify the new
potential and/or wave packet, change three constants that specify the output, and
recompile the program. Thc sections to modify arc clearly labeled in thc source
code, and should pose na difficulty to a person knowledgeable in thc C language.
As an aid, six different potentials arc included in the source codL, and the user can
choose the one required. They arc a square, triangular, and Gaussian barrier and
well, and can be used as templates for other potential profiles, if needed.

The output of Makewave can then be input to Modwave, an editing program.
Modwave allows thc position and scale of the animation to bc changed, as needed,
and th f.. number of skips between iterations to bc adjustcd. This dramatically
reduces the size of the data files and speeds up the animation, bit with a loss of
smoothness. Thc title and subtitle to thc animation can also be edited in Modwave.

As supplied, the library of data files can be run either from the command line
interface (CLI) or from Workbench (thc window environment) with a mouse. A
typical use from the CLI would be scat te- df 0 : dat a / wave 1 . rec lo

. 3 . 6, and thc data file <wavel.rec> or. drive <df0:> in directory <data> would
be run in 600 by 200 pixel resolution between the limits x = 0.3 and 0.6. For 600
by 400 resolution, thc argument lo is dropped. Thc limits on x arc 0 to 1. The min-
imum input is scatter data file, resulting in a high-resolution display
between 0 and I. Using thc mouse to click on the appropriate icon will invoke the
program with tl , selected data file. The data file selected can be varied by modify-
ing a script file with the screen editor. Full details on the software arc included as
comments in the sourcecode, and as a "README" file.

. o I
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To run the software, an AMIGA 500, 1000, or 2000 is needed, with at least
512k memory, using AMIGADOS 1.2. To speed things up a little and cut down on
disk access, Scatter and the data files can be read into RAM and called by Scatter
from there, if memo permits. The software takes over the display completely
while running, returning the initial display upon termination. It releases all used
memory, multitasks satisfactorily, and has no known bugs.

The software program Scattering of a Wave Packet from a Potential is part of the collection
Cotnpiaers ;11 Physics Instruction: Software, which can be ordered by using the form at the
end of this book.

Spacetime Software: Computer
Graphics Utilities in Special
Relativity

Edwin F. Taylor
Department of Physics, Massachusetts Institute of Technology, Cambridge, MA 02139

Although no one can experience directly the world of the very fast described by
special relativity, Spacetime Software provides interactive graphics displays that
help students visualize this world.

The Spacetime program combines four displays, all of which share the same
data. The first is the position-vs.-velocity view of a multilane highway (see Figure
1) on which move clocks, rods, light flashes, and a shuttle that can change lanes.

The second display is the position-vs.-time view of a conventional spacetime
diagram, showing event.; and the world fines of objects that move along the high-
way. The operator places objects and events on the highway and places events,
light cones, and invariant hyperbolas on the spacetime diagram. The user can step
time forward and backward, ride on any object on the highway (except a light
flash), and transform the spacetime diagram from one reference frame to another.
A third display splits the screen to show both the highway and the spacetime dia-
gram as time is changed. The final display is a table of numerical data on even,
and objects, whose entries can be ilanotated by the operator.

Collision is a program that helps students analyze the relativistic collisions, cre-
ations, transformations, decays, and aimihilations of particles that move in one or
two spatial dimensions. The program shows three interrelated displays. The first is
a table on which the operator enters what he/she knows of the mass, energy, and
momentum of each incoming and outgoing particle. On command, the program
attempts to complete the table, giving rressages about what law or equation is
being used at each step. The completed collision can then be played as a movie,
which can be run continuously or stepped forward or backward frame by frame.
Perspective three-dimensional plots show energy vs. x- and y-momentum of each
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particle and the total energy and momentum of the system before and after the
interaction. All three displays can be transformed to the rest frame of any particle
(.except a light flash), to the zero-total-momentum frame, or to a fra, ,:, moving
with an arbitrary less-than-light velocity in the two-dimensional spatial plane of
tin; collision.

An additional demonstration program, Visual Appearance, is available on some
hardware configurations of IBM personal computers. It shows a one-eyed view of
a rudimentary landscape seen through the windshield of a rocket ship moving with
any speed up to that of light. At high relative speeds, objects appear to distort and
rotate. One version also shows Doppler-shifted colors; no version attempts to pre-
sent predicted changes of intensity.

I have used sequential versions of this software for three ycars in classes at the
Massachusetts Institute of Technology and for two years at Harvard University
Extension School. Professor Gregory Adkins urd the programs in a fall 1987 class
at Franklin and Marshall College. Students carry out about one-third of the home-
work exercises with these programs. At MIT and Harvard they also complete two
take-home projects that make considerable use of the computer utilities.
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Figure 1 Highway display in the Spacetime program, showing clocks, rods,
light flashes, and the shuttle (the only object that can change
lanes). In this version the operator drags objects onto the highway
from "object wells" at the bottom. Two scales at the left calibrate
the velocity beta = v/c of the different lanes and the corresponding
time-stretch factor gamma (printed as G). Mouse buttons at the
lower right step time forward and backward and move the screen
right and left. Pnnted at the lower left are frame time and highway
location of the cursor (not shown).
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Details of student responses to the programs are presented e1sewhere.2 In brief,
with few exceptions students responded enthusiastically to the Spacetime program,
treated Collision with the :espect due to a powerful tool, and found the demcnstra-
don pmgram Visual Appearance "interesting, but not panicularly useful." Overall,
students said they found the programs helpful to their understanding of the subject,
easy to learn, and user friendly. Many mentioned the usefulness of the displays in
visualizing the results of special relativity. There were tew significant differences
among the responses of students in different institutions or over the years in which
the classes were taught.

Our overall conclusion from these trials is a modest one: computer graphics
utilities provide a useful additional tool that helps students engage and master the
subject. Graphics utilities are important because they require student manipulation
of the models, an involvement that enhances learning. They are particularly valu-
able in visualizing relativity, where no one has direct experience of the primary
phenomena under study.

The software programs Spacaime and Collision arc part of the :wiection r.:ompuie, s in
Physics htstruaion: Software, which can be ordered by usirg the form at Vie end of this
book.

1. For information on availability of IBM PC/XT/AT and 1BK PS/2 and Macintosh ver-
sions of these programs, write to me at room 26-147 it the address above. Bitnet:
ETAYLOR @ MITVMA.

2. Edwin F. Taylor, paper submitted to thc American Jou, ial of Physics. Preprint avail-
able on request.

PPP: A Physics Program Pool for
Undergraduate Level

J. Becker, H. J. Korsch, and H. J. Jodi
Fachbereich Physik, Universaat Kaiserslaiaern, 0-6750 Kemerslautern, West Germany

Some students take more intcrest in solving special physical problems than in pro-
gramming a computer. The Pysics Program Pool (PPP) is a collection of physics
courseware developed for IBM PCs. PPP courseware is addressed ,o students who
want to use comfortable software to investigate special physical problems without
writing their own programs. During a two-year project (1987-1989), we arc devel-
oping PPP programs for theoretical physics as well as for experimenta': physics in
student labs. These programs are at the disposal for other physics departments on
request. The pool presently contains about 25 programs.

Membrane. Discrete mass points coupled by spriligs form a model for an oscil-
lating membrane. The student can vary the form of the membrane, the position,
and the frequency of excitation. The program ciculates the propagation of the

p
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excitation and shows the oscillating membrane perspectively in the manner of a
film.

Bitiizrd. The student can study the motion of a mass on a billiard table limited
by an arbitrary convex curve in configuration space as well as in phase space.
Depending on the initial conditions and on the form of the border periodic,
quasiperiodic, and chaotic motion can be investigated.

Linear Opar.s. The student can set different optical elements (such as thin and
thick lenses, plane and spherical mirrors, diaphragms, and screens) on an optical
bench. Lie program presents (he path of several light beams.

Wavepacket. The program calculates the dynamics of a or.:..-dimensional wave
packet in an arbitrary potential by iteration. Several import potentials arc prede-
fined, but any other analytical potential can also be used. One typical problem to
be investigated by this program is the quantum mechanical tunnel effect for which
transmissior :..:Id reflection coefficients can be calculated.

Hydrogen Atom. The hydrogen wave functions in the xy-planc can be pri.,.:nted
for arbitrary sets of quantum numbers (n < 50) as a multicolor "map" or as a per-
spectivt."mountain."

Milne. The program allows the student to determine energy levels and wave
functions in arbitrary boundary potentials; in addition, he can calculate expectation
values and Franck-Cordon factors.

Tabula. This is a spreadsheet program designed especially to support analysis
of experimental data. For example, it allows the student to calculate one column as
a function or others, to calculate mean values and standard deviations and to plot
columns against other columns.

Swing. The real motion of a torsion pendulum is registered by the computer. By
the program, the student can investigate harmonic alid anharmcnic oscillations of
the pendulum in configuration space as well as in phase space.

Semiconductors. The student can record and display complete charactero,tics of
transistors or diodes.

Radioactivity. The computer registers pulses of a Geiger-Muller counter. The
program allows the student to measure the characteristics of the counter tube, to
analyze counting statistics, and to determine half-life of radioactive sources.

Demonstration of Physics
Programs Written in cl.

David E. Trowbridge, Ruth Chabay, and Bruce Arne Sherwood
Center for Desigr. of Educational Computing. Carnegie Mellon Uruversit), Pittsburg
PA 15 2 13

A number of interesting physics programs' have been written in cT (formerly
called CMU Tutor), a programming language especially suitable for the rapid cre-
ation of interactive programs for modern graphics- and mouse-oriented environ-

1', I,
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ments.2 This poster/demonstration session will provide an opportunity to see such
programs operate in an integrated cT programming environment. The physics
materials to be shown represent several different types of programs: lecture
demonstration tools, tutorials, simulations, exploratory activities, and combinations
of these forms.

The Center for Design of Educational Computing (coEc) and the department of
physics at Carnegie Mellon University are developing educational physics pro-
grams that use the cT language developed by cDF.c. Programs already developed
include the following:

Graphs and Tracks, by David Trowbridge. This program compriszs two activi-
ties dealing with graphs of motion. Students are shown graphs of position, velocit),
and azceleration vs. timt ?.nd they create arrangements of sloping tracks on which
a rolling ball executes the r .otion represented. Students watch demonstrations of
motion and sketch the corresponding graphs. This program draws on the work of
the Physics Education Group at the Univers:ty of Washington.

Waves,by David Trowbridge. This tutorial describes wave motion. The student
engages in a dialogue on concepts of waves, including ideas of amplitude, frequen-
cy, and wavelength. The program uses a variety of graphical techniques to illus-
trate its points. The studcnt is asked to enter simple mathematical expressions that
describe oscillations. The aim is for the student to develop skills in writing expres-
sions for sinusoidal traveling waves. At the end of the dialogue, a brief quiz is
given. Problems are stated in words, with numerical parameters generated at ran-
dom.

Efield, by David Trowl,ridge. This is a graphical simulation of electric fields,
developed for a course on electricity and magnetism. It allows students to assemble
a collection of point charges of varying magnitudes. The student can explore the
resulting electric field at any point by clicking the mouse. There are three alterna-
tive views of the field: vectors, directional arrows (vectors of fixed length), and
field lines. An optional section challenges the student to use these field-measuring
tools to locate hidden charges and determine thcir magnitudes.

Pluck and Bow, by Ned Vander Ven. This program animates the motion of
plucked nnd bowed strings for a course on the physics of musical sound. The pro-
gram demonstrates the detailed motion of vibrating strings such as those on
stringed instruments and offer Fourier spectra for the motion.

Quantum Well. This program allows the student :o use a mouse to build an arbi-
trary square-cornered well and choose a triai energy. The program then integrates
the SchrOdinger wave function for that energy, starting from minus infinity, and
plots it (typically withol *. satisfying the boundary cendition at plus infinity). The
original program was Ix ciuen by Bruce Sherwood. Brad Keister and Harry Stumph
added additional options that offer a s-..iection of analytical well shapes and the
ability to have the computer scan for wave solutions.

Robert Schumacher has developed a suite of programs used in an advanced
undergraduate physics laboratory to perform various kinds of analysis.

For those interested in how such programs are written using eT, we will demon-
strate the cT programming environment, which features incremental compiling, an
integrated graphics editor that produces cT code, direct use of multifont text, easy
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control of keyset, mousc, and menu inputs, and unusual portabilit:, across diverse
machines.

1. D. Trowbridge, "Quick Generation of Lecture Demonstrations and Student Exercises,"
in Proceedings of the IBM ACIS University Conference, Discipline Symposia: Physics,
Boston, June 1987 (Boston: IBM Academic Information Systems, 1987), pp. 2-7.

2. B. A. Sherwood and J. N. Sherwood, "CMU %or: An Integrated Programming
Environment for Advanced-Function Work Stations," in Proceedings of the iBM
Academic Information Systems University AV" Conference, San Diego, April 1986
(San Diego: IBM Academic Information System., 1986), IV:29-37; M. Resmer "New
Strategies for Le Development of Educational Software," Academic Computing, 22
(DecemberJanuary 1988).

Microcomputer Tools for Chaos

Alan Wolf
Cooper Union School of Engineermg, New York, NY 10003

Scientists look for fundamental physical laws that can predict natural phenomena.
A long-standing problem is that such laws, whose mathematical expression is often
concise and therefore "simple," have been believed to have simple solutions. This
is in dramatic contrast to the diverse and often erratic behavior observed in nature.

In thc past th...ade, "chaos theory" has had great success in clarifying the rela-
tionships between physical laws and the properties of their mathematical solutions.
We now know that a deterministic nonlinear system with ly a few active vari-
ables may c;:hibit a wide range of behavior ranging from highly ordered to highly
disordered. Chaos theory is now well developed, and applications have been found
in such areas as fluid flow, chemical kinetics, population dynamics, structural anal-
ysis, cardiac and brain studies)

My research has concerned the detection and quantification of chaos in experi-
mental data. Often onc has a system in which a time series of a single dynamical
variable is available: the concentration of a chemical species, a voltage tracc from
an EEG, or perhaps the time-dependent location of a nodc in a structure. We way
know very little about the system or the naturc of the observable (which could be a
nonlinear function of one or more "underlying" system variables), and there is
likely to bc experimentally introduced "noise" in addition to intrinsic dyn-anical
disorder. I have made somc progress in this real-world data-analysis problem.

I will present software that serves th pedagogic function of illustrating chaotic
systcms and provides the researcher with tools for analyzing chaotic data. Such
data could come from numerical simulations, or from an actual experiment. Most
of these programs are writtcn QuickBASIC, a few arc vritten in FORTRAN; and
all run on IBM 'Cs and compatibles.

Pmgrams LL. illustrate chaotic systems solve for the dynamics of systems of
varying complexity: "geometric chaos" on a stadium-shaped billiard table, the n-



146 Physics Comptr imulations

body gravitational problem, coupled pendula, one- and two-dimensional mappings,
and sets of ordinary differential equations. These programs arc all graphically ori-
ented and display such phenomcaa as bifurcation seluences, fractal ntructure, and
sensitive dependence to initial coaditions. Some ti. these programs generate data
files that may be used with research tools softwarc.

The research tools include software for data acquisition (with LAP 40 hard-
ware by Computer Ceminuum), power-spectrzl lnalysis and filtering, rc ating
delay-reconstnicted data sets, creating Poincare sections, and quantif) ing chaos.
Mk) methods are provided for the latter: calculation of the fractal dimension of a

time series, and calculation of the largest Lyapunov exponent of a time series.
A system may be defined as chaotic if it , chibits "sensitive dependence 1) ini-

tial conditions." This mcans that almost all identically preparco systems show, on
the average, an exponentially fast divergence in their future behavior. Lyaptinov
exponents quantify this exponential divergence and set the time scale on which
such systcms arc "predictable" in the usual r ,. I have developed an algorithm
for calculating the dominant Lyapunov expont...a. This has been used successfully
to quantify chaos in a variety of systems. Its graphical demonstration of "sensitive
dependence" is of great pedagogical value.2

The potcntki audience of the softwarc ranges from high school studcnts (some
of whom tave used and/or developed it in research competitions), to undergraduate
and graduate courses in mechanics, to researchers.

Hardware requirements vary somewhat betwetn programs. but most use CGA
or EGA graphics and benefit from (but do not require) an 80 by 87 math coproces-
sor. Qti:ekBASIC source codes and executable ccdcs will be provided. A few of
the research tools arc writtcn in Microsoft FORTRAN 4.01. Programs arc interac-
tive and somewhat self-documenting, but additional documentation will be provid-
ed.

.. Predrag Cvitanovic, Univcrsalay .11Ch....7r (Bnstol. Adam Hi lger. 1,td, 1984).
2. Alan Wolf ct. al.. "lleternuning Lyapun w Expor .nts froir, a Time Series," Physica

160, 285 (1985).

Chaotic Dynamics:
An Instructional Model

Bruce N. Miller and Halim Lehtihet
Dem...orient of Phystes.lexas Chrt.:tan Untver.say. Fort Worth. I X 76129

Owing thc first half of this ccntury clais:cal and quantum physics was soft ciently
powerful to explain in detail most lin-,:ar phenomena. Nonlinear problems, howev
cr, such as the stability of the solar system, thc evolution of turbuience in the atmo-
sphere, and changes in the global population, could not be intelhgently eddressed.
The work of thc Russian mathematicians Kolmogorov, Arnold, and Moser, which

1
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actually started in the middle 1950s bt../ was not widely known for scrne time out-
side of the USSR, and of Mitchell Feigenbaum at Los Alamos, which started in the
late 1970s, altered our inderstanding of nonlinear phenomena for all timc. Their
work on conservative and dissipative sysiems showed that chaos and uncertainty
frequently characterize deterministic dynamical laws.

During the past decade we have witnessed a revolution in our understanding of
dynamical phenomena. Although the focus of the new understanding has been on
theoretical and applied physics, the concepts have found important applications to
biology and medicine, chemistry, and astronomy.

As ustml, pedagogy is behind research, and there are few texts available in the
field of chaotic dynamics. Because it is the nature of nonlinear analysis that many
results cannot be expressed by simpie equations, carefully designed interactive
computer simulations are essential tools of pedagogy in this field. The central
objective of this software is to provide graduate and undergraduate students of
physic;; with an effective tool for mastering the basic concepts of nonlinear dynam-
ics.

A by-product of research in gravitating systems at Texas Christian University'
was the development of an apparently simple dynamical model that a freshman
could easily visualize, but that nonetheless possesses all of the features of conser-
vative chaotic dynamics understood to date, as well as others that are beyond our
present grasp. The model consists of an accelerating body that interacts elastically
(bounces) from a wedge-shaped boundary. We published a research paper on this
system before we realized its potential ior instruction.2 When we demonstrated
some preliminary software at the International Conference of Physics Education in
Balotin, Hungary, the audiences were enthusiastic and we received numerous
requests for copies of the software.3

We have incorporated this model into an interactive softwa:c package entitled
Wedge dealing expressly with conservative systems. The software can essentially
stand alone for typical physics undergraduates: little, if any, additional resource
material is required. The package consists of an introduction describing the main
physical characteristics of conservative dynamical systems, a thorough description
of the model, instructions regarding the usc of the program, a demonstration run
illustrating its essential features, and the interactive program itself in which the stu-
dent can completely control the initial conditions and all system parameters.

The software is a useful addition to the regular undergraduate and graduate
courses in analytical mechanics required in all physics curriculum, as well as to
special topics courscs in chaos and nonlinear phenomena.

Instructions are contained on the diskette. MS-DOS is required for the PC.

The scftware probram Billiard in a Gratniawnal , 'd is part of the collection Cumputert
in Physics Instruction Software, which can be ordered by using the form at the end of this
bwk.

1. For a reviow. see Charles J. Bei( 11 and Bruce N. Miller. "Gravity in One Dimension.
Selective Relaxation?" in Astrophys. J. 318, 248 (1987).

2. H. Lehuhet and B. N. Miller, "Numerical Study of a Billiard in a Gra% anonal Field,"
Physica D 21, 93 (1986).

t t ;)



148 Physics Computer Simulations

3. "Falling Body in a Wedge: What Happens When the Floor Tilts," in Proceedings of
the International Workshop on Teaching Nonlinear Phenomena, edited by George
Marx (Veszprem. Hungary: National Center for Educational Technology, 1987), pp.
318-24.

Exploring Nonlinear Dynamics
and Chaos Using an Interactive
?rogram with Graphics
Animation

R. W. Rollins
Department of Physics and Astronomy, Ohio University, Athens, 01145701

We will describe and demonstrate a set of utilities (The Ohio University Chaotic
Dynamics Woficbench), consisting of over 5,400 lines of code written in Turbo
Pascal. This set of utilkies perform interactive numerical experiments on nonlinear
systems modeled by ordinary differential equations. Using techniques recently
developed in the field of chaotic dynamics it analyzes the behavior of the systems.
The program emphasizes direct interaction with the user and provides an animated
graphical display of the solution in phase space as it is being calculated. A user
with minimal programming experience and Turbo Pascal 3.0 can modify one of
the demonstration program source files so that all the capabilities of the OU CD
Workbench can be applied to the user's own system of ordinary differential equa-
tieqq.

The objectives of OU CD Workbench are: (1) to provide a tool that can be uscd
to demonstrate the physical meaning of some of the central themes of the new and
developing field of chaotic dynamics including fixed points, limit cycles, strange
attractors, sensitive dependence on initial conditions (Lyapunov exponent spectra),
fractal dimensions, period doubling route to chaos, quasi-periodicity, the effect of
damping on the dimension of the attractor (mode reduction), etc.; (2) to provide a
tool that is powerful and flexible enough to do exploratory research quickly and
reliably on any system that may be modeled by a set of ordinary differential equa-
tions; and (3) to provide high-quality graphics in an interactive environment that
will give qualitative insights into, and stimulate conjectures about, problems that
appear to be analytically intractable.

To show the capabilities of the OU CD Workbench utilities, we will demon-
strate the program Duffing. Duffing numerically integrates the set of differential
equations that describes a unit mass moving in one dimension under ale influence
of a double-well potential, viscous damping, and a sinusoidal driving force (motion
described by a Duffing equation). This simple nonlinear system is very rich in its
dynamic behavior and can be used to demonstrate many concepts of chaotic
dynamics.
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OU CD Workbench's demonstration programs, such as Duffing, arc intended to
be used in rrlunction with an introductory monograph on chaotic dynamics.1 The
programs will be of interest to those who are interested in learning or teaching
about the behavior of nonlinear systems and the new concepts used in the field of
chaos. Because OU CD Workbench can be used to explore parameter space ,apidly,
those with a professional nsearch interest in chaos will also find the program use-
ful.

OU CD Workbench has many attractive features, including the following,
which are important to the demonstration program Duffir.g.

The system uses either a fourth-order, Runge-Kum method with fixed step size,
or a Hamming predictor-corrector method wit.1 variable step sire to integrate the
differential equations.

The system allows the user to change model parameters (such as drive an :i-
tude or frequency, damping, etc.) "on the run. ' In fact, many features occur or arc
initiated while the program is integrating away. This provides a very interactive
envirot lent in which to play (or work).

In the "Orbit" mode, the user may switch instantly back and forth between a
"live" graphic display of a projection of the trajectory in phase space and a
Poincare section of the trajectory. The user may select the particular projection in
phase sr,..qce and type of Poincarc section (subject to some limitations). Graphics
display areas may be panned and zoomed.

The "Flip" mode shows, with animation, the consequences of "sensitive depen-
dence on initial cnnditions." The user may switch instantly Lo the "Flip" mode at
any point in the calculation. The "Flip" mode calculates and displays 20 Poincare
sections at 20 equally spaced phase intervals as the driving force completes each
period. Fwh of these Poincare sections is a "snapshot" of the cross-section of the
trajectory (or attractor) at a particular phase of the driving -Dree. The animated flip-
card effect of "Flip" demonstrates, in a dramatic fashion, the folding and kneading
20 disk and displayed at a later time using the DSPFLP.COM program, which is
included with the OU CD Workbench, or called hack into the main program for
further calculation and display.

At any time wnile in the "Orbit" mode, the user can calculate Lyapunov expo-
nents, which give a quantitative measure of the sensitive dependence on initial
conditions. The system uses the method described by Wolf, et at.2 The results of
the Lyapunov exponent spectra arc also used to estimate the frac,a1 dimension of
the attractor by calculating the Lyapunov dimension as proposel by Kaplan and
Yorke.3

The user can save ten different setup conditions in situation keys and recall
them instantly to illustrate any point desire.i. The user can also save input data, sit-
uation-key setup, and results. Thus, if the user starts again later, he can pick up the
calculation or demonsuation where it left off.

The program requires an IBM PC/XT/AT or compatible with at least 512K of
memory, two floppy disk drives or one floppy and a hard disk drive (preferred). It
also nP.eds an 8087 math coprocessor, IBM color graphics adaptei, graphics moni-
tor (color or B/W) (EGA with CGA emulation is supported but Hercules graphics
is riot), DOS 2.0 or higher, and an EPSON FX or IBM graphics printer (optional).
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If you want to recompile using your own set of differential equations, you will
.teed Turbo Pascal 3.xx (8087 version). We are developing an updated version of
the OU CD Workbench which will use Turbo Pascal 4.0.

The two OU CD Workbench demonstration diskettes contain instructions on
"README" files. 'Die first demo diskette contains the Duffing program and the
second contains a set of 20 previously calculated Poincare sections that can be dis-
played using "DSPFLP."

The program The Ohio University Chaotic Dynamics Workbench is part of the collection
Computers in elsysics Instruction: Software, which can be ordered by using the form at the
end of this book.

1. Francis C. Moon, Chaotic Vibrations (New York: Wiley-Interscience, 1987); Pierre
Berge, Yves Pomeau, and Christian Vidal, Order and Chaos (New York: Wiley-
Interscience, 199); J. M. T. Thompson and H. B. Stewart, Nonlinear Dynamics and
Chaos (New York: Wiley, 1986); Heinz Georg Schuster, Deterministic Chaos (D-6940
Weinheim, Federal Republic of Germany: Physik-Verlag GmbH, 1984).

2. A. Wolf, J. B. Swift, H. L. Swinney, and J. A. Vasano, "Determining Lyapunov
Exponents from a Time Series," Physica 16D, 285 (1985).

3. J. Doyne Farmer, Edward Ott, and James A. Yorke, "The Dimension of Chaotic
Attractors," Physica 7D, 153 (1983).

Bouncing Ball Simulation System

Nicholas B. Tufillaro and Al Albano
Department of Physics, Bryn Mawr College, Bryn Mawr, PA. 19010, and Tyler A Abbott,
Walnut Creek, CA 94598

Bouncing Ball is a program written for the Apple Macintosh computer that accu-
rately simulates the dynamics of a ball bouncing repeatedly on a vibrating table.
The Bouncing Ball program, along with a recently ueveloped undergraduate lab in
nonlinear dynamics and chaos1 illustrates many of the ideas and methods used in
describins nonlinear dynamical systems.

Bouncing Ball simulates the dynamics of a ball bouncing on a sinusoidally
oscillating table. The user can vary two control parameters (the tables forcing fre-
quency and amplitude) along with the inaial conditions to explore different period-
ic and chaotic motions. He can display the resulting trajectories in configeration or
phase space, and display Poincare maps in the window-based system. The
Bouncing Ball program can be used in undergraduate courses and is a valuable aid
for lectures and demonstrations in nonlinear dynamics.

The software program Bouncing Ball is part of the collection Computers in Physics
Instruction Software, which can bc ordered by using the form at the end of this book

Development of this prcgram was supported in dart by a grant-in-aid of researc' from the
National Academy of Sciences, through Sigma Xi, the Scientific Research Society.
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1. N. B. Tufillaro and A. M. Albano, "Chaotic Dynamics of a Bouncing Ball," Am. J.
Phys. 54, 939 (1986); T M. Mello and N. B. Tufillaro, "Strange Attractors of a
Bouncing Ball," Am. J. Phys. SS, 316 (1987); N. B. Tufillaro, T. M. Mello, Y. M. Choi,
and A. M. Albano, "Period Doubling Boundaries of a Bouncing Ball," J. Physique 47,
1477 (1986); Kurt Wiesenfeld and Nicholas B. Tufillaro, "Suppression of Period
Doubl;ng in the Dynamics of a Bouncing Ball," Physica 26D, 321 (1987).

Automata on the Mac

Nicholas B. Tufillaro
Department of Physics, Bryn Mawr College, Bryn Mawr, PA 19010

Jeremiah R Reilly
PhiladeOhia, PA 19k,

Richard E. Crandall
Physics Depart nent, Reed College, Portland, OR 97202

Current research on cellular automata suggests that they may provide insight into
the behavior of numerous physical phenomena.1 Thesc computer-simulated uni-
verses, governed by simple rules, demonstrate complex and unpredictable behav-
ior. Further, there is a captivating beauty inhcrcnt in many cellular automata.

The means to exploreto play withcellular automata is finally within reach
of most computer owners.2 Wc have developed a popular cellular automata pro-
gram, Auk trtata, that runs on thc Apple Macintosh computer and fcaturcs a simple
user interface allowing onc to explore rules and initial conditions by pointing and
clicking.

Automata has many applications in education. Wc have, for instance, used it to
teach binary addition to children (six year olds). Somcwhat older children learn thc
art of experimentation by exploring thc cellular-atvemata universe. Automata can
also be used by college students to explore the elements that go into the making of
"lattice gas models" of fluia flows.

We will begin our discussir cellular automata assuming no previous knowl-
edge of the subject and end uy presenting the current theories about cellular
automata and what the futurc may hold for these totally discrete models of natural
phenomena.

1. Stephen Wolfram, Theory Ind Application of Cellular Automata (Singapore: V r3r1d
Scientific, 1986).

2. N. B. Tufillaro, "Cellular Automata Program." in Who Got Einstein's Office? by Ed
Regis (New York: A ddison-Wesley, 1987).
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Demonstrations of Liffusion-
Limited Aggregation and Eden
Growth on a Microcomputer

G. W. Parker
Departmem of Physics, Nonh Carolina State University, Raleigh, NC 27695 -8202

The diffusion-limited aggregation (DLA) mode: provides a simple method of sim-
ulating real processes in nature such as the aggregation of small neutralized metal
particles in 2 liquid, driven by their van der Waals attraction to form an open frac-
tal-like structure.

The DLA model releases particles at random locations some distance from a
central seed particle and lets these particles execute random walks. They execute
these random walks until they make "contact" with the seed, in which case they
stick to it; or until they move some distance farther fmm the seed than where they
were started, in which case they are "lost" to the system. The injection of many
such paiticles forms a structure that exhibits branching, treelike growth.

Counting the number of particles N(R) inside a sphere of radius R centered on
an arbitrarily chosen particle of the cluster, it is found that N(R) = const * RD
where D is the fractal dimension. In two dimensions D = 1.7, which satisfies the
theoretical bounds d 1 < D < d, where d is the dimension of the space (d = 2 in
two dimensions). In three dimensions, D = 2.5.

I have wiitten a small program, GrowIDLA, to carry out the DLA process in
two dimensions on a Macintosh microcomputer using Microsoft BASIC. The inter-
preted language is slow, but this is an advantage; A allows the uses to follow the
liffusion process on screen as it unfolds. After a number of hours a reasonable
sti icture is obtained having roughly 1,500 particles. The structure can then be
saved to disk for subsequent replay and analysis using a second program, Replay.
Boib programs carry out the analysis of counting particles af;out three randomly
chom centers at ten different radii. Averaging these numbers for several runs and
making a log N-vs.-log R plot, one finds the fracta: dimension to be about 1.7, as
expected.1

My third program, GROWIEDEN, contrasts growth on L. DLA model with
another model, the Eden model. The Eden model also uses a sccd particle to initi-
ate the growth. However, no particles move to join it. Instead, the particles materi-
alize at random positions next to the seed. Once materialized, they bond to begin
thc, formation of a cluster. In contrast to the DLA stru:Aure, these clusters form
with a uniform density, i.e. they have D = d. There is no branching.

The branching in the DLA process is understood in terms af the amplification
of local inhomogeneities.2 The random walking of the incoming particles produLes
local inhomogeneities on an initially smooth seed. These protrusions in turn tend to
trap incoming particles more readily than other nearby amas, thus leading to a
branching type of growth.
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In my wescntation I w;lP Show and analyze several DLA structures.

1. T. A. Witten and L. M. Sander, "Diffusion-LirniteJ Aggregation," Phys. Rev. 27, 5686
(1983).

2. T. A. Witten and M. E. Cates, 'Tenuous Structures from Disorderly GrowthProcesses,"
Science 232, 1607 (1986); L M. Sander, "Fractal Growth," Sci. Am. 25C, 94 (January
1987).

Star Cluster Dynamics Simulation
with Dark Matter

John J. Dykla
Department of Physics, Loyola University, Chicago, IL 60626

During approximately the last decade, evidence from several areas of observational
astronomy has supported the concept that a large proportion of the mass of the uni-
verse is associated with so-called dark matter. Dark matter, which may be domi-
nant by an order of magnitude or more, contributes to gra Mational dynamics but
not to the electromagnetic radiation we hay; detected so far. Rubin has recently
completed a survey of the literature on dark matter, which is accessible to nonspe-
cialists, including upper-division undergraduate physics majors), Among the most
important conclusions of th:s survey are the ideas that the dark matter is clustered
in association with visible matter and that it is probably significant on scales both
somewhat smaller and much larger than the size of a typical spiral galaxy.

1 have developed a microcomputer program, Solar Neighborhood Cluster
Dynamics Simulator, that simulates the behavior expected theoretically of the
orbits of a small system of the 18 nearest stars as they would be if th-, system were
independent of the Milky Way galaxy. Mass and initial position and velocity data
were adapted from those presented by Dewdney by correcting for a systematic
error in his length scale.2

The star cluster evolves according to Newtonian gravitation and dynamical
laws applied in three-dimensional space. The plot represents a ubical volume ini-
tially enclosing the stars projected onto a square region of the viewing screen.
Although displacement and velocity components normal to this plane are not obvi-
ous in the visual display, they are used in the calculations. The grp Mational inter-
actions of stars that leave the viewing volume are also included.

The user begins the simulation by choosing the time interval between plots of
positions for the stars in the evolving cluster. Next, the user chooses one of two
rest frames: either a frame in which the sun is at rest, or an automatically calculat-
ed frame in which the center of mass of the cluster is at rest. Finally, the user
chooses the factor by which to multiply the mass of each star in the cluster. This
factor represents the gravitational influence of dark matter. One option is for the
program to multiply the masses by the automatically calculated factor ,equired to
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satisfy the virial theorem relation, as presented, for example, by Marion, between
kinetic and potential energies ill a relaxed, bounded system.3

Unless the mass of dark matter is within a very narrow range of that required by
the virial theorem, the cluster will disperse outside the initial volume or coHapse to
a very small fraction of the initial volume in a relatively short time.

The software program Solar Neighborhood Cluster Dynamics Simulator is p..rt of tl e col-
lection Computers in Physics Inaruction: Software, which can be ordered by using the form
at the end of this book.

1. Vera C. Rubin, "What's the Matter in Spiral Galaxies?" in Highlights of Modern
Astrophysics: Concepts and Controversies, edited by Stuart L. Shapiro and Saul A.
Teukolsky (N^w York: Wiley, 1986), pp. 269-97.

2. A. K. Dewdney, "How Close Encounters with Star ClustLrs Are Achieved with a
Computer telescope," Sci. Am. 254,24 (January 1986).

3. Jerry B. rrion, Classical Dynamics of Particles and Systems, 2nd edition (Ncw York:
Academi... Press, 1970). pp 233-35.

Educational Software for
Undergraduate Astronomy

J. C. Evans
Physics Department, George Mason University, Fairfax, VA 22030

As authors of a widely used textbook in astronomy' and designers of sky-simula-
tion software,2 we hold the view that educational software should not duplicate the
function performed by textbooks. Textbooks arc the most economical means of
delivering large volumes of words. Software that simply displays text on the screen
is nothing more than an electronic page turner; software that only displays static
illustrations is but an electronic viewgraph. Educational software should avoid
booklike serial presentations; it should take advantage of the possibilities of the
medium to engage users in an interactive fashion that books cannot duplicate. To
accomplish this, the design of the software must take advantage of these pedagogi-
cal strengths of microcomputers: (1) They provide multiple and dynamic pathways
from one point to another, (2) They simulate the behavior of physical phenomena
through animation; (3) They present and demonstrate physical concepts graphical-
ly; (4) They perform extensive calculations as needed to illustrate; and (5) They
require the user to think and then to perform a series of actions based on his under-
standing of the conct,pts and phenomenology.

If software does not provide variety in the way in which a user progresses
tht iugh it with each use, it becomes boring and will be used very sparingly.
Properly designed educational software will supply compiling Interest to users by
appealing to their sense of exploration.

We Lave designed a set of learning modules for an undergraduate course in
astronomy. Astronomy is a highly visual subject and lends , self to being taught
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through graphic simulation 3nd animation. Such techniques can help illustrate
astronomical phenomena, concepts, and processes. Reviews and user feedback on
our existing sky-simulation software convince us that our basic premise is sound,
and we believe that our pedagogical philosophy is adaptable to all the biological
and physical sciences.

In pedagogical design, our learning modules are suitable for use in lecture
demonstrations, in conjunction with laboratory exercises, or in independent study
They cover topics that are normally part of an introductory course. They engage
users to both "think and do" by providing multiple paths to the same end point.
They avoid testing cnmprehension by verbal questions on the screen, since com-
panion workbooks can do this much morc efficiently. They are not to be keyed to
any specific book, but rather supplement any college-level text.

In technical design, our modules make extensive use of data from the Data
Center of the NASA Goddard Space Flight Center. They include rigorous calcula-
tions of such aspects as position, motion, astrophysical processes, and recurring
phenomena; and compile an MS QuickBASIC program. In order to support labora-
tory courses, three of the modules arc data files with simple display interfaces.

The first data module, based on the work of Br=gnon and Simon, provides
both heliocentric and geocentric positions of the sun and planets for any time
between 1 January 1950 and 31 December 2050.3 The second data module is a
modified version of the well-known YE'e. Bright Star Catalogue.4 The final data
module displays data on nonstellar objects, such as galaxies.

In this meeting we will report on and demonstrate the first module in the series,
a sky-simulation module. This module is a revision and adaptation for the IBM
PS/2 series of our earlier HP design. It allows uscrs to explore the skies without
outdoor observation, which can be hampered by bad weather. The module simu-
lates the appearance of the sky as seen from any position on the earth for any time
between 1950 and 2050. It simulates the relative brightness of stars down to fifth
magnitude for approximately 5,000 stars and 100 nonstellar objects. It simulates
tile motions of the sun, moon, and eight planets, and displays their orbits relative to
the background stars. It permits the showing of on-off overlays of constellation
asterisms, galactic and celestial equator, and ecliptic.

Users may explore the skies at will or ask for locations and rise set times for
any of the following: the sun, the moon, It planets, any of 88 constellations, any
of the 100 brightest stars, any of 100 nonstellar objects.

This work is supported in part by a contract from the IBM Corporation, which
is acknowledged with gratitude.

1. L. Berman and .1C. Evans, Exploring the C 9M710.S.5th ed. (Boston, MA. Little, Brown,
1986).

2. J. C. Evans and L. A. Dreiling, NIGIITSKYI150 Sky Simulation Software for the
Hewlett-Packard 150 (Fairfax,.VA: Cosmographies Inte rnational, 1985)

3. J. Bretagnon and J-L. Simon, Planetary Programs and Tables from -4000 to +2800
(Richmond, VA: Willmann-Bell, 1986); J. C. Evans and L. A. Dreiling, Software for
Planetary Positions from 1600 to 2800 A.D. (Richmon Willrnann-Bell, 1987).

4. E. D. Hoffleit and W. H. Warren, Yale Bright Star Catalogue, 5th ed. (Greenbelt, MD.
NASA Goddard Space Flight Center, 1988).
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Computer-Based Tools: Rhyme
and Reason

R. F. Tinker
Technical Education Research Center (rac), 1696 Massachusetts Ave., Cambridge,
MA 02138

The Rhyme: Experimenting and Theorizing

The words "rhyme and reason" are most often used with the negative connotation
of the phrase "without rhyme or reason." And too often that is what happens in
technically oriented enclaves like this conference: we pursuc technology without
rhyme or reason. In this talk I want to give rhymc and reason to our pursuit of a set
of powerful tools.

General-Purpose Hardware

Microcomputer-based labs (MBL) sccm finally to have arrived, judging by the
number of contributed and invited talks, by the number of different products cur-
rently available, and by thc increasing interest in large-scale implementation of
MBL. After 12 years, we seem to have finally brokcn thc chicken-and-egg prob-
lem; there are enough products on the markct to interest educators, and there are
enough educators ready to purchase MBL products that there is signiticant com-
mercial interest. As a result, a broad spectrum of sensors and interfaces running on
all the popular microcomputers are now available. You can measure temperature,
light, force, pressure, magnctic field, distancc, acceleration, timing, pH, dissolved
oxygcn, heart rate, blood pressure, muscle tone, skin conductance, sound, and
much more. You can turn your computer into a oscilloscope or a counter/timer; you
have the flexibility to makc it into virtually any instrument.

In spite of all this progress, there is still much work to be done. Thc MBL world
is chaotic, with special-purpose intcrfaccs and idiosyncratic software. For reasons
of simplicity for educators and intellectual coherence for students, it would be far
better if there wcrc only a fcw very general-purpose MBL software packages that
worked the same way in all thc different computers and interfaced to each of a
small number of general-purpose interfaces. These interfaces would all accept the
widest possible range of probes and actuators. In some of our morc recent work wc
are beginning to move in this dirction. I will begin by showing some gcncr .-pur-
pose hardware, move on to somc general-purpose software, and thcn discuss some
of the strengths of the MBL approach.

To design a laboratory interface that can plug into any computcr, you must use
the standard RS-232C serial port. Though its limited dau-transfer rate makes the
serial interface far from ide .'. for this work, its universality makes it difficult to
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ignore. Almost every computerMacintosh, IBM, clones, lap tops, even the iney
pensive Radio Shack 100has a built-in serial interface. Of popular comput
only the Apple lIe does not come with one built in (the IIc and IIGS have it).
mauls that a lab interface that communicates with the host computer over a serial
line can be made to work with any computer; invest in a lab interfwe today and it
will still be useful next year when you buy a better computer. Furthenno..e, some
of the tricki,Ist code having to do with real-time interfacing has to be in ROM in
the interface. This means that application software that uses a serial lab interface is
simpler than software for corresponding special-purpose interfaces.

I designed the first inexpensive serial interface back in 1982 and convinced
CDL to market it as the universal analog lab (UAL). This three-chip circuit (shown
in Figure 1) is still an extremely attractive unit and a very nice student project.
From the perspective of the host computer, it could not be simpler. The lity.. ends
it a number n from zero to seven. The interface responds with a number from ....ero
to 255 ;hat represents the digital equivalent of the applied voltage on input number
n. The numbers are sent in 8-bit binary format, which means that you cannot use
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Figure 1. A schematic of the universal analog lab. The 0809 is an 8-chan-
nel, 8-bit analog-to-digital converter. When the universal serial
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byte from the computer, it starts the analog-to-digital converter,
using one of the eight analog inputs. When the conversion is
complete, the USART is sicnaled to transmit the resulting 8-bit
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the usual AsCH-oriented interface drivers. But aside from that minor complication,
it is easy to use and has found wide application. Unfortunately, the UAL was a
commercial flop. After CDL invested heavily in bringing it out, they tricd to
recoup much of that cost in the first few units sold. As a result the price was too
high, and not many sold. In addition, CDL had not yet solved the chicken-and-egg
problem; users did not know they wanted the product and so they did not buy it.

The next serial lab interface developed in our laboratories was the universal,
serial interface (UST), conceived as a:, Apple game-paddle port on the end of a
serial line. Humble as it is, the Apple game-paddle port has proven to be a mar-
velously versatile lab interface with four resistance-analog inputs, four digital-out-
put lines and three digital-input lines. A very wide rangc of laboratory inputs and
outputs have been developed Tor the game-paddle interface. This game-port inter-
face played an important role in solving the chicken-and-egg problem; it made it
possible to create MBL products with dirt-cheap transducers. The only probe elec-
tronics requital for a temperature or light interface is a onc-aollar thermistor or a
fifty-cent phototransistor. I hopc that the USI will play a similar role in breaking
the chicken-and-egg cycle for serial interfaces.

In keeping with the game-paddle analogy, the USI has been designed for low-
cost applications; we have tried as much as possible to keep the price down, pri-
marily by resisting "creeping featurism." Creeping featurism is a highly contagious
technological disease that involves giving in to the impulse to add features, no one
of which makes much difference in the price, but the sum of which defeats the
original design goal of low cost.

The US: was designed as part of our modeling proje; .o provide a laborator)
input for Macintoshes. Hearing of the USI, Priscilla Laws joined forces with
and appiied the USI to a Macintosh-based project at Dickinson College. As a con-
sequence, most of the present laboratory software Tar the US1 is Macintosh based,
but that is really a historical accident; the US1 has been used with the IBM and can
be used with any other computer that has a serial port.

Thc USI was specifically designed for backward compatibility. Many of thc
resistive probes designed for the Apple game port plug dimctly into it. We Included
a voltage-input feature so we could put oil two six-conductor telephone jacks that
would accept any of the probes developed under our MBL project and marketed by
HRM Softwarc. This means that the ultrasonic motion detector, temperature. and
sound inputs, as well as a heaier vs:droller currently on the market, will plug
dire j into the USI. Another dozen probes and actuators currently under deelop
ment will be compatible.

The comrercw.1 status of the USI is still very much m doubt. We distributed
about 35 surplus interfaces to colleagues at the end of our modeling project. We
hopc to generate cnougn demand that wc can find a commercial distributor who
will take over the burden of manufacturing and supporting them.

IBM's Phil Smith recently caught the MBL bug, and he has created far and
away the best-designed MBL interface, next to which any other MBL interface
appears amatcurish. As is often the casc, IBM profits from what others have
learned. From an engineering view, their interface, thc personal science lab (PSLI.
is unpannelen among low-cost interfaces.
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a

Figure 2. The personal science lab (PSL) with temperature and motion
detectors plugged into two of its four inputs.

The basic PSL ur.it (shim n in Figure 2 aLLepts lour Lartridgefu uuorla, k

hat olpporl a v. ide rallgo 0! probes A general piirx ) iak g Lartridge has pliu!..
tor temperature. light .md pl I (isms. Another Latin ILge at.Lepl.. inkrophtnic and
high-speed voltage inputs A third Lartridge Lontams RAM that Lan be used it)
but fer high-speed signak that ar I unnded mto the host Lonmuter through thc
slower serial line. A fourth Lartrufge is for prototyping. wh!Lh alltms users to
ate special interfaces for the PSL An ambitious range of addititinal interl.k es lia
been prototyped or planned.

Perhaps the most exciting feature of the PSL i IL xpandabilit) You Lan staL
up to 64 interfaces and inter-lac a dif ferent Lomputer to cad) loci of the uat. k.
Suppose you nktruniented an expensRe apparatus. suLh h 10 aUlollloblie
with MI ,,tacked units; CJ. h of ten Lomputers ccuId hae attess to all the probcs on
tlut engine. Better )eti natter) pack would be aallable !or the bottom 0: tlic
stack and a ke)board and 1eadout unit available for the top. -1 Ins ould allov
to USe the PSL away Imm the host Lomputer. Biologists should kme the bank r

pack for fiell measurements. and .111:yone vliO ants to free up the host t ompolL
vNhile gather ng data over a long time period will find it a L onL Crum e.

The commercial status of the PSL is ak. Lno run at this um. Ai .4igh IBM
hag developed it and is showing it at meetings Itie one. the NI. ,s not yet an
announced IBM product. It seems tk IBM is rot yet Lemur) whLther the L fuL ken-

and-egg problem has been solved. I trust they w.!! rind it h.., beim. The PSL is an
excellent product and will increase IBM's stature in tht. eduL atonal Lommunity
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Figure 3. PSL Toolkit, showing two graphs of the same event, one display-
ing acceleration against position and the other velocity against
time.

Integrated Software

To parallel the development of universal hardware solutions to MBL, we also
need to develop universal software solutions. Univ.:I-sal software should be able to
take data from any probe or combination of probes, display the data in a natural
way in real time while it is being collected, and then perform a wide range of gen-
eral-purpose analysis functions on these data. The software should be able to iden-
tify the probes plugged into thc interface and give the user choices appropriate to
these probes. In this environment, there can be so many options that it is essential
to have some menu-driven mwro facility so that beginning students can perform
complicated setups and analysis functions by selecting named setups or functions.

The PSL Toolkit has some of the generality needed in MS-DOS computers for
the PSL. One of the nice features of the Toolkit software is that computations can
be done in real time as data are being gathered in order to generate multiple vari-
ables, any one of which can be graphed against any other in either of two graphing
windows. As an example, Figure 3 shows acceleration being graphed against posi-
tion in the upper graph, and velocity against time in the lower graph. These data
were recorded and displayed as a spring-mass system was oscillating. Partway
through the data run, the spring was graspzd approximately at center, causing the
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Figure 4. An analysis of the upper graph of figure 3, showing two least-
square fits to different parts of the run. The absolute value of the
slope should be proportional to the spring cons:ant, wh;sh was
changed during the run.

frequency of oscillation to increase. Assuming an ideal spring, the slope of the
acceleration-vs.-distance phase plot should be -km. You can use the software to
make any points on the graph and fit those points to a straight line. Points generat-
ed by 0 1 two conditions of the spring are identified and marked, and straight-line
segmt fit to each of those regions in the display shown in Figure 4.

Figure 5 shows the same software package measuring the cooling of the sample
to room tempenane. When the equilibrium temperature is subtracted from each of
the values, points near the very end of the run are eliminated, and the logarithm of
the resulting values is taken and fit to a straight line, the graph in Figure 6 results.

We are interested in extending the range and generality of this software pack-
age, particularly in how students might use this software and whether they can eas-
ily master it.

Theory-Building foots

As part of our modeling project, we han becii exploring ways to complement
the data.gathering capacity of MBL tools with powerful tools for theory building.
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Figure 5. A cooling curve taken with the PSL Toolkit.

An environment that combinm data gathering with theory building allows a stu-
dent to move easily between theory and experiment, greatly enhancing learning.

The model-building environment we are investigating is based on systems
dynamics and educational strategies ,ieveloped by the systems dynamics group at
MT. Systems dynamics is designed to rolve problems involving coupled, possibly
nonlinear, differential equations where time is the oniy independent variable.
Certainly not all problems one would like to model fall him this category, but a
very large number doand in all the scientific disciplines. MBL is particularly
appropriate to systems dynamif.'s because it is often used to collect time-dependent
data, which is just what systems dynamics models.

The MIT systems dya..mics group learned to teach business students who had
no understanding of calculus to set up and solve complicated dynamics mo,;els.
The key to the MIT approach is a hydraulic metaphor that gives an intuitive repre-
sentation of integration and differentiation. This metaphor is based on a valve and
tank: fluid flows through the valve at a rate determined by the valve and accumu-
lates in the tank. The amount of the fluid in the tank is the integra; ot the rate
through the valve. Conversely, the rate of flow through the valve is the derivative
ot the level in the tank. Users can control the valves by using functions that depend
on constants and levels in the tanks. Originally the valve-and-tank meta ^or was
simply a learning aid used with paper and pencil. More recently, the software pack-

1 6 1



166 Computers in the Physics Laboratory

paw,
1

1.1111H

t ParatteterlirXr-41111F171111-4101111eTabi

1ellp 1 vs Tifte

1 50

1
.58ei

t_

-1.591

8.611 5.N 19.9 151 28.8 25.8
Tile Sec

irmig 1,-,7follffil7:711Fr41F-Qrent [61-W1

Figure 6. An analysis of the cooling curve data from figure 5, showing a
graph of log(t-to).

age Stella provides a flexible, graphical environment on the Macintosh Oat allows
the user to specify a system using this metaphor completely. The system then
quickly generates graphical solutions for the resulting systems.

Our modeling software combines MBL with a simplified modeling environ-
ment using the valve-and-tank metaphor, but modified by what we have learned
through extensive use of Stella with students. Our system allows us to display both
real-time MBL data and output from models on the same graph. The MBL data
comes from the universal serial interface that was developed for this project. The
model data is generated from valve-and-tank templates. Instead of developing the
model from scratch, we found it much more instructive to have students select thc
appropriate model from one of several templates provided and then adjust con-
stants within the model to match the data.

A Reason: Student as Scientist

The rich set of MEL and modeling tools could have a major impact on physics and
teaching. It may make less important our present distinction kaveen calculus-
based and noncalculus-bascd physics. We can use :hese tools to make physics far
less formidable and confusing for students whose mathematical abilities are not
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strong. We can use these tools to place more emphasis on intuition, and t the &Ube,

time give students the ability t i solve interesting, complex problems.
Perhaps the most important and revolutionary option created by this technology

is that. it allows students to undertake their own original investigations. Much of
what is wrong with science education is that students only learn about science, they
do not participate in a meaningful way. Students at every grade level should have
an opportunity to undertake physics experiments, to participate as fully as they can
in learning something new about the natural world. Hands-on participation pro-
vides a motivation and focus that is hard to equal, and more important, it is the
only way to give students an accurate understanding of what science is about,
whether their careers lead them into science or their responsibility as voters forces
them to deal with technological issues.

Our experience with the NGS Kids Network project shows that meaningful par-
ticipation in science is both a possible and extremely valuable form of science edu-
cation for students at the elementary level. Kids Network is important because it
suggests what might be accomplished at the high school and college levels.

The Kids Network project is targeted at average fourh- through sixth-grade
students. The project offers curriculum units that require four to eight weeks of
classroom time. Eat unit is based on one or more measurements that kids perform
and share nationwide among themselves and with a participating scientist who has
a research interest in the measurements. The first unit developed tbases on acid
rain. In this unit students measure the pH of rain that they collect. In sm.. an excit-
ing environment, student learning is phenomenal. Not only do they learn how to
measure pH and what some of the effects of acids and bases are, but tht y also fre-
quently demonstrate deep understanding of the scientific method. After one gro,
of stuck .ts observed a high variability in their data (they were estimating the stan-
dard deviation), they de-ided on their ow t. to repeat the measurement (thereby
reducing the deviation by increasing the number of observations). John Miller, a
deputy dircctor of l's^IA's acid deposition study, is extremely interested in the pro-
ject; when fully implemented, the Kids Network project will have .aany times the
200 stations in this present network.

We expected the Kids Network to be interesting, but we were surp.ised hy the
enthusiasm and seriousness and deep learning that the project generated. The anec-
dotes that come from our extensive field testing are heartwarming. Asked whether
they know any scientism, most students ',aid "no" beforehand, bu, afterward many
said, somewhat hesitatingly, "Well, we are all scientists." Teachers write us to say
they arc going to postpone their early retirements in order to continue teaching in
the more exploratory vein that we encourage. Many teachers use the Kids Network
not only as a way of teaching science but also as a focus to an integrated classroom
experience because of its value in writing, reading, social studies, mathematics,
and current events. Many of the participating teachersremember, this is elemen-
tary schoolreported that they had never before felt comfortable with sciet or
technology. One principal devoted almost his entire commencement address to the
project, using it as an example of how progressive his school was. And, of course,
the potential for worldwide communication (eight sites in Canada, and one each in
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Hong Kong, Argentina, and Israel) helps us all to get to know each other betterand
may hasten the day when war is unthinkable.

If we can provide a structured but meaningful scientific experience for elemen-
tary school students, even more exciting forms of collaborative projects are possi-
ble at the high school and college level. I dream of a time when students
worldwide work together to collaborate on important and original projects, moni-
toring the environment, observing the stars, studying their cultures, and teaming
with scientists for data collection and analysis. If every major high school had a
team of students measuring radioactive fallout, then wher there is another
Chernobyl or Three Mile Island incident, not only will there be interesting data
gathered, but there will also be believable, local experts who can talk reasonably
about the level of radiation, background radiation, and biological hazards. What an
opportunity to educate the public and stamp out some of the incredible misinfor-
matien that surfaces!

We will soon launch a new project, Lab Net, that is designed to create such a
netwoik. Combininp; telecommunications with MBL and modeling technologies,
Lab Net will focus on giving teachers the background and tools necessary to foster
and support student experirr Lion. We do not expect students to become scien-
tists overnight on their own, but we can provide laboratories and scaffolding to
encourage them to develop their own projects. One such offering is the "divergent
laboratory." The divergent laboratory is a set of exercises that introduce a tech-
nique or kind of measurement in way that is initially very structured but then
opens out, or diverges, into many different possible measurements. We will also
mate a series of monitoring networks for measuring mlioactive fallout, seismic
activity, and weather. We will provide instructions for constructing simple stations
in such networks. Simply setting up and calibrating such a station would be an
important project., but we will also encourage stndents to improve on the designs
and share those improvements, or to branch out on Lheir own and create their own
networks and experiments.

One of the critical aspects of this project will be a link of these students to pro-
fessional scientists. In many other countries, professional scientists are much more
involved with education than in the United States. To the extent that professional
scientists' neglect of education stems from logistical problems and time con-
straints, telecommunications offers hope for the future. From the comfort of home,
the participating scientists can make a major contribution by logging on to Lab Net
and assisting students any time they have a few available minutes. I appeal to all of
you to help Hs in this effort and to recruit others.

Some of the materials incorporad In this work were developed with the financill support
of TERC through the National Science Pot, idat:on grants DPE-8319155, MDR-8550373, aad
MDR-8652120 -lid with equipment donated by Apple Computer Corporation.
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The Macintosh Oscilloscope

Elisha R. Huggins
Department of Physics, Dartmouth College, Hanover, NH 03755

We have been using the computer in our inuoductory physics courses since the late
1960s, when we used it mainly to calculate satellite orbits. (Students calculated
Apollo orbits as the spacecraft were going to the moon.) The computer allows stu-
dents to work realistic problems,, which encourages students to work in areas not
traditionally associated with introductory or even undergraduate physics.

A popular area for student projects has been the harmonic analysis of the
sounds of sical instruments. The student compares the harmonic; structure of
notes from stmilar instruments of different quality in order to understand why one
instrument sounds better than another. One pair of students compared high C on a
spinet piano, an upright piano, and a grand piano. The harmonic structure beyond
the fundamental was disorganized for the spinet, somewhat organized for the
upright, and had a very definite structure for the grand piano. The students could
see the progression to a larger, better-defined instrument. Another student analyzed
the whale sounds from the Judy Collins record Sounds of the Humpback Whale.
Although these sounds seemed nothing more than squeaks, han.!onic analysis
showed that they were produced by an instrument even more structured, more
grand, than the grand piano. (Whales use their blowholes as organ pipes.)

The process of doing a harmonic analysis was horrendous in the late 1960s.
Students took a Polamid photograph of an oscilloscope, enlarged the photograph
with an opaque projector, traced the outline on a large sheet of graph paper, located
100 or so data points, typed them into the computer on a Model 33 Teletype, and
then wrote a program in BASIC to do the analysis. Students completing this proce-
dure deserved considerable credit.

To streamline and simplify this process, we introduced graphics terminals,
minicomputers, microcomputers, and finally a Macintost:. Our next-to-last system,
a $12,000 minicomputer system, grabbed the data and auwmaticly sent it to the
time-sharing system for analysis. This system had several flaws that prevented its
widespread adoption. First, it cost too much. Second, data could get lost in the
transmission to time sharing. The addition of a microcomputer could have over-
come either of these flaws. But a microcomputer could not overcome the most
important problem: in the lab, it is more convenient to turn knobs and read dials
than type commands. In short, a computer that is controlled by typing commands
on a keyboard is not a good laboratory instrument. Because a computer in the labo-
ratory feels like a computer, not a laboratory instrument, many colleagues would
not use the system.

The Macintosh computer is different. The scroll bars, combined with accurate
scales printed on the screen, provide outstanding instrumental control. And there
are also various kinds of buttons for discre:e controls and the menu for major
changes in the mode of operation.
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Four years ago we decided to turn the Macintosh into a first-class oscilloscope
that had the ability to grab, store, and analyze data. Our main objective was to
make the Macintosh feel like a laboratory oscilloscope so that our colleagues
would use it. We closely modeled the Hewlett Packard oscilloscope that had been
used successfully in our introductory labs for the past 20 years. At this point we
can go up to a frequency only of around 10 Hz (50,000 points per second), but we
have two differential inputs, similar time and trigger controls and amplification
ranges, just as the HP scope does. We also have dual-beam capability with A and
B, A versus B and A minus B, triggered either on A and B independently or on A
alone. (In a chopped mode where we grab points alternately from the two curves,
we have to run nearly ten times slower because the input amplifier and offsets have
to be reset for each point.)

Our system has many capabilities that go beyond the HP scope. Our sweep time
can be adjusted anywhere in the range from one millisecond to one month. When
data are taken at a rate slower than 1/40 of a second per point, all 60-Hz noise is
eliminated. When any curve is grabbed, in most cases we automatically get 15,000
data points (equivalent to 18 feet of Macintosh pixels). One of our main efforts has
been to develop convenient ways of scrolling through and adjusting these data for
convenient viewing.

The principle reason for turning the Macintosh into an oscilloscope is to have
the experimental data in the computer so that they can be analyzed. We use the
Fourier analysis package as our major analysis package in the program, but we
have also built in a complete editor so that data files can be saved in text format for
analysis by other programs such as Excel or Cricket Graph.

The original data file, along with all the conditions of the oscilloscope, can be
saved as a "Mac Scope" file. When a "Mac Scope" file is opened, the Macintosh
oscilloscope returns to precisely the same settings that were selected when the file
was saved. We have used this feature to increase the reality of lecture demonstra-
tions. During the demonstration we grab the data as a "Mac Scope" file and put that
on our public network. There is also a copy of the "Mac Scope" program on the
network. At night the students download both "Mac Scope" and the data file, run
"Mac Scope" with the lecture-demonstration data, and carry out homework assign-
ments on the actual data of the demonstration they saw in class.

The accompanying screen dumps in figures I through 12 illustrar ;erne of the
capabilities of the Macintosh oscilloscope.
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Figure 1. Oscilloscope trace of the sounds of a finger snap. Notice the pre-
trigger data at times less than zero. The "S" scroll bar changes
starting tirrr the "T" scroll bar expands or contracts the time
scale, end the "0" scroll bar shifts the voltage offset. The trigger
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Figure 2. Here in e have contracted the time scale for the finger-snap data
of figure 1 and stretched the oscilloscope window to look at more
data. We have selected and saved data in the region from -2 ms
to 36 ms as the text ;ile seen in the "Data File" window. This t, :t

file can be used by programs such as Excel or Cricket Graph for
further analysis.
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The selected section of the sound wave of figure 4 is expanded to
fill the upper display window, and we see that the wave has a fre-
quency of 373.1 Hz. Clicking on the fundamental harmonic in the
lower FFT graph shows how closely our selected section of sound
wave can be represented by a single sine wave.
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Figure 6. Here we have selected all the harmonics up through the eighth,
and we obtain a fairly accurate representation of the sound wave.
Because we can select any combination of harmonics, we can
study the effects of low-pass, high-pass, or notch filters.
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Figure 7. Analysis of an experimental square wave. We grabbed the square
wave from an HP oscillator, selected one period of the wave, and
then reconstructed the wave from the first four nonzero harmon-
ics. Notice that the even harmonics arc missing and the odd ones
go as 1/N. When you click on the button labeled 0, the phases
and then the intensities of the Fourier components are displayed.

Parlous Slits IIIIMIKAIEgi

F I

204 216 228

Fouriar Transform

I ' 1

2

0

-2

Scope )

( (;lem )

( Pt/Line]

L Grid )

240 252 Seconds

(FFT)

32

,,L 1.1, 1111tjlItlil I

Scahj

MUM
128 Harmonic

Figure 8. When a laser beam passes thmugh a slit structure, it makes the
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laboratory experiment.
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Figure 9. The uncertainty principle a sr h. If we have a pure, infinitely
long sine wave (sr = infinity), then we have a singleharmonic and
the freciuency (or energy) of a particle is known precisely (AE = 0).
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Fi, ire 10. The uncertainty principle continued. If we look at a wave for only
a short time AT (one cycle in this case), there is a fair spread of
harmonics and the ..sncertainty in frequency or energy of the
wave is large.
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Tools for Scientific Thinking:
Learning Physical Concepts with
Real-Time Laboratory
Measurement Tools

Ronald K. Thornton
Center for Science and Mathernalks Teaching, Tufts University, Medford, MA 02155

Lsarner-controlled explorations in the physics laboratory with easy-t; t:i.....: real-
time measurement tools give students immediate feedback by presenting data
graphically in a manner that they can understand. Using microcomputer-based lab-
oratory (MBL) sensors and software, students can simultaneously measure and
gaph such physical quantities as position, velocity, acceleration, f wee, tempera-
use, light intensity, sound pressure, current and potential difference. These MBL
tools provide a mechanism for more easily altering physics pedagogy to include
methods found to be effective by educational research. The ease of data collection
and presentation encourage cven badly prepared students to become active partici-
pants in a scientific process that often lea s them to ask and answer their own
questions. The general nature of the tools enables exploration to begin with stu-
dents' direct experience (1 the familiar physical world rather than with specialized
laboratory equipment The real-time graphical display of actual physical measure-
ments of dynamic systems directly couples symbolic representation with physical
phenomena. Such MEL tools and carefully designed curricula based on education-
al research have been used to teach physics concepts to a wide range of students in
universities and high schools. Data show that students learn basic physical con-
cepts not often learned in lectures when they use MBL tools with carefully
designed curricular materials.

Some Problems Ini it Physics Education

Them is strong evidence thai introductory physics students in the usual college and
university lecture courses are not learning concepts necessary to their understand-
ing of the physical world. This paper presents some additional evidence.
Traditional science instruction in the United States, refined by decades of work,
has been shown to be ineffective in altering student misconceptions and simplistic
understandings. Even at the university level, students (even science majors) leave
physics courses with fundamental misunderstandings of the world about them
essentially intact their learning of facts about science remains in the classroom and
has no effect on their thinking about the larger physical world. The ineffectiveness
of these courses is independent of the apparent skill of the teacher, and student per-
formance does not seem to depend on whether sw :ents have taken physics courses
in secondary school.1
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One of the reasons that tradif onal science courses have failed in this respect is
that they do not make strong connections between the everyday experiences of the
students and the concepts these students learn in the classroom. At the same time
these courses do not address the incomplete "understandings" that serve students
well within limited domains but do not lead to the general principles underlying
deeper scientific understanding. Unless a course is planned carefully to examine
simple understandings and to introduce general principles while addressing mis-
conceptions, students' ideas will not change.

Developing Physical Intuition in the
Physics Laboratory

Even successful physics students who can solve all of t.'.e problems at the end of
the charner generally lack physical intuitiona relirbie, accurate response to the
physical world based on an understanding of its underlying principles. In fact,
physics honors students have been shown to have fundamental conceptual difficul-
ties.2 In contrast, students who develop physical intuition have a conceptual, quali-
tative understanding that can be applied outside of the classroom in their everyday
interactions with the physical world. Thus it is likely to be fruitful to alter the way
we teach science students: we should begin with what students can learn by arrang-
ing their interaction with the physical world around them, and then connect that
learning to the underlying principles that constitute scientific knowledge.

A well-designed science laboratory can provide the sorts of experiences neces-
sary to correct misconceptions and to develop useful physical intuition. The labora-
tory is onc of the few places where students can truly participate in the processes
of science by gaining firsthand knowledge of physical phenomena, constructing
the theories necessary to understand the physical world, and formulating their own
guts:dons. Altering misconceptions generated by interaction with the physical
world requires additional interaction. Recent developments in cognitive science
and education substantiate the importance of empirical, heavily phenomenological
experiences in learning science skills and concepts.3 One of the ways Arnold
Arons suggests to increase student learning is to provide the means for students to
form coneepts from concrete experience.4

In fact, laboratories are often omitted from or deemphasized in physics courses
because the teaching laboratory is thought to be a place not where studentc learn
physics, but a place where they develop laboratory skills of limited academic use-
fulness. The reality is that many science laboratories do not encourage exploration.
They offer "cookbook" instructions that often seem unrelated to physics ccncepts,
and they require time-consuming calculations. Many laboratory instruments are
hard to use and unreliable. In addition, the results that emerge after an enormous
amount of effort are what one would expect anyway. Because of these things, the
traditioral physics teaching laboratory is often ignored by faculty and disliked by
students. Such laboratories are better omitted from courses because they discour-
age students. They provide o new information about nature and give an incorrect
view of the process of science. Yet science laboratories are not a frill that can be
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discarded without consequence. The absence of the direct experience afforded by
the laboratory can make science less interesting and less accessible.

Scientists rarely "preach what they practice." Science is exciting to scientists
because they are engaged in discovery and in creatively building und testing mod-
els to explain the world around them (the practice). In most courses, students "do"
no science; they hear lectures about already validated theories (the preaching). Not
only do they not have an opportuuity to form their own ideas, they rarely get a
chance to apply the ideas of others to the world around them.

It is especially important for students in introductory courses to have direct
experience with physical phenomena, but inexperienced students are particularly
vulnerable to the problems with teaching labs described above. Such student.; have
not developed sophisticated laboratory techniques, honed investigative skills, or
become familiar with analytical skills, so it is difficult to construct laboratory expe-
riences where they can successfully ask and answer questions that interest them.
The effort to ensure that students with minimal laboratory skills get the "right"
answer has led to exercises with overly explicit instructions that direct students
through routine steps to confirm known answers to uninteresting questions.

Tools for Scientific Thinking

The Tools for Scientific Thinking project of the Center for Sciehce and
Mathematics Teaching at Tufts University is addressing some of the problems out-
lined above by introducing microcomputer-based laboratory (MBL) tools and cur-
ricula for colleges and high schools. Students need powerful, easy-to-use scientific
tools to collect and display physical data it in a manner that can be remembered,
manipulated, and thought about. Such tools can go a long way toward making
teaching laboratories engaging and effective for developing useful scientific intu-
ition. This sort of MBL tool was first developed at the Techni,-al Education
Reseaith Centers (Tmtc),5 and is now readily available.6 ?in tools can eliminate
the drudgery associated with data collection and display and allow students to con-
centrate on scientific ideas. MBL tools can be structured to encourage inquiry and
thereby avoid "cookbook" laboratories. Because of their ease of use and pedagogi-
cal effect. veness, well-designed MBL instruments are especially well suited to the
revitalization of science laboratories. Such tools make an understanding of physi-
cal phenomena mnre accessible to naive science learners and expand the investiga-
tions that more advanced Audents can undertake.

MBL instruments give science learners unprecedented power to explore, mea-
sure, and learn from the physical world. They do not simulate physical phenomena
but change inexpensive computers into instruments for student-directed explo-
ration of the physical world. MBL instruments of the type developed by TOW and
Tufts make use of inexpensive microcomputer-connected probes to measure such
physical quantities as temperature, position, velocity, acceleration, sound pressure,
light, and force. These tools can also measure physiological indicators such as
heart rate. Measurements taken by the probes are displayed in digital and graphical
form on the computer monitor as the measurement is taken. Data can also be trans-
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formed and analyzed, printed, or saved onto disks for later analysis. Carefully
developed software makes these laboratory tools easy to use the first time MBL
tools dictate neither what is to be investigated nor the steps of an investigation.
Conseqricady, students feel in control of their own learning. Moreover, these gen-
eral tools can be used with many different curricula by both physics majors and
nonmajors.

As part of the Tools for Scientific Thinking project, we have tested laboratory
curricula and MBL tools at varied institutions including California Polytechnic
State Un:versity, Dickinson College, Massachusetts Institute of Technology,
Muskingum College, University of Oregon, Tufts University, and Xavier
University. The project is making available a number of micmcomputer-based lab-
oratory modules and curricula that emphasize the role of the physics teaching labo-
ratory. The materials are designed to give students the means to build physical
intuition (a conceptual, qualitative, usable understanding of the physical world).
Such laboratories are accessible to the naive science learner and provide a founda-
tion for the rese ..cturing of science courses for nonmajors as well as majors. The
project is funded by the Fund for the Improvement of Postsecondary Education
(FinsE) of the U.S. Department of Education. This project is linked to another FIPSE-
funded project, Workshop Physics, which is developing an entire introductory
physics course sequence that will replace the traditional physics course with a
workshop format designed to enhat.ze student interaction with the physical world7

Learning Kinematics Concepts with MBL
Tools and Curricula

Using a motion detector designed by TERC and curricula developed by the Tools for
Scientific Thinking project at Tufts, university and high school students have suc-
cessfully learned kinematics concepts that they did not learn in lectures. The
motion detector (hardware and software) is able to measure, display, and record the
distance, velocity, and acceleration of any object. The hardware was developal
from a sonic transducer used in Polaroid cameras. The motion probe is essentially
a SONAR unit that sends out short pulses of high-frequency sound (50 kHz), and
then detects and amplifies the echo. A microcomputer is then programmed to mea-
sure the time between the transmitted and received pulse and to calculate the
position, velocity, acceleration of the object causing the reflection (much as a bat is
able to do). Any one of these quantities may be displayed on the computer screen
as the data are taken, and all are available after the measurements are completed.
The motion detector can accurately detect objects between 0.5 and 6 meters. It
detects the closest object in roughly a 15° cone. The motion detectors are connect-
ed to Apple II computers.

The kinematics laboratory curriculum was designed using guidelines and
beliei's common to curriculum in all of the various subject areas on which the pro-
ject has been working. A fundamental belief is that physical concepts are best
learned in a laboratory setting. The curriculum is heavily based on research and
uses a guided- discovery approach that makes use of student predictions, pays
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attention to student alternative understandings, supports peer learning, and pro-
vides opportunities for students to construct knowledge for themselves. Students
use their own motion to learn kinematic concepts.to

Student Understanding of Simple
Kinematics

Early on we tested students' knowledge of simple concepts in kinematics and clas-
sical mechanics-so that we could address difficulties in the laboratory. Work by
otkr researchers and our own teaching, had made us aware of the standard alterna-
tive understandings and student difficulties.9 In spite of this knowledge, we were
not prepared for the large percentage of university students who had, with even the
most basic qualitative concepts. To confirm our fmdings, we decided to collect
results from a larger sample of physics students. Because it is dill-1mA to convince
physics professors to give up any course time and because we wanted to make
evaluation less subjective, we decided to use short-answer questions. From earlier
work with students we evolved a set of short-answer questions that give a reason-
able indication of students' basic knowledge about kinematics and its graphical
representation. The questions were such that most university physics professors
were sure that no more than 10 percent of their students would miss them. Most
professors also agreed that students who could not answer questions such as these
did not have a basic understanding of kinematics. In fact there was considerable
cot.:ern that giving such questions was a waste of time and an insult to the intelli-
gence of students.

For this study the sources of the data were college and university physics-
teaching laboratories of members of the Tools for Scientific Thinking project. The
student popu:ation was primarily students enrolled in introductory algebra or cal-
culus-based physics courses. In general students were given two kinematics labs
lasting between two and three hours. These labs replaced standard university labo-
ratories. In one case, students were given one laboratory lasting only one hour and
15 minutes. The motion detector connected to an Apple II series computer was
used with curricula designed to guide students to explore fundamental motion con-
cepts. Additional characteristics of the curriculum are described above. Students
worked in small groups (two to four students). Homewo k related to the lab was
assigned. The labs ,io not depend explicitly on knowledge gainttl in lectures or
textbooks. The labs covered the position and velocity of movmg objects and intro-
duced acceleration. The relationship between force and acceleration was not cov-
ered.

The following figures give some of the results of this study. Ail data presented
here, pre- and post-MBL, were taken after students had had the usual kinematics
lectures and (in most cases) had done the usual problems. (Other data from smaller
student samples seem to show that lectures have no effect on how well Audents do
in the labs. If the labs are done rust, class discussions in smaller classer seem to
indicate more interest and understanding.) We almost always give the average error
rates on a question. Error rates greater than 15 percent on simple conceptual ques-
tions such as these are probably cause for altering the curriculum.
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Weighted Average Error BEFORE and AFTER MBL (all after Lectures)

at 80

1
I 60

(N)

cc I Pre-MBL (506)
40 0 Post-MBL (535)

g
).
et 1 2 3 4 5

Velocity Question

Figure 1. Average error rate on velocity questions after lectures and before
and after MBL.

Figure 2.

Error Rate BEFORE MBL but after Kinematics Lectures
80

Velocity auestion
4

Error rate on velocity questions before MBL but after lecture.

(N)

Oregon(176)
Cal Poly(125)
Dickinson(74)
Xavier(68)
Cal Poly(45)
Tufts-sum(18)

Error Rate AFTER MU and atter Kinematics Lectures
so (N)

1 2 3 4 5
Velocity Question

N Oregon(176)
111 Oregon-m(176)

Xavier(68)
Tufts-p (52)

El Cal Poly (45)
Tufts-s (18)

Figure 3. Error rate on velocity questions after MBL and after lecture.
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The dark bars in Figure 1 show the weighted average error rate for 506 physics
students from five different universities who answered the simple questions shown
in Figure 4. The large error rates are especially surprising since these students had
recently heard the standard kinematics lectures and worked the problems associat-
ed with them. Figure 2 shows the error rates for the questions above for each of the
six student populations making up the weighted average. The pattern is remarkably
stable across different student populations.

The large error rates associated with questions one and three are not the result
of the wrong choice of "sign," which only accounts for a few percent of the
answers. The most common error is the choice of the "distance analog" graphs A
and B. But the students do not consistently make such a choice, as the different
error rates for questions one and three show.

The error rates for the same five questions after one or two MBL motion labo-
ratories are shown in Figure 1 as the white bars. Note that the pre- and post-MBL
populations are not identical. Figure 3 shows the six differPnt populations making
up the post-MBL results. The pre-MBL sample is 45 percent physics-with-calculus
students, while the post-MBL sample is only 28 percent physics-with-calculus stu-
dents. Calculus students do better than noncalculus students on the pretest but the
effect is only about ±10 percent from the average error rate. Post-test results are
much closer. In addition, the 52 Tufts students included in the post-MBL sample
were in a "Physics for Humanists" science course that did not generally emphasize
kinematics. Their MBL lab exposure was only one short lab (about seventy min-
utes). No pretest was given because most students had not had physics and many
could not read graphs.8 The post-MBL data also include two different post-tests on
the Oregon students. One of these tests is delayed (the midterm). Either one can be
removed without greatly changing the weighted averages shown in Figure 1. These
Oregon data will be examined more closely in what follows.

Smaller sample studies have shown that post-tests given as part of the home-
work, produce essentially the same results as post-tests given in class for the kind
of question above. In general, students do slightly better when the post-test is given
in class, which is the reverse of what one might predict. Smaller sample studies
also show that students given the same questions for a pretest and post-test do not
do beuer than students given only the post-test.

The Oregon Kinematic; Results

Thanks to Professor David Scwoloff, we were able to do more intensive studies
with students at the University of Oregon. Figure 5 shows the results on these
questions for 172 Oregon students (36 percent were enrolled in a physics-with-cal-
culus course and 64 percent in an algebra-based course. All students had finished
kinematics when they took the pre-MBL test. Students were given two labs using
the motion detector. Students also received correlated homework questions. The
labs primarily concentrated on the distance and velocity of moving objects (includ-
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Velocity-time Graphs

An objecfs motion is restricted to the +1............/
+ distance axis. Pick the best choice(s) Average Error 0 : 0
for the answer. You may use a grvh more Rates in % 1

Tune

than once or not at all. o
(Poat Kinematics Lectures)

Pre.M8l. Post-MBL
1. Which velocity graph shows an object (I) v :

going away from the origin at a 41 12
steady velocity? C I

o

2. Which velocity graph shows an object
that is standing still? G 1 7 2 (-6-, v

------ e 0

3. Which velocity graph shows an object I
o

moving toward the origin at a steady 6 2 1 2
velocity? D

4. Which velocity graph shows an object
0 : 01

changing direction? F 3 6 1 0 I
o

Tune

Time

5. Which velocity graph shows an object
that is steadily increasing its speed? 5 6

_A (0
Nr.506 N=535

6. Which graphLshow objects which I
o

are accelerating (+ or -).

s....." . o -- ---".'-'..,,,,..z..._.r---un.
1

Tune

Figure 4. Questions on velocity-versus-time graphs. Questions one through
five are the questions referred to in figures 1 through 3. The order
of the questions and the graphs was sometimes changed.

ing the students' own bodies). Acceleraion was introduced, but not systematically.
The post-MBL questions were given as part of the homework, which was graded
and returned (answers, however, were not posted).

About three weas later, the same questions, rearranged, were given as part of
the midterm. The results of this delayed-post-test are also shown in Figure 5. The
results indicate that the homework helped them to understand kinematics. Is it pos-
sible that students have "memorized" the questions after seeing them twice before?
Evidence exists that giving a pretest does not help students get better scores on a
post-test. Besides, the rearrangement of the questions would prevent strict memo-



OregonVelocity Error Rates

90 1

Thornton 185

Pro-MBL
Post-MBL N=172
Delayed Post
Final

2 3 4

Velocity Question

5

N=37

Figur. 5. Error rate on velocity question for Oregon class.

rization and the students also did as well on other, different, questions. Therefore.
it seems likely that they now understand these simple concepts.

We were able to give the first four questions (again rearranged) to a small sam-
ple of 37 noncalculus students as pan of their final exam at the end of the term.
The results, shown also in Figure 5, seem to indicate that their understanding is
retained over a snbstantial period of time.

We also asked questions on acceleration even though acceleration had only
been introduced and not systematically covered in the labs. Some results are shown
in Figure 6. The questions are shown in Figure 7.

Figure 8 shows the student error rates for 11 questions on the final exam for 90
students who attended the same lecture session of the algebra-based physics
course. The 53 students who did not do the two MBL kinematics laboratories had
substantially higher error rates. The lectures were the sar for all students. The
table below summarizes the average error rates for each category of question.

OregonError Rate on Acceleration Que041-ms

too
All data taken after kinematics lectures-

80

e 60

g40

Sia

Pre PABL
Eli Post MBL

Delayed Post

Nz172

1 2 3 4 5 8 7 8 9
Question

Figur. 6. Error rate on accelerotion questions.
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Table 1.

Average Error Rates for Students in the Algeb. ra-Based Physics Course
Tang Quasi= with hal, without MBL

Velocity 1,3,4 13% 39%
Acceleration 5-9 36% 56%
Force 10, 11 55% 55%

Acceleration-Time Graphs
The gniph below is an acceleration-time graph for a car, the motion of which is restricted to
the + distance aids. Choose the letter of the section of the graph which muldsorrespond to
each of the following motions. Choose the gm best answer. If you think that none
correspond, write N

A

so
f Time
a

ii

Correct Answer

Error Rates In %
Delayed

Pout
Pre- Post-
Met MU

The car could be speeding up at a steady rate, 59. 18 7.
moving away from the ongin.

The car could be moving at a constant speed 83. 14. 7.
sway from the ongin.

The car could be slowing down at a steady rate,
moving away from the origin

84 . 47. 25.

C 4. The car could be moving at a constant speed 84. 58. 21.
toward the origin.

E 5. The car could be sowing up At a steady rate. 90. 54. 25.
moving toward the (Ain.

Acceleration
Consider the acceleration in each of the following situations For each of the following
desaiptions of the motion of an object write a or '0' in the space to indicate
that the acceleration is positive, negative or zero.

6. A car i% moving in the positive direction 19. 17. 4.
and %Imes b rest.

7. A car starts from rest and begins 3. 5. 2.
to move in the positive direction.

8. A car is moving in the negative cirection 51. 27. 15.
and comes ti rest.

- 9. A car starts from rest and begins 38. 18. 10.
to move in the negative direction

Figure 7. Comparison of students who had MBL laboratories to those who
did not.
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III No MBL N'53
is MM. N.37

Figure 8. Error rate on each question for Oregon group.

The "with MBL" results am quite consistent with the coverage of the MBL lab-
oratories The MBL Is covered distance and velocity well. They introduced but
did not emphasize ? leration, and they did not cover the relationship between
force and acceleration. The velocity questions were selected from the ones
described earlier. The en w rates of the MBL students increased a few percent
compared to the delayed post-test, but retention over the two-month period is very
high. The error rates for the no-MBL students are unfortunately consistent with the
pre-MBL error rates taken earlier in the course, except that students apparently did
learn through the standard treatment to recognize the velocity graph of an object
standing still (question 2). QUeStiOds 5 through 11 are shown in Figure 9.

Is MBL Software Pedagogically Successful?

There has been considerable discussion about whether computer-based learning
offers substantial advantzges over other methods, but there has been very little evi-
dence published. Can the MBL software discussed in this paper be considered peJ-
agogically successful? This paper shows evidence of substantial persistent learning
of very basic physical concepts by students using a particular set of curricular
materials. These same simple physical concepts were not learned by large nwnbers
of students when they listened to good traditional physics lecturCS, read respected
textbooks, and did the traditional algorithmic problems at the end of Che chapters.
The laboratory curriculum used by these studerhs was made possible (or at least
practical) by the use of a microcomputer-based motion tool that used the power of
the computer to allow students to see actual measuremerts of physical phenomena
displayed in real time as gaphs. The immediate coupling I the graphs to the phys-
ical phenomena seems to lead students both to understand graphing as a useful sci-
entific symbol system and also to understand physical concepts from an
examination of appropriate phenomena.

203
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Questions S-11 Given to All Students on the Final Exam
Questions 3-11 rely to the motional C) :4+1
a loy car which is restricted to the +
distance axis: Chcou the litter of c 0

the one comet accsisratbn vs. time
1

graph whico could corresponi to
the motice of the car described in CD A
each el the kicking. If you think c +
that none is correct. answer N. You c o
may us* a graph more than once.

1

E 5. The ear mous a a
constant spud away from (I) A
the orn. c +

c 0B 41. The car uploads up at a
1study ralt rroving away

from the origin.

D
A

7. The car slows down at a 0 c + L
. o/toady rate. 1110Villa away

from the origin.
1

E e. The car moves at a CD A
content need toward c +1
the °kr.. c o

D 9. The ex speeds up at a
1

study raw nvaving
toward the °kin. CD A

e +
13 14. A constant force pushes c o

the car away from the *tin 1

(Assume that trbion is
rwb069131t) 0 A

E *1. The car was given a rush.
c + I
c o

released and now moves
away from the cvn. rVhch 1

graph corresponds to the
car's acceleratico atter A was
refused? (Assame that friction
Is AlfOrlifole.)

Time

Time

Time

Time

Time

Tim,

Figure 9. Questions on acceleration versus timc. Questions five through
eleven were given to all students on the final exam.

What happens when beginning students use MBL tools to do mom or less tradi-
tional physics experiments? The students are pleased. They mAy do additional
exploration, and they do a better job in general. Preliminary evi,ence shows that
they do not, howeva, learn fundamental physical concepts unless the means of
teaching them are built into the experiments. We can certainly say that the MBL
software and hardware tools are pedagogically successful for teaching such physi-
cal concepts when used in combination with research-based curriculum materials.

This work was partially funded by the Fund for the Improvement of Postseconciary
Educadon (FUSE. U.S. Department of Education) under the Tools for Scientific Thinking
Project at Wu University.
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A Collection of Laboratory
Interfacing Ideas

David L. Vernier
Vernier Software, 2920 S.W. 89th St., Portland, OR 97225

Computers are now widely used in many physics labs and classrooms for graphing,
data analysis, timing, and temperature measurement. This paper presents some lab-
oratory applications that are less widely used. Most of these applications require
hardware to allow the computer to do voltage measrrerrient. There are several
types of devices that can accomplish this task, ine.udinr .z.og-to-digital convert-
er boards, voltage-to-frequency converters, and senal 'At! .1 analog-to-digital con-
verter ICs that can connect to the game port. Fc. some of the applications
described, the voltage signal changes quickly and the roltage-input device must be
capable of collecting data at a rapid rate. Also note that some of the circuits
described require +12 V and -12 V power supply lines. Others can operate off of
only a +5 V power supply lead. Thc AC control circuit is specific to the Apple II
computer and requires no additional hardware.

Measuring Magnetic Fields

A voltage-to-frequency converter or an analog-to-digital converter can be used
with a linear Hall effect sensor to measure magnetic fieiti intensities. The circuits

1..;
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SIGNAL

93SS12-2
HALL EFFECT _
TRANSDUCER

Figure 1. Variable-gain Hall Effect amplifier.

below allow you to measure the field near a small magnet or even the earth's mag-
netic field.1 They use Wicro Switch 93SSI2-2 linear Hall Effect sensors? An oper-
ational amplifier steps up the voltage to the range where it can be monitored by the
computer:Me output voltage is proportional to magnetic induction.

The first circuit (Figure 1) uses one sensor and is designed for use around rather
strong fields Oaboraicry magnets, etc.). The voltage gain of the amplifier circui
can be changed by adjusting the 20-kfl potentiometer. The other potentiometer is
used to set the offset voltage. Note that this circuit requires only a +5 V power sup-
ply lead.

The second circuit (Figure 2) uses two back-to-back sensors and provides more
amplification. This circuit can detect weaker fields, including the magnetic field of
the earth. This circuit uses an amplifier with a gain of 100. The 100-kfl poten-
timeter allows you to set the offset voltage. It can be connected to either the +12
" positive or -12 V negative lead, depending on which way you need to offset the
voltage. This circuit produces about 0.8 V when aligned with the earth's magnetic

Accelerometer

Sensym has recently introduced a series of small, general-purpose accelerometers.3
These devices are made of micromachined silicon wafers. They contain a "seismic
mass" mounted on a beam equipped with piezoresistive elements. Acceleration of

iigure 2.

[

+12Y

-12V (OR +12V, SEE TEXT)

BALANCE
POTENTIOMETER

100K

9ISS12-2
HALL EFFECT

TRANS DUCE

High-gain Hall Effect amplifier.

2°C

SIGNAL

GND
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Figure 3. Accelerometer circuit.
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SIGNAL

the sensor causes the beam to bend and the resistance of the piezoresistive ele-
ments to change. The resistive elements are arranged in a Wheatstone bridge cir-
cuit within the accelerometer. The output-potential difference is pmportional to the
acceleration of the sensor. These accelerometers are referred to as the Sensym SXL
series. They are manufactured with maximum acceleration of 10 g, 20 g, or 200 g.
The price of one sensor is $50 to $75.

We have interfaced an SXLIO accelerometer to an analog-to-digital converter
using the circuit shown in Figure 3.

Four thin, flexible wires are used to connect the accelerometer and amplifier,
which are mounted on a small circuit board, to the A/D converter. The excitation
vokage for the Wheatstone bridge is provided by a regulated 5-V supply. The data
sheet for this particular SXLIO accelerometer lists its output as 2.361 mV per g
with a 5-V excitation voltage. The instrumentation amplifier shown in the diagram
above is set up for a gain of 200. The output voltage should therefore be 0.472 V/g.
When the accelerometer is dropped the voltage produced by the circuit changes
approximately the expected 0.47 V. You can also use the accelerometer to measure
and demonstrate centripetal acceleration by spinning it around in a circle by ;ts
connecting wires. It can also demonstrate the acceleration of an object in simple
harmonic motion if i is allowed to bounce at the end of a spring.

Studying sound wavvJ

If a microphone and amplifier circuit are connected to an analog-to-digital convert-
er with a sufficiently high sampling rate, the computer can take the place of an
oscilloscope in studying sound waves. The circuit diagram in Figure 4 uses ar
inexpensive dectret microphone to produce a voltage signal that can be displayed.4
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ELECTRET
MICIMPHDNE

1MA
OFFSET UV

1M3900NORTOHOPAMP

12V

SIGNAL

MICROPHONEIAMPLIFIER CIRCUIT

Figure 4. Microphone/amplifier circuit.

The amplification is done b using one fourth of an LM3900 Norton op amp. The
potentiometers are used for sensitivity control (the 50-1d2 pot) and seuing the volt-
age level with no sound (the I-MQ pot).

Using a computer to take the plaze of an oscilloscope for sound-wave studies
allows you to store we data in the computer and use it for further numerical analy-
sis. Students can learn a lot about frequencies, periods, amplitudes, beats, over-
tones, and harmonics. The new electronic keyboards, which provide a variety of
simulated sounds and allow synthesis .,f sounds, make excellent demonstration
tools.5 The graphs in Figure 5 show computer displays made while an experi-
menter played a fife at about 580 Hz (left graph) and whistled at one octave higher
(right graph).

A Quantitative Momentum-impulse
Experiment

Textbook problems involving impulse nearly always assume a constant force.
Unfortunately, real-world forces are rarely constant. In this experiment (Figure 6)
you study a real collision and compare the impulse with the change in momentum.

VOLTS/DIVI2
INPVT.A

TRIGGERING.

MSEC/D/vel
SLOTt)

AL.TOMATIC AT VOLTS

VOLTS/DIV I MSCC/D/,',1
INPVT.A SLOT.2

TR/GOERING. AUTOMATIC AT VOLTS

Figure 5. Sample oscilloscope simulation screens.
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Figure 6. Collision experiment setup.
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FORCE

TR ANSDUCER
BAR

A glider on a level air track collides ,vith the metal bar of a force transducer.
The bar flexes and the glider bounces oif of it. A photogate is mounted so that the
glider will pass through it just before it hita the force transducer bar. The purpose
of the photogate. is to provide a triggering signal and to measure the speed of the
glider before and after the conion. The force exerted on the bat of the force trans-
ducer is measured during the colision. Software can plot a force-versus-time
graph. It also does the integration during the time of the collision to calculate the
impulse. The times measr -rd by the program also allow you to calculate speeds
and momentum change.

The zquipment required for this experiment is as follows:

1. A force measurement deviez (either a homemade strain-gauge system or a
PASCO dynamic force trarsducer6).

2. A photogate connected to the Apple game port.

3. An air track and one glider. The cxpairnent can also be done using a dynamics
cart, with slightly larger errors int-oduced by frictional effects.

4. An A/D converter capable cf sampling at a minimum of 100 Hz.

5. Software to collect fore; data during the collision and to measure the speed of
the glider before and after the collision. The Vernier Software program Voltage
Plotter III includes features that allow it to be used for this experiment.%

Blore the experiment is performed, the force transducer should be calibrated
so that its voltage output can be convoted to torce. During an actual experimental
run, the program does the following.

I. It waits until the photogate is fug blocked and then begins timing.

2. It continues timing until the photogate is unblocked. The time it takes the flag
on the air-track glider to pass through the photogate is therefore measured.

3. When the photogate is unblocked, the program begins taking force measure-
ments. A graph of force versus time is displayed on the screen.

4. The program then waits until the photogate is blocked again (by the rebounding
glider). The time it takes the flag of dr glider to pass through the gate is again
measured.

The two times are displayed and used to calculate the change in momentum.
The graph of force versus time cm be used to calculate the impulse by integrating

C



194 Computers in th a Physics Laboratory

over the time of the collision. The integration is another task that can be done effi-
ciently by the computer.

A sample graph, along with the data and calculations, is shown in Figure 7.
Integrating under the force-versus-time graph (Figure 7) from the start of the

collision to the point where the curve goes negative yields

Area = 185 N-ms or 0.185 N-s.

The change in momentum is calculated as follows:
The velocities of the air track glider measured by the program before and after

the collision were:

Vbefore = 0.400 rn/s and vie, = 0.269 m/s.

The change in velocity is the vector difference between these two is

Ay = vow vbefore = 0.269 0.400 = 0.669 m/s.

The mass of the glider was 0.274 kg. So the change in momentum is

Li momentum = mass Av = (0.274 kg) ( 0.669 m/s) = 0.183 kg-rn/s.

Notice that this agrees very nicely with the change in impulse.

Pressure

Several manufacturers produce pressure sensors that can be interfaced to a comput-
er.8 The Sensym SCX series of pressure transducers is "temperature compensated"
to minimize the drift caused by tempe,ature change. This series of pressure trans-
ducers includes sensors for measuring either absolute or differential pressure with
ranges from 0 to 1 psi up to 0 to 100 psi. These sensors cost about $25.
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Figure 8. A variable-gain pressure sensor circuit.
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The circuit in Figure 8 uses an SCX15ANC sensor. An excitation voltage
(Vim) is applied to the pressure sensor. Internally, it uses a Wheatstone bridge cir-
cuit to produce a potential difference between its output terminals that is propor-
tional to the pressure. For the SCX15ANC, the output is 2 mV per psi when a 4-V
excitation voltage is used.

The amplifier circuit above uses only a +5 V power supply lead. This allows it
to be used with a variety of voltage measurement devices (+12 V and -12 V power
supply leads are not required). The four op amps in the circuit above are all con-
tained in one TLC274 quad op amp. The pin numbers on the TLC274 are indicated
in the diagram. The 5-k potentiometer controls the gain of the amplifier. The over-
all gain is 1+2x100k/R, where R is the resistance of the gain potentiometer. The
bottom part of the circuit provides an offset adjustment.

To minimize the error caused by changes in the excitation voltage, a voltage
reference circuit is recommended to produce a very stable VREF from the +5 V
power supply voltage. One possible circuit is shown in Figure 9.

We have begun testing these circuits with the goal of producing an inexpensive
barometer. Measuring atmospheric pressure changes is difficult to do accurately
because the pressure changes are rektively small. The circuits described here seem
to be very stable and reliable. Additional offset circuitry and more amplification
will probably be needed to product., a computer-interfazed barometer.

AC control

Controlling a 120 VAC circuit with a computer is a fairly simple task, thanks to
solid-state relays. These electronic components are available from many mail-order
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ZENER
DIODE

Figure 9. Voltage reference circuit.

suppliers.9 Prices vary with the current rating of the relay. They start at about
$10.00 for new (nonsurplus) solid-state relays.

Most solid-state relays have four terminals. The control (input) terminals are
usually designed to operate on a 3-V (minimum) DC signal. They require only a
few milliamps of current to turn on the solid-state relay. The output terminals are
normally open, but conduct AC current when the input terminals have a voltage
applied across them.

Because the input terminals require only a small DC voitage and draw a small
current, a computer can easily be used to control the solid-state relay. In the circuit
below, which is designed for use with the Apple II game pon annunciator lines, a
7404 inverter IC is used as a buffer to make sure that the circuit does not sink too
much current into the annuaciator line.

On an Apple II, the circuit shown in Figure 10 (using the ANO line) can be con-
trolled with the following BASIC statements.

To turn the AL circuit on, POKE 49241, 0. To turn the AC circuit off,
POKE 49240, 0.

Note that there are four annunciator output lines on the Apple II internal 16-pin
game port, so four different circuits could be controlled. The annunciator output
lines are not available on the Apple II 9-pin external game port connector.

Computer-controlled AC lines have many uses in the physics lab. Combined
with other circuits and software, they could be used to turn on an alarm bell or
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Figure 10. Apple ll AC control circuit.
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light, operate lab eqttipment automatically, or maintain a constant temperature in a
region by controlling heater.

1. These circuits are based on an article by P. A. Bender, Am. J. Phys. 54, 89 (1986).
2. Micro Switch manufactures several Hall effect transducers. For information contact

Micro Switch, 11 West Springs Street, Freeport, IL 61032. The Hall effect transducers
cost about $7.00 each. Texas Instoments and other manufactures also produce linear
Hall effect transducers.

3. Sensym1255 Reamwood Avenue, Sunnyvale, CA 94089, tel. (408) 744-1500.
4. The electret microphone is Radio Shack part number 270-092.
5. The Casio SK1, for example, has five preset tones and digital sampling. It also allows

you to synthesize a sound by adding harmonics.
6. PASCO Scientific, 1876 Sabre Street, Hayward, CA 94545 tel. (800) 772-8700.
7. Voltage Plotter III (Vernier Software, 2920 S.W. 89th St., Portland, OR 97225, tel.

(503) 297-5317).
8. 'IWo sources are Sensym, 1255 Reamwood Avenue, Sunnyvale, CA 94089, (408) 744-

1500, and Nova Sensor, 1055 Mission Cour, Fiemont, CA 94539, tel. (415) 490-9100.
9. Two mail-order electronics suppliers who usually carry solid-state relays are All

Electronics, tel. (800) 826-5432 and Mouser Electronics, tel. (800) 346-6873.

Five Years of Using
Microcomputers in Basic Physics
Laboratories at the U.S. Naval
Academy

David A. Nordling
Physics Department, U. S. Naval Academy, Annapolis, MD 21402

Early in 1983 the physics department of the U. S. Naval Academy began using the
microcomputer in all teaching laboratories. All students at the Naval Academy
must take at least one year (two .s-mesters) of introductory physics. This means
that each academic ycar approximately 1,100 sophomore students take introducto-
ry physics. Approximately 30 to 40 of these students will have chosen physics as
their major and therefore will take additional physics courses.

The physics department at the Naval Academy has always used the teaching
laboratory to supplement the traditional classroom presentation of physics. By
1981 many of us felt our laboratory program had fallen short of its intended objec-
tives, particularly in the large introductory physics course. Instructor enthusiasm
for these laboratories was waning, and this lack of enthusiasm carried over into
students' partici-lion. One major cause for the lack of enthusiasm was the poor
state of much of our lab apparatus and measuring equipment.

It became clear in 1982 that if we were to teach viable physics courses at the
Naval Academy, we would have to repair or replace most of our existing laborato-
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ry equipment, Winding measuring devices (stop watches, volt meters, ammeters,
etc.).

In January 1983 we began to investigate the application of the microcomputer
as a laboratory tool. By the end of that spring semester the concept of a laboratory
microcomputer work station began to emerge.

Laboratory Microcomputer Work Station

We chore tte following equipment for our wodc station:

1. Apple Ile microcomputer with 128K or 192K of meroxy.

2. Monochrome CRT display monitor.

3. One 5 1/4 liskette drive.

4. Dot-matnx priater with parallel interface and graphic dump capability.

5. Analog-to-digital converter with eight double-ended (or 16 single-ended) input
channels, and three independent counter/timers, each driven independently from
the system clock or other source.

6. Interface box for easy connection to the A/D and counter/timers. The interfaze
box also contains ±5 and ±12 volts DC power supplies for experimental
hoolcup.

7. 'No photogates interfaced through the Apple Ile game-port interface, used for
timing.

8. Portable rolling cart to t-old all components associated with the microcomp.aer
work station.

The approximate cost per work station was 53,500.
In the fall of 1983 we were able to get 15 micmcomp.ifrm Ind with about half,

were outfitted with A/D converters. We began immediately using the microcom-
puter as a laboratory measuring device in the lab course devoted to teaching basic
physics (heat, sound, and light) to the 30 or 40 students selecting physics as a
major. One year later (fall 1984) we had approximately 75 work stations in the
basic and advanced physics lab spaces. Because of scheduling and space limita-
tions, three- or four-ruldent lab teams are assigned to one microcomputer work sta-
tion during a laboratory period.

Experiments

Students use the microcomputer work station if: the following experiments:

1. Free fall. A study of accelerated linear motion.

2. Motion on an inclined air track. A study of accelerated linear motion and
conservation of energy.
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3. Motion on a rough inclined plane. A study of friction and conservation of
energy.

4. Collisions on an air track. A study of conservation of lii.zar momentum,
elastic and inelastic collisi as.

5. Impulse and change in momentum. A study of the relation between the
impulse and change in momentum as an object collides with a force trans-
ducer.

6. Rotation. A study of rotational kinematics and dynamics.

7. Simple pendulum. A study of a simple pendulum with both large and small
amplitudes. Also an investigation of damped periodic motion.

8. Viscous drag. A study of viscous drag on objects as they move through air.

9. Viscosity of water. A measure of the viscosity of water using Poiseulle's law
at room temperature and near the ice point. Also a study of exponential pro-
cesses.

10. Specific heat. A measure of the specific heat of a solid.

11. Latent heat. A measure of the latelit heat of liquid nitrogen.

12. Standing waves on a string. A study of standing waves on a string.

13. Standing waves in an air column. A study of standing waves in a column of
air.

14. Newton's law of cooling. A study of the cooling of heated objects near room
temperature.

15. Electric fields. A study of the electric field between various electrode con-
figurations ia a tray of water.

16. Simple electrical circuits. A study of Ohm's law and Kirchoff's rule in rela-
tion to simple electrical circuits.

17. RC circuits. A study of electric current, charge, and potential in a simple
series RC atuit.

18. LRC circuits. A study of electric current, charge, and putential in a simple
series LRC circuit.

19. Faraday's law. An Lbservation of the emf generated as magnets fall through
coils of wire.

20. Simple lenses. A study of thin lenses and lens cornbilations.

21. Diffraction grating. An investigation of the helium spectra using a diffrac-
tion grating.

22. Prism spectrometer. Measure of the index of refraction of a glass prism for
various wavelengths in the helium spectrum. Shows the dispersion curve for
flint glass.

4 aes
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Software

la 1983, when I became involved with our efforts to use the microcomputer in the
lab program, it seemed clear to me that carefully written software was essential. I
have tried to incorporate the following key features in the software written for our
laboratory work stations:

1. The software is written so the work station becomes a laboratory tool capable of
reading, recording, and displaying voltages from user selected A/D channels;
recording timing data based on when voltages are read or the interruption of a
light path in a photogate; saving, mathematically manipulating, analyzing, and
graphing data that has been gathered; and outputting user-selected frequency
signals.

2. With only three or four obvious exceptions, the software is not tied to any spe-
cific experiment.

3. The software does not control the flow of the experiment.

4. The student must decide if (and how) the data should be manipulated or graphi-
cally represented.

5. The software on a given floppy disk is integrated into a unified package that is
completely menu drivcn.

6. The software is organized on each disk so that only one disk is needed for any
specific lab experiment

7. User input and control are maintained to a minimum of keyboard inputs.
Generally two types of inputs arc required: (a) arrow keys and return key for
selecting menu items; (b) keyboard input of file names for data storage and
rftcovery from disk or ram.

All of the software for the laboratory work station has been placed on eight
floppy disks. A given laboratory exper;mrtnt requires only one of the eight disks.
The software is organized so that ddring the initial boot operation all (or most) of
the software is loaded into RAM. A student's own disk may be used for data stor-
age (if desired). Space is also made available in RAM for some data storage. Data
accessed to and from RAM is, of course, faster.

These 2re some of the software programs that have been written:

I. Apple Graph. A general-purpose graphing software. Used in every experi-
ment listed earlier except collision on an air track, LRC circuits, and
Faraday's law (available on all eight floppy disks).

2. Data-InputlEditor. A four-column general-purpose spreadsheet data editor.
Used in every experiment except Faraday's law (available on al; eight floppy
disks).

3. Calculator. A "pocket-type" calculator. Used if students do not have their
own personal hand calculators (..vailable on cach floppy disk).

2 1 f:
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4. Polynomial Fit. Provides up to sixth-or' -- least-square polynomial fit of
data. Generally used in four experiments: free fall, simple pendulum, vis-
cous drag, and prism spectrometer (available on all eight floppy disks).

5. Timer. Multipurpose timing software used in coojunction with photogates.
Used in six experiments: free fall, motion on an inclined plane, collisions on
an air track, rotation, simple pendulum, and viscous drag.

6. Impulse Experiment. Software written specifically for the impulse experi-
mem.

7. Electric Fields. Software written specifically for the electric fields experi-
ment.

8. MultiChannel Voltammeter. Eight different storage volt meters that use
eight double-ended inputs from the A/1) converter. Any channel may be
used as an ammeter by insulling a shunt resistance. Used in four experi-
ments: impulse and change in momentum, viscosity of water, Newton's law
of cooling, and simple electric circuits.

9. Multi-Channel Read/Plot/Store. Up to 256 voltages from one to four A/D
channels are read at sampling ratts ranging from 16 Hz tu 3000 Hz. Times at
which readings are recorded along with the A/D values are collected as data
for each channel selected. Used in the experiment RC circuits.

10. Fast Graph. Nbltage readings from one A/D channel are read at sampling
rates ranging from 700 Hz to 45000 Hz. The program records, displays
graphically, and stores 1024 data values. Used in two experiments: LRC cir-
cuits and Fara say's law.

11. rpecific Heat and Latent Beat. Written specifically for an experiment
involving the measurement of the specific heat of a solid and the latent heat
of liquid nitrogen.

12. Sine Wave Generator. Written to accommodate experiments involving stand-
:rig waves on a string and in an air column.

13. Utilities. Several general-purpose utilities associated with graphic display,
operating system, sorting, etc.

Experimental Procedures and Tasks

The software was written, as much as possible, so that the experimental procedure
and specific tasks are under the control of the students (or by direction from the
instructor). A printed hand-out and/or oral instructions arc usually handed out by
the instructor at the beginning of the laboratory period.

Advantages

The microcomputer work station h.14 a number of advantages over the convention-
al laboratory setting:

217
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1. The microcomputer work station can replace many conventional measuring
instnaneats, i.e., timers, voltmeters, ammeters, signal generators, oscilloscopes,
tiiennomesus, etc.

2. The students can handle large amounts of data.

3. In many instances data can be gathered faster.

4. These is less error in data gathting.

5. The wotk station provides easier and faster data analysis and graphing.

6. Usually a given experiment can easily be repeated several times during a given
lab period (with or without modifications).

Disadvantages

1. There is a limit to how many students can make observations on a microcom-
puter CRT =CIL With more than two students per work station, the excess stu-
dents will tend to stand idly by while the other two collect and analyze data
usiug the microcomputer keyboard input and CRT (or printer) output The ideal
number of students per work station is two. No more than three should ever be
assigned to a work station.

2. Students tend to lose sight of what is involved and the significance in certain
data scalysis least-squatt fit, kigarithmic piritting, etc.). This disadvantage
may also be present when students use the hod calculator.

3. Extra time and effort must be spent by faculty and staff to write, a-ionize, coor-
dinzte, and document software in a particular lab experiment.

Application softwares

I. All application software used in a laboratory experiment should be integrated
and linked by a main driving program that requires a minimwn of keyboard
input for oration. Software execution should not require complicated
iceystroke combinations or extensive aser-manual references.

2. ff the applicatinn software is provided on sevetal different disks, the procedure
fee wasting the software should be the same from disk to disk. After a nne- or
two-hour session using the software on a disk, the student should be able to use
other laboratory-related software with minimal difficulty.

3. The application software should not (as much as possible) be tied to any specif-
ic laboratory experiment. This allows a given piece of software to be used in
several diffetent experimental situations. This also allows changissi, the experi-
mental procedure without rewriting (or revising) the software.

2 1 Q
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4. The software should not pr form the experiment and display the experimental
results. The micmcoinputer should function as a tool to gather and analyze data
under the direction and control of the student. Fmally, the output of experimen-
tal resas we the responsibility of the student.

Future Plans

We plan to continue with the present microcomputer (Apple He) and associated
hardware at each work station for at least the next three to four years because of
the large amount of effort put into generating software for the present hardware
configuration.

We plan, however, to add some hardware enhancements to the existing basic
work stations at an approximate cost of $1,000 per work station. We will:

1. Extend the memory of the microcomputers to one megabyte. This will allow all
software to be loaded into RAM. All subsequent calls for software can then be
made to RAM rather than floppy disk. This will allow more memory space for
fast data storage and recall.

2. Add one high-capacity 3 1/2 inch disk drive to each work station. This will
allow all physics b software to reside on one 3 1/2 inch floppy disk instead of
eight different 5 1/4 inch floppy disks. Since all software will be loaded into
RAM, both the 33- and 5.25-inch disk drives will be available to store experi-
mental data and results on the students' disk.

3. Add a speed-up card to the basic computer. This will speed-up most operations
by a factor of approximately 3.5.

Upper-Level Experimental Physics

Lee E. Larson
Department of Physics, Denison Universdy, Granville, OH 43023

Computers are used in the upper-level laboratory course for two primary reasons.
Most important, they can enhance the quality of experimental physics. Such tech-
niques as signal averaging, measurements of transient phenomena, automating and
controlling experiments, very slow measurements over a long period, and precision
timing can improve the quality of data and extend the range of possible experi-
ments. Second, students must learn to work in the type of environment they will
encounter in graduate school or in industrial or governmental laboratories.

The experiments described below are interfaced to computers that are equipped
with commercially available plug-in boards to provide a number of channels of
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analog-to-digital (A/D) and digital-to-analog (D/A) conversion, digital input-out-
Put (1/0), GPM (JFFF-488) capability, and timer-counters) We make short sample
codes illustrating the basic operation of these boards available to our students, and
also a series of machine-language programs needed for special applications (fast
aquisition, acquisition with a known time interval between data points, etc.).
These machine-language routines are either purchased from board manufacture&
or adapted from published routines.3

The experimental physics course is normally taken by students in their junior
year. The background of these students includes a year of modern physics and
semester courses in electronics, classial mechanics, and electricity and mag-
netism. During the one-semester course in experimental physics each student com-
pletes about four open-ended experiments chosen from a list of about 40
possibilities. About 15 possible experiments involve the use of a computer for
interfazing and acquiring data. Students build each experiment from the ground up,
beginning with a library search, the basic experiment-specific equipment, and cabi-
nets of general apparatus. When the experiment is complete, the student writes a
report in a form suitable for submission as a journal paper.

For each experiment that involves the computer, students are given some mod-
est direction in how to use the computer for data acquisition (suitable measuring
techniques, appropriate interface capabilities) and, the sample acquisition codes
mentioned above), but are expected to do signal conditioning, connection to com-
puter-interface boards, and development of both acquisition and data analysis pro-
grams. In practice, this procedure seems to work reasonably well; the experiments
take longer than they would if detailed information was provided, but students
really seem to end up with the ability to do this on their own. At present the stu-
dent-written analysis programs are very simple or n-nexisteni Students much pre-
fer to write their raw data to a disk file and then to load them directly to a
spreadsheet program for graphing and analysis.

Experiments

This section describes four experiments that were developed and performed by
recent students. The data shown are taken directly from student lab reports.

Fast Fourier Transform Optical Spectroscopy

A standard homemade Michelson interferometer is equipped with a stepper
motor and worm reduction gear assembly to drive the movable mirror under com-
puter control. A reversed biased silicon photodiode is positioned to record the
intensity of the fringe pattern. Since the analysis of a symmetric interferogram is
easier for rust experiments, the movable mirror is carefully positioned to center the
interferogram on the white-light fringe pattern. The mirror is then s,.-Anned over
equal distances each side of the central fringe, and data of light intensity versus
mirror position are gathered by the computer A Fourier transform of these data by
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the computer gives the spectrum of the source, i.e., the intensity as a func 'on of
wavelength. For information on designing the experiment, an excellent reference is
Be11.4 A primary limitation is budding a mechanical system for moving the mirror
that will provide steps of equal size. If the step size varies, the transformed spec-
trum will appear noisy.

The spectrum of a He-Ne laser illustrated in Figure 1 clearly shows the spectral
line but also gives an indication of the noise present. In general, low-resolution
sources are less demanding in terms of mirror positioning and noise. An easier
experiment is done with an incandescent source. Figures 2 and 3 respectively show
an interferogram and resulting spectrum. The spectrum does not bear much simi-
larity to the continuous spectrum expected, especially with the sharp cutoff at high-
er wavelengths. However, recall that the response of the silicon photodiode
decreases rapidly above 1.1 microns, and we should expect that the spec., um deter-
mined will actually be a product of the incandescent source and the detector
response curves. Combining the response of a typical photodiode with a 2000 K
black-body spectrum gives the theoretical curve shown in Figure 4. Note that this
curve is at least qualitatively similar to the transformed spectrum (Figure 3).

Other measurements possible with this system include fmding the profile of an
optical filter and attempting to resolve closely spaced spectral lines (the sodium
doublet, for example).

Short Half-Life

A Geiger counter is connected to a counter-timer interface board through a suit-
able interface (a carefully chosen comparator) that "squares up" the Geiger pulses.
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Figure 1. Fast FolArier transform of a HeNe laser.
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Figure 2. Interferogram of white-light spectrum.
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The circuit is shown in Figure 5. The computer is progammed to record count rate
versus time, providing the same function as a multichannel analyzer run in multi-
scale mode. Once the data are acquired, a least-squares fit is made to determine the
half-life. The computer control of the data acquisition makes it possible to measure
and analyze sources with quite short half-lives.
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Figure 3. Fast Fourier transform of white-light spectrum.
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Figure 4. Response function of a photodiode to an incandescent source.

A minigenecater5 can be used to make a barium 137 source with a half-life of
2.55 mhi. Typical data taken for such a source are shown in Figure 6. Notice that
the half-life computed from the raw data is longer than the accepted value. When
proper coffections for detector dead time were made, the half-life based -n five
sets of data was 2.54 ± 0.04 min, in excellent agreement with the accepted vaLue.

For another source, silver can be activated by a neutron howitzer to make
sources with half-lives of 24.6 seconds and 2.37 minutes. The analysis is interest-
ing because it involves effectively separating the counts from the two sources.
Results of a typical experiment are shown in Figure 7. The count rates are quite
low and therefore noisy; however, the least-squares fits, shown in the Figure as
straight lines, give results for the half-lives that are very close to the accepted val-
ues.
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Figure 5. Circuit diagram for a Geiger-counter interface.
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Figure 6. Decay curve for Ba137.

This work was adapted from an experiment designed for an AAPT workshop by
Barney 'by lor from Wright State University in Dayton, Ohio.

High-Resolution Spectroscopy

We recently acquired, with the assistance of the NSF CSIP (now ILI) program,6
an Instruments SA model HR-320 grating spectrometer7 and a 1024 element pho-
todiode array-detector system8 that was mounted on the spectrometer as shown in
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2.3 min sig(h1) .= .3 min hl 24 sec stg(h1) .= 2 sec

Ln(counts)
Ag 108
Ag 110

a
0a

100 200

Time (sec)

Figure 7. Decay curve for Ag108 and Ag110.
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Figure 8. Spectrometer with reticon detector.
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Figure 8. The initial experiment was to get this system operating under computer
control and to make an attempt to measure its resolution.

The spectrometer is easily controlled by the computer. The wavelength is
adjusted by rotating the grating. The grating is turned by a stepper-motor system.
TWo digital signals are needed, one to set the direction of rotation, the other to step
the motor.

The output of the detector system is designed to be viewed easily with an oscil-
loscope. A signal on a trigger output is followed by signals on an analog output
from each detector element in rapid succession. This method provides a good
check on system operation. However, for quantitative analysis it is much handier to
have information of intensity as a function of wavelength in a computer array.

To interface the detector array to the A/D computer board we used three sig-
nals. The trigger signal mentioned above was used to initiate a data-gathering
cycle. By probing around on the detector circuit board, we found a digital signal
that pulsed before the signal from each detector element was presented. This signal
was used as an external clock input for our A/D system. The detector analog output
was connected directly to the A/D input. The minimum readout rate of the detector
system was 33 kHz, which slightly exceeded the maximum acquisition rate of our
A/D board. We padded a capacitor on the detector system clock to slow the readout
rate slightly.

Figure 9 illustrates data taken of the sodium doublet at 588.9 and 589.5 nm. An
expansion of the rtgion of interest is shown in Figure 10. We see that when the
detector is placed at the exit slit location, each pixel covers about 0.03 nm. The
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Figure 9. Visible spectrum for Na showing the doublet lines.

theoretical resolution of the spectrograph with the grating supplied, is about
160,000. This transIves to being able to separate spectral lines that are about 0.006
nm span in the vicinity of the sodium doublet. This is greater than the detection
system allows by a factor of five. lb make full use of the resolution of the spectro-
graph requires a more sophisticated optical setup, or a more traditional exit slit and
detector, and scanning the line across the slit. For many experiments, however, the
detector system as used here provides more than adequate resolution.

SODIUM DOUBLET (5889 to 6895 A)
40 Pixel Range

3500
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2000
480 490 500
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Figure 10. Visible spectrum for Na showing the doublet lines, with an
expanded scale.
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Faraday's Law

Small coils are wound on coil forms that pass over a long glass tube. A cylin-
drical bar magnet is dropped down the glass tube, and the induced emf in the small
coils is measured as a function of time. Parameters that can be varied include the
velocity of the magnet, the number of turns of wire on the coil, and the strength of
the bar magnet (by using different magnets). This experiment is fully described by
Nicklin.9 The apparatus is illustrated in Figure 11. The upper circuitry consists of
an optical source and sensor package (TIL149) wired to an invertor that creates a
TIL pulse. When the magnet comes by, light from the source is ref.c-cted to the
sensor, and a trigger pulse is generated for the A/D board. The vertical position of
this source-sensor pair is adjusted vertically so that the A/D converter starts just
before the magnet arriies at the coil.

The lower circuitry is a simple amplifier to boost the signal from the coil to
make beg= iLSC of the resolution of the A/D system

We now describe a sample of the extensive results acquired during the course of
this experiment. Figure 12 shows data taken with coils of differing numbers of
turns placed at the same vertical location. The signal in the second (positive) peak
is slightly higher than the first (negative) peak because the magnet is traveling
faster when the second pole passes the coil. The data, if carried to one more signif-
icant figure than that shown in the diagram, confirm that the signal depends .inear-
ly on the number of turns in the coil. F -lure 13 shows data taken with a single coil
placed at various vertical positions. The velocity of the magret was computcd, and
maximum signal as a function of magnet velocity was plotted. Once again, the data
show a linear relations*, indicating that the rate of change of flux and therefore
the induced emf varies linearly with the speed of the magnet.

TIL
141

PILSO4

10K

35 K 100K

A/D TRIG

A/D INPUT

Figure 11. Apparatus and circuit diagram to measure Faraday's law.
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Figure 12. Voltagc varsus time using Faraday's law apparatus.

Partial support for equipment purchase to carry out this program was obtained from the NSF
CSIP Program, Grant CSI-8552289, and from the Hewlett-Packard Foundation. The inter-
faometa was constructed by W. Alan Brewen and experiments were performed by Paul R.
Loring and Michael Bait.

1. Boards used for the Apple II were the Mountain Computer, A/D-D/A (Mountain
Computer Inc., Scotts Valley, CA) and John Bell Parallel Interface Card (John Bell
Engineering, San Carlos, CA). Boards for IBM-PC compatibles were the Data
Trinslation DT2801A and DT2806 (Data Translation. Marlboro, MA). Other boards
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Figure 13. Voltage versus velocity using ';araday's law apparatus.
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with similar capabilities are available. For a list and review of those available for IBM
PC compatibles contact the author.

2. For example, PC Lab. Data Translation, Marlboro. MA; SoiI500, Keith ley Instruments,
Cleveland, OH, Metrabyte, Taunton, MA offers software provided with DASH 'Joards.

3. M. L. Wong Apple ll Applications (Indianapolis, IN: Sams, 1983).
4. It. .J. Bellantroductory Fourier Transform Spectroscopy (New York: Academic Press,

1972).
5. Cs137-Ba137 source was used here. This source and others arc available from Redco

Science, Inc., 11 Robinson Ln., Oxford, CT 06483, tel. (203) 888-1266.
6. The NSF Instrumentation and Laboratory Improvement Program (ILI) provides match-

ing funds for undergraduate science equipment. National Science Foundation, Office of
Undergraduate Science, Engineering and Mathematics Education, Washington, DC
20550, tel. (202) 357-7611.

7. Model HR-320 0.32 meter Czemy-Tumer spectrograph available from Instniments SA,
Inc., 173 Essex Ave., Metuchen, NJ 08840. tel. (201)494-8660.

8. Model RC-1024SA detector array available from Reticon Corp., 910 Benicia Ave.,
Sunnyvale, CA 94086, tel. (408) 738-4266.

9. R. C. Nicklin, "Faraday's LawQuantitative Experiments," Am. 1. Phys. 54, 422
(1986).

Online Data Analysis: Smart PC
Work Stations

Jordan A. Goodman
Department of Physics and Astronomy. University of Maryla. A College Park,
MD 20742-4111

The idea of using a personal computer as a terminal to a mainframe is at least as
old as the first PC. Countless programs are available that allow the PC to emulate
all sorts of traditional "dumb" terminals. Most of these programs usc very little of
the pou . of the PC to compute and generate graphics. This paper discusses new
use of the PC as a very smart terminal. Data from online computers are passed in
ASCII to a PC, allowing the uscr to recoli.,.uct, manipulate, and study data inde-
pendent of the data-taking computer.

Since interfacing data-acquisition equipment with computers is a difficult and
time-consuming task, many special-purpose analysis systems have been developed
over time. These systems may be small, self-contained systems such as multichan-
nel analyzers or fullscale systems such as Fermilab's Muhl or Los Alamos' Q sys-
tem. These systems prov. ,. fundamental histogramming and data-storage services.
Programs like Mufti and Q run on machines such as PDP I Is or VAXs. These
machines offer limited graphics capability and are not generally as user friendly as
a PC. Using a PC as an interface to these online systems can add specialized fea-
tures and capabilities to existing data-acquisition systems.

20 Q
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Recces. Aing and displaying complicated events can be farmed out to PCs,
which are bettex suited to the task than the mainframes that acquire the data. PC
work stations can be set up to interac, with both the online data-avraisition system
and the experimenter. This type of system has been employed at both Fermilab and
Los Alamos.

The Cygnus Experiment at Los Alamos

The Cygnus experiment at Los Alamos is designed to look for ultra-high energy
(UHE) extensive air showers from astrophysical point sources. When it enters the
earth's atmosphere, a UHE particle creates a cascade of particles, mostly electrons,
positrons, and photons, that travel downward towird the ground at the speed of
light. A typical shower initiated by a 2x1014 eV primary particle will contain 105
particles at mountain altitude. The Cygnus experiment has over 130 plastic scintil-
lation counters that sample the density of shower electrons and record the relative
arrival time of the shower front with nanosecond accuracy. The direction of the
shower propagation is determined from the arrival timing. The shower size and
core location are found from the density profile. Data are lead continuously at a
rate of about 4 Hz.

The data-acquisition system is based on CAMAC hardware and a Los Alamos
built interface called multibranch driver (MDB). The software system is built
around the Los Alamos Q system. The experiment originally used a PDP 11/34 for
data taking. This machine had a limited address space and required that all major
satware be heavily overlaid. Data acquisition later was shifted to a Microvax II.

One of the objectives of the online analysis was to provide for event reconstruc-
tion and display. Color was important, as was the ability to rotate the display and
inquire about individual counters. It was also important that these tasks could
occur at sites other than in the experimental trailer. The online package also uti-
lized the same code and subroutines used for offline analysis.

Analysis software fee reconstructing event directions and shower size was writ-
ten in FORTRAN and run on Vaxes. This software formed the basis for the PC-
based online system. Reconstruction code from the Vax was compiled onto the PC
using Microsoft FORTRAN 77. Device-independent graphics software was devel-
oped using the IBM Graphics Development Toolkit. This utilized a virtual device
interface that interacted with device drivers loaded at run time. The precise nature
of the graphics hardware (number of colors, resolution, etc.) was not referenced
directly. This allowed the same executable image to run on machines with different
levels of graphics support.

The Cygnus online software displays a three-dimensional view of the detector
locations with either the electron density profile in cach counter or the relative
arrival time of the shower at each counter shown as the vertical aXiS. The density
plot, shown in Figure 1, represents the electron number recorded in each counter as
a scaled vertical line. Fits to the shower density can be displayed superimpmed on
the actual detected values. The location of the fitted shower core (C) is also shown.
The user interacts with the software with either keyboard or mouse. The signal in
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Figur. 1. Cygnus experiment online displays of electron density and rela-

tive arrival time.

an individual counter and its deviation from the fit may be found by positioning the
mouse close to its location and pressing a button. The sensitivity to fitted parame-
ters can be studied by moving the core to a new location and refitting. This too is
done with the mouse.

Tbe time display, also shown in Figure 1, shows the relative arrival time of each
counter as a vertical line. (Tame is converted to the distance scale by multiplying
by the speed of light.) The tick marks near the top of each line show the fitted
value of the arrival plane. The software can rotate the viewing angle of the display
so that the arrival plane is clearly visible. Counters removed from the fa are dis-
played in a different color. The history of individual counters can be studied by
using the mouse. Problem or bad counters can be found quickly and correcti ve
action can be taken. A third display is available to show the location in the sl .y
from which each event has arrived.

The PC software can log events it receives to its local disk for later replay or
further study. This allows the same event to be analyzed again with a variety of
algorithms and still have the full online display capability. This feature has been
valuable in studying reconstruction techniques.

921
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Experiment ETIO at Fermi lab

MO at Fermi lab is an experiment to measure the total crow-section of protons on
antiprotons at a center of mus energy of 7 'LW (10 eV). This experiment, at the
Tevatron collider, uses 48 ring counters located around the beam pipe on either
side of intersection region EO to measure inelastic interactions. In addition, four
sets of drift chambers in Roman pots that move into the beam pipe are bcated
downstream from the intersection region to measure elastic scattering. The online
acquisition system is Fennilab's RT-Multi running on a PDP 11/45. There is no
room on the existing PDP system for interactive color display.

A PC-Used system similar to the one used in the Cygnus experiment has been
employed to provide online interactive graphics. Multi provides for several termi-
nals to interact with the data acquisition system. A string sent from the PC requosts
that data from an event of a certain type be sent to the icminal line that is connect-
ed to the PC. The PC then fits and displays tho event. The titer seects tiro event
type from a menu using a mouse. The user also has the option of zooming in on the
cultral region or expanding out to study the pot signals. Figure 2 shows an event
display for a typical inelastic trigger. The numbers and horizontal lines represent
the time deviation from the fitted time in nanoseconds.

Description of the Software System

An important feature of this type of online system is that the PC is linked only seri-
ally to the actual data-acquisition machine, so the online program can be run
remotely. The data on each counter arc sent as an integer in ASCII exactly as if
being displayed on a terminal ( i.e. they are just printed to a terminal line). The PC
can be connected via a modem or over a DECNET link through another machine.
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Figure 2. Online display of an inelastic event taken at Tevatron collision
region EO.
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The data associated with a single event in the Cygnus experiment is about 800
bytes, which at 2400 baud takes only about four seconds to transmit. Since all cal-
culations and display control as well as all user interactive features are handled
locally by the PC, the rate of communication has little effect on system perfor-
mance. Additionally, no mainframe cpu is required for screen control and fitting
because they, too, are done locally.

Perhaps the most advantageous feature of this type of online system is indepen-
dent software 'evelopment from the mainframe acquisition system. Once the
acquisition software is working, no changes are required to modify or update the
PC display and analysis package. Software updates to the PC software do not
affect the logging of data or require experiment down time. Source code for
updates can be sent to various machines over networks such as BITNET, then
downloaded and locally compiled and linked.

The key to the entire system is a flexible interface between the PC and the
mainframe. This is provided by an asynchronous communications subroutine
callable from FORTRAN. This routine provides a simple protocol for the exchange
of information over an R5232 connection. This routine, written in assembly lan-
guage, consists of two pans. The first part handles the intemrpts from the commu-
nications port ana receives and stores data in a circular buffer. It also sends
appropriate Xan and Xoff commands as the buffer fills. The second part of the rou-
tine handles the interaction with thc FORTRAN program and communications
from the PC to the mainframe. The call to the routine has two parameters: a mode
flag, which can take on many values, and a data word (or array). The routine has
several functions: first, whenever an integer (i.e. any number between ±32767) is
sent from the mainframe to the PC, its value is returned to the calling program in
the data word; second, a string from the PC may be put into the data array and be
sent to the mainframe. In addition, while the program is waiting for an integer to
be returned, all keyboard input is sent to th: mainframe. The mode flag selects the
operation to be performed as well as whether or not the text from the mainframe is
displayed on the screen. Other modes allow the user to check the buffer contents or
reset the communications port.

The simplest use of this routine is as a temiinal program. The FORTRAN code
for this program is only four operational lines. (The routine is called BEG for his-
torical rcasons).

c Program Terminal
c r..all routine "beg" with mode =1 this will

c put all communications from the mainframe on the
screen.

1 GALL BEG(1,idata)

c Beg returns when an integer is found.
c Test to see if integer is 9999 wnich is returned
c when user typed ctrl-A in which case stop.

1.-
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IF (idata.eq.9999) STOP

C. Return to terminal session

GO TO 1 IND

This program will work as a standard VT100-type terminal passing all typed
conunwids and special characters (arrows) and displaying all the standard symbols.
Each time a nwnber is sent from the mainframe it is returned to the calling pro-
gram in the variable "idata." Whenever Control-A is typed, the routine returns the
value 9999 to the main program. Ms allows the user to exit If instead of using
mode 1, we choose mode 0, no output appears on the screen. In this manner the
program can allow the user to establish communications with the mainframe and
then switch to a mode where the communications session is not visible. The format
in which numbers are passed from the mainframe is completely free-form since an
integer is formed whenever a number surrounded by non-numeric fields is sent.

Under software control the PC can use the communications routine to send
strings to the mainframe requesting data or terminating data requests. Since the
interrupt software buffers data, many entire events can be sent while the user looks
at the rust one. This reduces the wait time between events to the time required for
processing ex event and allows for no apparent delay even at low communications
rates.

Conclusion

The PC as a smart work station has been demonstrated successfully in experiments
at Fermilab and Los Alamos. The interactive graphics available on the PC can be
used to simplify and enhance the user interface to existing data- acquisition sys-
tems.

Design, Implementation, ard
Performance of a Microcomputer-
Based Laboratory for General
Physics

Richard Bobst, Edwin A. Karlow, and Ivan E. Rouse
Physics Departmeru, Loma Linda University, Riverside, CA 92515

The use of computers in the laboratory is popular and growing very rapidly. Many
schools want to impleme... computer-based laboratories, but if thc technology is to
enhance the educational process and nut Just confuse or frustrate students, several
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serious issues must be addressed. We have carefully designe.2 a microcomputer-
based laboratory (MBL) from the r.ound up and feel that our experiences over the
past three years will be helpful .0 others planning or actually in the process of
implementing MBLs.

Our top priority in our MBL program is to help students do more physics and
consequently learn better. Since most of our shudents are pursuing careers in the
sciences, a benefit of the pmgram is that students are exposed to experiences by
which they can realize some of the exciting potential uses of computers in their
own disciplines. To accomplish these aims we equipped each lab station with a
computer to be used as an instrument to collect data and analyze it in meaningful
ways.

Decisions about hardware are critical and costly, so we considered ours careful-
ly. We chose to use inexpensive home computers with good graphics and interfac-
ing potential (Commodore 64) and in fact were able to get a compact portable
version. The portability enables us to put them away when they are not needed or
to move them to a different lab room wl-a.-41 they are needed elsewhere. It is too
expensive and takes up too much space for each student to have a plotter and print-
er, so we chose to have a central priming and plotting 1...ility for our general
physics labs. We decided that we needed at most two analog inputs, but that one of
them should be able to read voltages from a few millivolts to a few hundred volts.
After some research we decided that we could not buy what we needed for a price
we could afford, so we decided to build our own.

In order to run an MBL program one must have software, which in our case
needed to be flexible enough to collect and analyze data. We decided to design our
own software instead of buying commercial software and associated hardware. We
could have asked students to write their own programs, or we could have designed
general-purpose computer programs that would be used throughout the year.
Instead, we designed lab-specific software to be used with specific experiments.
We emphasized graphical displays and least-squares fits to enhance the students'
understanding of functional relationships. In addition, we had the computer help
out with some very tedious calculations. We wanted the students to be able to get
plots on a plotter and data-summary printouts, so we opted fc. a system with hard-
copy output capabilities. We chose to include some information on the computer
aspects of the experiments in our lab manuals, but not a lot.

Implementing such a major change in our lab program was a significant chal-
lenge. The first year we computerized only a certain number of the experiments we
were already doing, but we added more each succeeding year. Two of our faculty
members took on the task of designing, producing, and refining the lab software.
They were aided by numerous able student programmers. One of our faculty
designed the computer interface and students assembled it. To meet the expenses of
this computerization, we raised funds from a Commodore grant, alumni, and
departmental equipment and supply budgets.

We are now using the computers in some way in nearly every experiment that
we do. In some experiments the computers only analyze data, but in others the
computers are used as instruments to collect and then analyze the data. Using com-
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puters in the laboratory has several positive aspects: functional relationships are
seen immediately, measurements and lab results are more reliable, bad data are
easily identified, lab time is reduced, tedious experiments are more enjoyable, and
there is less dishonesty. The computers have certainly enhanced the physics labora-
tory experience for our students in many wws.

However, having more electronic equ,veaent in ate lab also means that many
more things can go wreng. This increases the load on the lab instructors. Some stu-
dents come in without computer experience and are a bit apprehensive, but that
soon disappears. The faculty and students have reacted positively to this venture
into MBL. All have learned a great deal by being involved in this challenging
experience. It would have never been successful without the invohament of nearly
everyone in the department. ,

In the future we would like to be doing more with modern and nuclear physics
in our labs. We are putting together plans for a second phase, during which we will
implement a number of experiments in these areas. Since this will involve consid-
erable expense tor detectors and electronics as well as more software, we have
written a proposal to seek major funding outside the institution.

Microcomputer-Based
Laboratories in Introductory
Physics Courses

Vallabhaneni S. Rao
Department of Physics, Memorial University of Newfoundland, St. John's, NF, Canada AI B
3X7

We have designed several introductory-level physics laboratories using MBL
probes developed by Technical Education Research Centers (112:1W) and other com-
mercially available software packages. These microcomputer-based laboratories
replace conventional laboratory experiments.

In the area of mechanics, our MBL experiments use the motion probe of 1TRC

to allow students to study the graphical nature of motion, Newton's second law,
and simple harmonic motion.

In one of ow t.aboratory experiments, students us ; Tr:nc's motion detector to
create graphs (displacement vs. time, velocity vs. time, and acceleration vs. time)
of an Sject in uniform motion and uniformly accelerated motion. This experiment
really helps the students to understand the graphical representation of motion,
which plays a key role in understanding kinematics.

Our experiment on Newton's second law uses a dynamic cart and rules
motion detector. The computer is used to give the corresponding acceleration for

9
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each load on the cart. We have extended this laboratory to study the acceleration of
the cart when the surface is smooth and when the surface is rough. On a specially
created ramp in the laboratory the students explore the motion of tire cart and
establish the relationship between the acceleration of the cart and the angle of
inclination. This experiment saves a lot of time in establishing the relationship
between the force and acceleration.

The motion pmbe is used to study simple harmonic motion in two different
ways. First, from the distance-vs.-time graphs of the object undergoing SHM, the
students determine the frequency and time period for various masses at the spring
or for the same mass on different springs with different force constants. This
graphical analysis is then used to demonstrate the relation of velocity and accelera-
tion to the displacement of the object. In the conventional experiment on SHM, it
is very difficult for the student to understand these relationships graphically. This
experiment also helps students understand the effect of chmping on the motion of
the object.

As part of a general experiment on transducers in one of our introductory
physics courses for life science majors, we have developed a lab in which students
used HRM's Body Electric to explore bioelectricity, to get the print out of an ECG,
and to identify the individual waves of the heart's electrical wave. In a'Llition, they
observe the effects of inhalation and exhalation on heart rate by making appropri-
ate measurements of their heart rates using the time "ruler." Students ;tote individ-
ual variations in the shape of the heartbeat.

Another simple but very interesting labontory was designed using the TERc's
sound probe. In this experiment students produce a nice pattern of beats using tun-
ing forks to establish the relationship between the beat frequency and the two fre-
quencies of tht source. They first use the individual display of the wave form of
each tuning fork to determine its frequency, and then they measure the beat fre-
quency from the pattern of the beat wave form. This experiment allows students to
hear and see the beats displayed simultaneously on the monitor. In our view, this
provides the solid experimental background for the concept.

In this pap...r, I will give the details of these laboratories and will review student
feedback. The initial response from the students is quite positive. They regard the
laboratory part of their introductory physics course with an enthusiasm that was
not there in the, cony mtional labs.

,
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SAKDAC-Based Physics in
Introductory Labs at Miami
University

Don. C. Kelly
Depanment of Physics, Miami University, Oxford, 011 45056

Stewart A. Kelly
Department of Electrical Engineering, Stanford University, Stanford, rA 94305

Introductory physics laboratories at Miami University use Apple He computers
equipped with a locally developed data-acquisition card (SAKDAC), photogates,
and Older home-bmw apparatus. In our presentation, we will describe problems
and opportunities aodated with computer-based labs. We will show a video of
students performing a number of experiments using the SAKDAC-based system.
The following experiments are shown:

Acceleration of Gravity. Students measure the gravitational acceleration of a
ball bearing using a converted Behr apparatus and the SAKDAC timer. The bear-
ing serves as a switch that starts the timer. The timer is stopped when the bearing
interrupts a photogate beam. Students identify the consistent minimum time of fall,
and determine g to Um t significant figures.

Conservation of Linear Momentum. An air track is inclined very slightly to
allow an air car to move at constant nelocity. The air car has a platform that "catch-
es" a small mass released by the student. The SAKDAC timer is used to measure
the velocity of the car before and after the mass catch. Momentum conservation is
typically confirmed to within 2 percent.

Conser.ation of Angular Momentum. A plastic puck rotates in an air pond. The
student drcps two identical masses in succession onto the puck. The period of rota-
tion is measured cor.tinuously using the SAKDAC timer and a photogate.
Measurements of the period of rotation before and after each of the two masses
strike the rotating puck, allow confirmation of angular momentum conservation
without reference to moments of inertia.

Precession. The student measures the pr. cssional period of a bicycle wheel
directly and compares the results with the equation where Tspin is the spin period of
wheel, as measured with SAKDAC timer and hand-held photogate, Tpend is the
period of wheel as a physical per iulum, about an axis parallel to the spin axis, h is
the distance between spin axis and physical penoulum axis, and r is the distance
from support rope to center of mass.
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Learning Physics Concepts with
Microcomputer-Based
Laboratories

Ronald K. Thornton
Center for Science and Math Teaching, Tufts University, Medford, MA 02155

High school and college physics courses have little carryover to students' under-
standing of the larger physical world. They do little to connect coursework to stu-
dents' everyday experience, to connect simple understandings to underlying
principles, or to address directly, student misunderstandings (which are often
grounded in everyday experience). Instead of connecting courst:work to everyday
experience, physics courses often mire the student in the details of data collection
and presentation. Microcomputer-based laboratory (MBL) tools ease the tasks of
data collection rod presentation, thus encouraging students to become wave par-
ticipants in scientific process. Led to ask and answer their own qu %dons, they
learn physics concepts more easily in MBLs than in lectures.

Learning is enhanced when students are able construct knowledge for them-
selves, but MBL tools are not enough. Experience in universities and high schools
around the country has shown that carefully constructed curricula are also neces-
sary. The curricula developed under the Tools for Scientific Thinking Project at
MI's, and used in collaborating institutions around the country, makes use of the
guided discovery approach. Guided discovery curricula pay attention to student
alternative understandings, support peer learning, and do not explicitly depend on
physics lectures. Using MEL tools and guided discovery curricula, students more
easily acquire an understanding of the scientific principles that underlie their expe-
rience, a sound physical intuitioo, and competence in the use and interpretation of

graPhs.
Data gathered about student learniog by members of the Tools for Scientific

Thinking in collaboration and in high Lchools around the country show substantial
improvement in learning concepts related to motion (kinematics), and heat and
temperature by students who use MBL laboratories as compared to those in ordi-
nary laboratories. Considerable evidence suggests that many of these simple con-
cepts are not learned by listening to lecturesno matter how good the lecturer is.
The concepts learned id MBLs also seem to be retained (at least as long as the final
exam). When using MBL tools, students of all sorts (badly prepared, well pre-
pared, even the science anxious) are very enthusiastic.

Learner-controlled laboratory explorations with easy-to-use computer measure-
ment tools give students immediate feedback by presenting data graphically in a
manner that can be immediately understood. Such MBL tools provide a means of
altering physics pedagogy by enabling teaching to begin with the students' direct
experience of the familiar physics world. Using MBL sensors and software, stu-
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dents can simultaneously measure and graph such physics quantities as position,
velocity, acceleration, force, temperature, light intensity, sow& and voltage.

In this hands-on workshop, participants will use MBL tools selected from force,
motion, sound, heat and temperature, sad light to explore methods of effectively
teaching physics in universities and high schools. They will also examine curricula
that have been successful in teaching basic physics concepts. The primary focus of
the workshop will be on methods of teaching physics using MBL tools rather than
on the mean; of interfacing computers to the physical world.

Use of Microcomputer in
Introductory Laboratories at
Ohio State

Gordon J. Aubrecht
Department of Physics, Ohio State University, Coltunbus, 011 43210-1106 andMarion, 011
43302-5695

The availability of microcomputers is prompting a change in the sequence and
selection of topics in physics instruction. Physicists who own and use microcom-
pvters in their classes are more receptive to introducing topics not usually found in
our current introductory physics textbooksfor example, nonlinearity or real air
resistance. The very existence of this conference attests to the ferment the techno-
logical changes have caused in the physics community. This willingness to change
should be channeled and used to assist in the reevaluation and restructuring of the
entire introductory physics curriculum. The laboratory component of introductory
courses is one area particularly amenable to change.

A 1986 Ohio State University physics department self-study reveals over-
whelming discontent with the introductory laboratories. Students and graduate-
assistant graders regard them as loathsome, and lecturers as irrelevant. Discontent
with the state of the laboratories led the curriculum committee to rccommcnd
sweeping changes. Such changes take considerable thought and money, so it
seemed prudent to try out various alternatives in small pilotprograms.

I teach at the Marion campus of Ohio State. The enrollment is low--about 900
students overallbut the introductory courses are identical to those offered in
Columbus. Because of its small size, the Marion campus physics program offers an
ideal test site to pilot changes proposed in the curriculum committce report. As a
member of the curriculum committee, I find it relatively simple to feed back expe-
rience into the department.

My report covers my experience with some of the pilot introductory laborato-
ries. In particular, I discuss laboratories I have designed to give the students kines-
thetic experiwices those that integrate the body's feedback mechanisms with
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physically measurable quantities. With the joperation of Ron Thornton of
Technical Education Research Centers, I have tested this software in college-level
classes.

Measurement of the Tension
in a String

J. Hellemans and G. Hatnekiet
Meting Diddaische Fysika, Katholieke Universiteit Leuven, 3000 Leuven, Belgium

Stlidents studying mechanics often do not understand that the tension of a string
attached to a moving object changes with the acceleration of the object.1
Measuring this tension is not possible with a classical forcemeter (i.e. a
dynamometer), but can be done with an arrangement of strain gauges.

The experimental setup is given in Figure 1. The mass M can slide along a two-
meter air track, and is connected with a string to the mass m, which can move ver-
tically. A leaf spring, mounted close to m, measures the tension in the string. 'No
strain gauges are glued on each side of the leaf spring. The strain gauges are
mounted in a bridge, the signal of the bridge is amplified, and using the appropriate
interfacing and software, the value of this signal is read on a monitor. Changing the
angle leads to a different acceleration of M and m. When the tension in the string
changes, the reading on the monitor will change accordingly. The detail of the leaf
spring s with strain gauge g glued on top is given in Figure 1(B).

Figure 1. (A) The experiment set-up. (B) Detail of the leaf spring s with
wain gauge g glued on top.

2,11
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1. R. Ounstow, "Student Understanding in Mechanics: A Large Population Survey," Am.
J. Phys. 55, 691 (August 1987).

The Tension in the String of a
Simple Pendulum

J. Hel !amens and G. Hautekiet
Afdeling Ditlaktische Fysika. Katholieke Universiteit Leuven, 3000 Leuven, Belgium

We gave 25 third-ye& physics students who had taken an extensive mechanics
course in their first year a few minutes to draw the acceleration of a swinging pen-
dulum (see Figure 1). Only a few student; succeeded in doing it correctly. Most of
the students made the classical mistake of saying that in A and A' the acceleration
is zero, and that in B and B' it is tangent to OB and 08' . Many were convinced that
the tension T in the string is always equal to mg sin O. To correct these misconcep-
tions, we asked students to detennine experimentally the tension in the string of a
pendulum as a function of time.

The easiest construction would be to use a pendulum attached to a dynamome-
ter, but a dynamometer is unequal to the task because the reaction time of its spring
is too long in comparison to the period of oscillation of the pendulum. In our
experiment, the string is attached to one end of a leaf spring on which two strain
gauges are attached on the upper and undersides. The other end of the leaf spring is
firmly fixed. The strain gauges were mounted in a bridge, and the signal of the
bridge is amplified. Both strain gauges and amplifier were purc" exl from R. S.
Component, Ltd. The mo-nting of strain gauges and amplifier is very simple and
can be done by any physics teacher. The rutput of the amplifier is introduced to a
microcomputer via the appropriate interface, and the signal can be seen on the
screen with the help of the standard storagescope program that comes with the
interface.

From simple mechanical reasoning the following equations are obtained:

T - mg cos 0= man= mv2 1 R = ml? (deld02

mg sin 0 = mai = mR (d201c1t2)

For small angles, the results of these equations are:

0= (locos to l

T = mg (1 + 902 sin2 co 0

From the last equation it is clear that the tension is a function of time, and will
be minimal for 1 = 0; T I 2; . . . (which corresponds to 0 = ± Om); maximal for
t = T 1 4; 3T/ 4; ... (which corresponds to 0= 0).

In our demonstration, we will show the results of a mr.,surement of the tension

242
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Figur* 1. The acceleration of a swinging pendulum.

In our demonstration, we will show the results of a measurement of the tension
as a function of time.

1. F. Reif, "Scientific Approaches to Science Education," Phys. Today 39, 48 (November
1986); R. Gunstone, "Student Understanding in Mechanics: A Large Population
Survey," Am. J. Phys. SS, 691 (August 1987).

Advanced Laboratory Computer
Data Acquisition and Analysis

Don M. Sparlin
Physics Department, University of Missouri-Rolla, Rolla, MO 65401

Advanced laboratory projects generate lists of independent/dependent pairs of
numbers representing measurements. Students are asked to extract values of funda-
mental constants, or to assume the constants and test the fit of one or more theoret-
ical functions. There are now software package; to assist in such analysis. These
packages allow pmfessional quality acquisition, analysis, and graphical presenta-
tion at an affordable cost and minimal student programming time.

The physics department of the University of Missouri-Rolla has for many years
supported an intensive junior-year project laboratory) Working in groups of two or

2.13
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three, the students complete a coherent project during each of two successive
semesters. This project laboratory requires extra resources in terms of space, appa-
ratus, and faculty time, but we find it indispensable because it requires students to
develop in performance areas not often found in encyclopedic, or series-schaluled
laboratories.

Students must carefully select their project for the semester from a list of over
40 suggestions. After groups have feTmed and compromised on a project title, they
must complete library research; develop a final formulation of the project; specify,
assemble, and calibrate the needed apparatus; write a proposal and orally present
their project at midsemester, develop and follow a laboratory procedure; take and
analyze data; keep individual, functional laboratory notebooks; write a term paper
to AIP Style Manual standards; and, finally, present their results in a sequence of
individual, formal, ten-minute talks before a critical audience of their peers, former
students in the course, and the physics department faculty. Armed with a loud
timer, the graduate assistant for the course serves as master of ceremonies.

The goal of the laboratory is to develop laboratory process rather than vecific
skills, so students are encouraged to avoid writing programs already available in
commercial software packages. Fortunate'y, there are now many software packages
by scientists for the use of scientists, so it is no longer necessary to force the use of
business software into the service of scientific analysrs.2 Until recently, adequate
data acquisition and experiment control N UMR meant that students had to master
programming an AIM 65 microcon , . using costom-built 8-bit I/0 boards. This
required considerably more time than was appropriate to the average project.

We have now acquired softwar 'hat reduces programming to selection from
menus. We acquired this software SYSTANT+, during an cducational-discount
opportunity. It is used with a 12-bit I/0 board,3 and offers menu-driven analysis,
graphics, control, and data acquisition. We use ASYSTANT+ with MS-DOS
machines with 640K memory, Hercules graphics presentation, and floppy disk
storage. The package provides the reliability and instant graphics resentation nec-
essary to complete a project during a single semester. Students must snit use and
calibrate operational and instrumentation amplifiers foi signal conditioning.

I am very satisfica dith the level of effort, understanding, and accomplishment
achieved by our students with such instrumentation. Since the project requires a
term paper, publication-quality graphics (in-house plot routine on IBM plouer),
and oral presentation of the project to the department, the students deserve the best
available equir -nent and instrumentation. Using computers as versatile tools does
not interfere with the full involvement of the student with the physics of tiT pro-
ject. I do not have the same opinion of full computer simulations.

Among the projects completed using this software have been two-dimensional
thermal diffusion, sub-Rayleigh criterion Zeeman data,4 Cavendish balance dis-
placements, surface plasmon absorption peaks, comr rter-generated holograms,
and the value of the spin-spin relaxation time, 72, from NMR signals.5

I. L. Rcinisch and D. M. Sparlin, "UMR Inc.. A Role Playing Experience m the
Advanced Laboratory,'" Am. J. Phys. 46, 3 (1978).
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2. D. M. Spar lin, "ASYSTANTHow Software Changes Laboratory Goals," Physics
Section Missouri Academy of Science, 1987 Annual Meetir, Lincoln University,
Jefferson City, MO, 24-25 Airil 1987; ASYST, ASYSTANT+ (Rochester NY: ASYST
Software Technologies, Inc., 1987).

3. IBM data acquisition and control board and terminal, Mendelson Electroaic Co., Inc.,
340 East Fast Street, Dayton, Ohio 45402, (800) 422-3525. Priced at $195 per set.
Limited number.

4. D. M. Spar lin. "Beyond the Rayleigh Criterion with ASYSTANT," Paper HH6, Summer
Meeting of the Ar xican Association of Physics Teachers, Bozeman, MT, 15-19 kale
1987.

5. D. M. Spar lin, "Computer Analysis of Advanced Laboratory NMR Data," Paper ED8,
Annual Meeting of the American Association of Physics Teachers, Washington, DC,
25-29 January 1988.

Advanced Electronics with
Physics Applications

Michael J. Pechan
Department of Physics, Miami University, alford, 011 45056

Advanced Electronics with Physics Applications (AEPA) is a two-semester
senior/graduate-level laboratory sequence that builds upon the experience our
physics and engineering physics majors gain with computers throughout our cur-
riculum. This experience includes using thn computer as a "black box" tool in the
three-semester, introductory physics sequei Ice, interfacing physics experiments to a
personal computer at the sophomore level, and computational physics in our math-
ematical physics sequence at the junior level. We will discuss these three other
applications in other presentations at this conference.

AEPA introduces electron,cs techniques employed by experimental physicists.
The microprocessor is given .ansiderable attention and is used where appropriate.
However, it is used only if it is the best tool for the job. Design is an important
aspect of AEPA. Accordingly, the lab handouts arc decidedly not "cookbook" in
nature. Students are expected to present their results in a professional journal for-
mat.

Each experimental work arca for AEPA is equipped witn a Macintosh Plus, a
Metarescarch BenchTop Instrument, a digital mulfmeter, oscilloscope, function
generator, digital trainer, and frequency meter. The Macintosh was chosen for its
ease of use and small "footprint" on the workbench. The BenchTop has several
unique features that make it ideal for training in data-acquisition techniques. Its
highly developed system of I/0 along with a supplied training manual make it
ideal for studies of microprocessor architecture. Sophisticated A/Ds (12-bit, 16-
channel, 35 kHz, true differential, programmable gain, untpo'ar/bipolar switchable)
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and DIM (12-bit, up to 6 channels) combined with the base CPU provide a flexi-
ble, yet powerful, training system.

AEM I is the first course in thc two-semester sequence. AEPA I is a three-
credit, 15-week course that meets for two, two-hour labs and a one-hour lecture
each week. T1venty-three enperiments in the course include introduction to tools
(one experiment), digital tedmiques (four experiments and a student project),
microprocessor architecture (six experiments and a student project), and applied
physics (eight experiments and two audent projects).

Digital techniques cover gates, flip-flops, monolithic counters, and wave-shap-
ing circuits. Microprocessor architecture covers the basic instruction sct of the Intel
8031 microprocessor inclading program control, arithmekic and logic, port manipu-
lation, and input and output interfacing through A/D and D/A devices. Students
learn to control and monitor thc applied-physics experiments at the machine level,
to control the machine routines and manipulate the output with higher-level lan-
guages, and to analyze their data in commercial spreadsheet programt. The
applied-physics experiments include verification af Thevemin's analysis, passive-
filter frequency response (manual dam collection), higher-order passive and active
filters (automated data collection), F lune: analysis, impedance matching, oscilla-
tors, FET characterization, voltage-cc volled gain, digital res;stante, determina-
tion of magnetic hysteresis using an analog trace,1 and a digital-capture technique.

AEPA II, the second course in the sequence, meeLs once a week for a two-hour
lab and uses the experiences gained in AEPA I to tackle mcne advanced projects.
Topics include capturing the induced emt of a falling magnet,2 measuring the
speed of light, phase-locked loops and locx-in ampl; tiers, electron diffraction, and
CAD production of a printed circuit board.

The students fmd AEPA to be chi. .enging and overall response has been decid-
edly positive. The course corn, It appeals to a wide range of interests and prepares
our majors to pursue technical alreers at a variety of levels. The ongoing goal for
the coursc is to continually upgrade the physics content.

1. John W. Snidcr, "Magnetic Hysteresis Measurements with an Integrating
Magnetometer." Am. J. Phys. 39, 964 (1971).

2. R. C. Nicklin, "Faraday's Law.Quantiiative Experiments," Am. J. Phys. 54, 422
(1986).
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Computer Interface for
Measurement of Coefficient of
Linear Expansion

Todd A. Hooks, David L Du Puy, and Philip B. Peters
Departmem of Physics and Astronomy, Virginia Military Institute, Lexington, VA 24450

In order to control an experiment to measure the coefficient of linear expansion of
copper, we have implemented a computer interface and the required software. We
designed the interface to allow tiv; minute changes in length upon cooling a copper
tube to be measured by the variation in output voltage of a linear potentiometer.
This voltage is amplified and scaled and subsequently converted to a digital num-
ber by an ADC.

The temperature at four different places on the metal tube is monitored by tem-
perature transducm. Each of these transducer outputs is selected in sequence using
a multiplexer. This voltage is awplified and scaled and converted to a digital num-
ber.

The I/0 interface with the computer is an 8255-programmable peripheral inter-
face chip. A total of 50 data points is taken, covering the temperature range from
370K to 320K. The measuied value of the expansion coefficient is accurate to
within 2.7 percent of the handbook value.

A Parallel Approach to Data
Acquisition and Control

Charles D. Spencer
Department of Physics, Ithac i College, Ithaca, NY 14850

After considerable experience developing hardware and software for compi.ter-
based physics laboratories and instruments at Itfu.ca College, I have built, tested,
and refined a parallel data collector (PDC).1 My objective was to ...I/clop hardware
and software that works as independently as possible from the host c lower, sup-
ports a wide range of measurements, and is adaptable to new data-acquisition
needs.

The best way for a computer to commun;cate with data-collection hardware is
through parallel I/0 ports designed tor the computer's expansion slots. Once ports
are installed, the remaining PDC hardware (including that which implements tim-

2 4 7
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ing and control functions and makes measurements) and all software arc indepen-
dent of the host. Ports can bc purchased for any computer with expansion slots.
However, commercial devices are overly expensive and complex, and simple ports
can be easily built. We have produced versions for Apple II, IBM PC/XT/AT, and
old S-I00 computers, and we are working on versions for IBM PS/2 and
Macintosh II machines.

The PDC uses two 8-bit I/0 ports: control-in, control-out; and data-in, data-out
lines. The data-collection hardware is set ap with sequences of output commands
to control-out lines (such as programmable interval timer or PIT integrated cir-
cuits). Polling the control-in lines allows software to monitor the status of data
acquisition (such as when data is ready). Data-in lines read measured values (from
PITs, ADCs, and memory). Data-out lines send PIT programming codes, and initial
count values to the hardware.

The PDC supports measurement and co' ircuits composed of combinations
of up to six Intel 8253 PITs, up to six A Jevices AD583 ADCs, a.id up to
eight Hitachi 8263 8K by 8-bit static RAMs kas well as combinations of numcrous
other devices).

So far we have implemented three versions of the PDC: (1) a general-prrpose
system that, with appropriate software, can act as a logger for one or two voltages
at rates selectable from 0.001 to 2,000 readings per second (with real-time graphics
up to 1,6C0 readings per second using an 8 MHz PC-AT compatible with Microsoft
QuickBASIC 4.0); a; a pulse height analyzer with 9-bit resolution; as a single-
channel real-time multiscaler with thc counting interval selectable from 1 millisec-
ond to 1,000 seconds, as a sequential event timer with the minimum time between
adjacent events 1 millisecond; or as a combination timer and voltage logger, which
can, for example, measure the velocity of an air-track glider, thc impulse of its col-
lision with an end bumper, and the return velocity; (2) a "fast" voltage systcm in
which the hardware acquires and storcs 8-bit ADC values in local mcmory at pro-
grammable rates up to 40K readings per second; (3) a 16-channel ral-ume multi-
scaler with the counting interval selectable and with 16-bit resolution per channel.
After acquisition, the host computer inputs the values from PDC mcmory.

In addition to these capabilities. the PDC is adaptable to whatever ncw mea-
surement objectives comc along. Possibilities include output controls for stepper
motors and temperature controllers, and data outputs for digital-to-analog convert-
ers. Whcn it's time to upgrade to a fastcr, more powerful host computer (with
enhanced languages, operating system, graphics, storage and communication capa-
bilities), all that must be done to get thc PDC up and running is to acquire "simple"
parallel ports for the expansion slot, transfer high-level language software from the
old systcm to the ncw, and probably make somc software modifications. No
change in operation principles or data-acquisition hardware is needed.

1. C. D. Spencer and P. Mueller. "Multichannel Analyzer Built from a Mkrocornputer."
Am. J. Phys. 47. 445 (1979); P. A. Smith, C. D Spencer, and D. E. Jones.
"Microcomputer Listens to the 0)efficient of Restitution." Am. J. Phys. 49, 136
(1981); D. A. Briotta. P. F. Sefigmann, P. A. Smith, and C D Spencer, "The
Appropriate Use of Microcomputers in Undergraduate Physics Labc." Am. J. Phys. 5.
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891 (1987); C. D. Spencer, P. Seligmann, and D. A. Briotta, "General-Purpose
Meuurement Interface for Physics Experiments," Comp. in Phys., 59
(November/December 1987).

EduTech's Interface Kit

John Elberfeld
Ediach, Rochester,NY 14609

Many teachm would like students to understand that computers can do more than
Logo programming and word processing; computers are valuable tools used in
industry and research. But how can a student with a strong interest in computers
learn more about the actual circuits and electronics that make computers run?
Some teachers feel that computer-literate students need an introduction to digital
logic and integrated circuits.

To help teachers and students gain hands-on experience designing and con-
structing interfacing circuits, EduTech has developed the Interface Ki*. The kit
consists of a solderless breadboard and cable that attaches to the Apple II's 16-pin
internal game port. Using solderless breadboards rather than hot and dangerous
soldering guns to assemble the projects saves t: .o and tiouble, and means that
parts can be used an unlimited number of times. Every required electronic compo-
nent, including phototransistors, photoresistors, thermistors, capacitors. resistors,
LEDs, potentiometers, integrated circuits (ICs), and connecting wires is included
in the kit. The kit introduces digital electronics by having students actually wire
and test integrated circuits and connect these circuits to Apple H computers
through a game-paddle pert. The IC used (7400) is used to demonstrate AND, OR,
NOT, YES, NAND, and NOR logic gates. These logic gates are the basic building
blocks of even the most complex computer circuits.

The Interface Kit contains all the elrctrical components, software programs,
and step-by-step instructions needed by the most hesitant novices. The mystery of
computer interfacing slowly fades away as students work through the exercises in
the kit. It provides practical programs and interfacing circuits to measure tempera-
ture, relative light intensity, and extremely precise time intervals. Each circuit is
explained in detail, and each program listing is explained line by line.

The Interface Kit was originally designed for teacher workshops. Teachers, who
preferred to work at their own rates, required a detailed manual for their self-pacei
progress. Although the findamental programs were listed and explained in the
manual, the teachers requimd that the programs also be included on a disk so that
valuable workshop time would not be spent on typing and proofreading. Teachers
demanded projects that were practical and informative, not jut flashy or amusing.
Each time we held a teacher workshop v4d incorpoiated suggeAions into revision
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and expansion. After four years of developm, t, we introduced the kit into the
elassrwm.

Th%..:trcuits in this kit have been specially adapted to work on all current Apple
II computers, including the II+, Ile, IIc, and IIGS. All programs have been tested
sucmssfully on the latest LASER 128 and on other compatibles. The modified
game ports on the Apple Ilc and the LASER eliminate the Annunciator Output
experiments.

A Gentle Introduction to Apple
Game-Port Interfacing

John Elberfe e
EduTech, Rod e.,er, NY 14609

This miniworkshop i., designed specifically for teachers who have hesitated to
attend other technically oriented workshops, but who want a hands-on, low-pres-
sure opportunity to create sensors and to understand elemmary sensor-monitoring
software. Nu computer background or electronic training is required.

The workshop uses tkpp'e game-port interfacing to introduce computerized
real-time data acquisition. Starting with the location of the Apple's on-off switch,
the workshop moves in gradual steps until participants are building and monitoring
temperature, light, and motion detectors.

All activities are based on EduTech's Interface Kit. The kit consists of a solder-
less breadnoard and cable that attaches to the Apple II's 16-pin internal game port.
Every required electronic component, including phototonsistors, photoresistors,
thermistors, capacitors, resistors, LEDs, potentiometers, integrated circuits (ICs),
and connecting wires are included in these kits. The kits evolved over a four-year
period based on feedback from dozens of workshops and courses. Each computer
work station will be supplied with an Interface Kit, and kits will bc offered at half
price ($35) to participants at the end of the workshop.

The workshop is designed to give newcomers a feel for the simplicity of game-
port interfacing, an overview of some BASIC programming tricks used in inter-
face-monitoring programs, the confidence to pursue other interfacing topics in
more depth, and the background needed to evaluate commercially available inter-
facing equipment. Digital inputs and anclog inputs will be covered in depth with
several examples of each actually created and tested in the wor':shop. The circuits
created in the workshop are identical to commercially available interfacing equip-
ment so participants will come to unravel the mystery of the magical black boxes.
The scope of the workshop will be determined by thc background and interest of
the participants and the time allotted to the course.
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Interfacing Physics Experiments
to a Personal Computer

John W. Snider and Joseph Priest
Department of Physics, Miami University, Oxford, OH 45056

The laboratory part of the course consists of two, two-h". activities each week.
Students complete an experiment during each laboratory pea Lod. A manual describ-
ing each experiment has been prepared for student use. About half the exercises are
devoted to analog electronics with heavy emphasis on the use of operational ampli-
fiers fer tailoring electronic signals for the input to an ADC. A variety of transduc-
ers are introduced throughout the course. Experiments include the design,
construction, and evaluation of an inverting amplifier, a noninvening implifier, a
two-stage thermocouple amplifier, a strain-gauge amplifier using a Wheatstone
bridge, a current-to-voltage converter using a photovoltaic cell, and an integrating
amplifier using a magnetometer.

We have developed software to assist the student in evaluating experimental
results and in preparing computer-generated graphs.

Interfacing physics experiments to the computer begins with building and test-
ing an 8-bit ADC for an Apple II computer. Students can use this converter in a
variety of experiments that include measuring and analyzing the angular displace-
ment-time spectrum of a damped physical pendulum, constructing and evaluating a
thermistor thermometer and temperature controller, measuring and analyzing the
large-amplitude pariod of a plane physical pendulum, nneasunng Planck's coratant,
measuring the characteristics of a junction ransistor, measuring and analyzing the
intemity distribution in a singleslit diffraction pattern, and measuring the coeffi-
cients of static and kinetic friction.

In most experimr nts the computer is used to record data from the experiment,
to compare the data rub a theoretical expectation, and to glean some meaningful
physical quantity from the comparison. For example, the tneoretical formula for
the intensity distribution in a single-slit diffraction pattern is fitted to the experi-
mental data. FrIm the fit, the student obtains the w ;dth of the diffraction slit, which
can be compared with an independent measurement.

The course capstone is an interfacing project. Each student designs an
experiment, conztnicts th e. apparatus, writes and tests the .7oftware involved in per-
forming the experiment, performs the experiment, and writes a report.

Emphasis t.n doing physics with the interfacing projects and using the computer
as an ana:ytical instrument are rewarding features of the course. Students find that
the course prepares them well for future physics endeavors whether as a studentor
in the work force.

t".7,
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Laboratories in Sound Analysis
Using Fast Fourier Transforms

Carl R. Nave
Department of Physics and Astronomy, Georgia State University, Atlanta, GA 30303

Darrell L Bell
Benjamin E. Mays High School, Atlanta, GA 30331

Under the sponsorship of the REAP' program during the summer of 1987, we
developed some short experiments making use of the Apple II computer for sound
analysis. The experiments use some BASIC routines to demonstrate discrete
Fourier analysis and fast Fourier analysis of time-varying signals. The main pur-
pose was to develop convenient routines that could accept data from a VELA2 lab-
oratory interface by analog-to-digital conversion, from a mathematical formula,
from hand-entered data, or from a text file. The fast Fourier transform routines are
based on some machine-language WI' routines supplied to us by Vasilis Pagonis.3

The VELA is capable of A/D conversion with a minimum time interval of 30
microseconds and produces satisfactory wave forms for most musical instrument
or voice sounds. The FFT routine developed for use with the VELA uses an acces-
sory card to manage the transfer of data from the memory of the VELA to the
Apple IIe memory. Another version is set up to read Apple text files in the format
used by Vernier's Graphical Analysis program so that the FFT program can ana-
lyze data that has been collected by other means. A third version was configured to
pause and prompt the user to enter BASIC program lines either in the form of
"read" statements for direct entry of numerical data or a loop to evaluate a mathe-
matical function.

The multiwindow display for the discrete Fourier analysis program consists of a
plot of the original wave form or function, a bar graph of the l'i rs t ten harmonic
amplitudes, a plot of the synthesized wave form for comparison, and a scrollable
list of the numerical vaiues for the harmonic amplitudes. Any of the windows can
be zoomed to fill the screen and dumped to an Epson prirter using a Grappler cam.
The display for the FFT program consists of a plot of the original wave form, a bar
graph of ten harmonic amplitudes, and a third half-screen window to display a
user-chosen number of up to 127 harmonic amplitudes in bar-graph form.

During the past year we have used the routines successfully in an elementary
acoustics course, an electricity and magnetism lab on Fourier analysis, and a
senior-level acoustics laboratory. We have also used the function version in an
optics course with various widths of single pulses to show that the Fourier trans-
form of the single slit produces the single-slit diffraction pattern. We will show the
display screens and examples of applications.

1. Research and Pngineering Apprenticeship Program, Academy of Applied Scien c for
the Army Re rch Office, 1 Maple Street, Concord, NH 03301.
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2. Versatile Laboratory Aid (VELA) (TEL-Atomic, Inc., P.O. Box 924, Jackson, MI
49204).

3. Vasi lis Pagonis, Allegheny College, Physics Department, Meadville, PA 16335.

Computerized Experiments in
Physics Instruction

H. M. Staudenmaier
Interfakultatives Intatut far Anwendungen der Informatik und Fakultat far Physik,
Universitat Karlsruhe, Federal Republic of Germany

Two computer-instruction projects have been installed in the physics department of
the University of Karlsruhe. The first is a computer-aided instruction laboratory
(cAn.),1 and the second is the integration of computerized experiments into the lab-
oratory exercises of a graduate course.

The central hardware is a VAX-750 computer with various peripheral devices
and six terminals reserved for the CALL participants. We use the CAMAC system as
an interface between the computer and experiments because of its modular struc-
ture and its extensive use in nuclear and high-energy physics.

Computer-Aided Instruction Laboratory

The CALL was started to familiarize students with real-time applications of comput-
ers in physics experiments. The CALL offers typical topics of online computing,
including data collection, data reduction, and process control; but these are com-
bined with physics applications. Students carry out various experiments that are
connected to a VAX mini"omputer. The CAIL increases students' knowledge both
of physics and .)mputer science. Experience has shown that a knowledge of com-
puter science improves job prospects for physics graduates.

Students take between five and seven hours per week or a total of about 80
hours to complete the CAIL. The CA1L can be taken as an optional course within the
physics curriculum, and so far 360 physics students have passed successfully.

At the moment, the CAIL consists of nine experiments or exercises. S.udents
start with exercises that concern the operating system of the computer, the compil-
er (mainly FORTRAN or Pascal), graphics, and two simple examples of data col-
lection in assembly language. In my presentation, I will present three of the online
experiments in detail.

Semiconductor Characteristics. With th help of the computer, students mea-
sure the characteristics of various semiconductor elements such as Si, Ge, tunnel,
or zener diodes. They then plot the current-voltage characteristic and extract the
parameters of the elements.

(' f-
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Sampling of Analog Signals. Methods of detection and analysis of noisy signals
are important tools in experimental physics. Students sample and digitize analog
signals of different shapes with various noise components using a fast 12-bit A/D
converter. Students repeatedly sample one F .nal, leading to a data file with about
20,000 data points. They then analyze this tile with various methods of signal pro-
cessing, for instance, tests of the sampling theorem, the aliasing effect, or cumula-
tive averaging. A second very important field is the transformation of a signal tram
the time domain to the complex frequency domain. Here, students use the date
sampled in the experiment to illustrate Fourier transform (FT), discrete FT, fast FT,
leakage effect, convolution, and correlation.

Elements of Picture Plocessing. Methods of picture processing have been used
in physics for a long time. Pattern recognition has been the most effective proce-
dure in high-energy physics to detect new particles. In this experiment, students
digitize video pictures with a specially equipped IBM PC and then transfer the
image fle to the VAX computer. Students work on the following subjects of image
processing: gray-scale histograms, pseudocolors, two-dimensional Fourier trans-
form, pattern recognition, digital filtering, and edge sharpening. Finally, they deter-
mine the fractal (or Hausdorff) dimension of the coastline of Great Britain. For that
purpose, they digitize a map and "survey" with a software "ruler" of variable
length.

Computerized Experiments in Graduate
Laboratory Courses

We have incorporated two compuerized experiments Into the regular graduate lab-
oratory course. The idea is to reduce the time spent for data collection and analysis
so that students can measure more test pieces or ',lore interesting effects. The
important point is that the computer remain a "black box" as much as possible, the
emphasis being on teaching physics.

Cosmic Ray Experiment.2 In physics research the measurement of "single
events" is a1ready a common method, but up to now this method has been practical
only if a computer interfaces with the experiment. The cosmic-ray experiment is an
example of single-event experiment. We use two large bars of scintillation materi-
al, 240 cm long, placed above each other. The student places photo multipliers at
both ends of each bar, and a cosmic particle passing through generates scintillation
light that is detected in the photo multipliers. The position of the particle is deter-
mined electronically and stored in the computer together with the resulting pulse
height. The physical objectives arc angular and energy distribution of cosmic rays,
east-west effect, shower generation, etc. Students have not been totally positive
about this experiment; they have trouble understanding and adjusting the electron-
ics of the expeiiment.

Heat Capacity Measurement.3 The measurement of heat capacity has been a
traditional experiment of this laboratory. The experiment was computerized to
speed up the measuring procedure and analysis of the data. The sampk , for
instance, copper, is placed in a cryostat and the specific heat is measured in the
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temperature range 80 to 300K. The sample is heated by a resistance heater con-
trolled by the computer connected to the apparatus. An important feature is a ther-
mal shield that is kept at the same temperature as the sample; the shield's
temperature is controlled with a PID algorithm implemented in the computer. The
analysis is done online and the result is displayed simultaneously on the graphics
terminal. In the old experiment, students measured only one sample. They can now
measure three at the same time, for instance, copper, lithium fluorid, and potassi-
umdihydrogenphosphate (KDP). KDP is very interesting material since a ferroelec-
tric phase transition can be otserved around 120K. The experiment has been a part
of the laboratory course since the summer of 1987 and student acceptance is
unqualified.

1. H. M. Staudenmaier, "Use of Computer in Science Edtmttion," J. Phys. 3, 144 (1982).
2. S. Bauer, "Rechnergekoppeltel Veruch zur Messung der Hoehenstrahlung,"

Diplomarbeit, UniversitAt Karlsruhe (1986).
3. G. Mayer, "Apparatur zur Automatischen Messung der Spezifischen Waerme von

Festkoerpern," Diplomarbeit, Universität Karlsruhe (1987).

Popcorn, Nuclear Decay, and
Counting Statistics Using an MBL

Priscilla Laws and John Luetzelschwab
Department of Physics and Astronomy, Dickinson College, Carlisle, PA 17013

Courses in the Workshop Physics Project at Dickinson College replace, formal lec-
tures with student observations and experiments enhanced by computer-based mea-
surements, data analysis, graphing, and numerical problem-solving. This workshop
introduces materials developed by the project to facilitate teaching of high school
and college-level introductory physics.

In this workshop, each participant will use a Macintosh computer equipped
with a serial interface and two transducersthe Geiger tube and a small micro-
phoneto explore n.;clear and popcorn decay phenomena. The statistics of repeat-
ed counting of a long-lived source will be investigated for a low average number of
counts and a high average number of counts per interval, of counting time.
Cor uter software capable of generating a real-time histogram of frequency of
occurrence vs. number of counts per interval will be used to observe the develop-
ment of both the Poisson and the Gaussian distributions in real time.

If time permits, participants will conduct repeated measurements on a mechani-
cal system that can be characterized by a Gaussian distribution. In this case,
Microsoft Works spreadsheet and Cricket Graph software will be used to analyze
and display the data.
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The workshop will conclude with a discussion of how counting statistics can be
used at the beginning of an introductory physics course to help students obtain an
understanding of the nature of statistical uncertainties that are an inevitable part of
all quantitative physics experiments. Interested participalts will be given informa-
tion on how dm software and hardware might be implemented on Apple II or IBM
PC computers by those with the requisite technical skills in interfacing and soft-
ware design.

The Workshop Physics Project was funded by a grant from the U.S. Department of
Education Fund for Improvement of Postsecondary Education.

Visual Photogate Timing and
Graphical Data Analysis

Priscilla Laws and John Luetzelschwab
Department of Physics and Astronomy, Dickinson College, Carlisle, PA 17013

Courses in the Workshop Physics Project at Dickinson College, replace formal 'ec-
tures with student observations and experiments enhanced by computer-based roea-
suremAnts, data analysis, graphing, and numerical problem solving. This workshop
introduces materials developed by the project to facilitate teaching of high school
and college-level introductory physics.

Microcomputer-based phatogate timing systems have been available for more
than five years from several leading scientific supply companies. Some of these
hardware and software packages are oriented toward sptcific standard experi-
ments. In some cases students merely need to drop an object and press "return" on
a computer keyboard, and the computer system then takes over to deliver a printout
of data that has beers analyzed and graphed. Participants in this workshop will
explore appropriate and inappropriate ways to use microcomputer-based photo-
gates as tools for physics education.

Each participant will use a Macintosh computer equipped with a serial inter-
face. A photogate consisting of a phototransistor and an infrared LED will be used
to explore linear and rotational motion. The hardware will be uscd in conjunction
with highly flexible, pedagogically oriented software developed jointly by
Dickinson College and Technical Education Resouro:s Centers. Students can use
the software to obtain a strip chart style of display that shows when the photogate
is blocked and when it is unblocked. This display invites the use of operational
definitions of position, velocity, and acceleration to analyze motion data.
Workshop participants will analyze and display trial free-fall observations using
the Microsoft Works spreadsheet and Cricket Graph software.

The workshop will conclude with a discussion of why it is important for novice
students to use operational definitions for all physical quantities in preference to
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the more abstract but ultimately more powerful paraphrase definitions usually pre-
seined in introductory textbooks)

The Workshop Physics Project was funded by a grant from the U.S. Department of
Education Fund for Improvanent of Postsecondary Education.

1. R. Karp lus, "Educational Aspects of the Structure of Physics," Am. J. Phys. 49, 238
(1981).

Linearization of Real Data

Priscilla Laws and John Luetze;b:,hwab
Department of Phyrics and Agronomy, Dickinson College, Carlisle, PA 17013

Courses in the Workshop Physics Project at Dickinson College, replace formal lec-
tures .vith student observations and experiments enhanced by computer-based mea-
surements, data analysis, graphing, and numerical problem solving. This workshop
introduces materials developed by the project to facilitate teaching of high school
and college-level introductory physics.

Aside from the rather shallow process of memorizing equations, there are sev-
eral ways that students can know something about a functional relationship in
physics: they can employ qualitative reasoning based on some general principles
that they are already familiar with, they can derive a relationship mathemstically
using physical laws and definitions, and they can take actual measurements and
attempt to linearize the data to determine an empirical relationship.

The goal of this workshop is to give the participants some hands-on experience
in collecting and linearizing different types of data sets. It will also give partici-
pants some insight into the difficulties students typically have with the concept of
linearization. Participants will use low-cost apparatus along with the Microsoft
Works spreadsheet and Cricket Graph software to measure, graph, and linearize
several different functional relationships quickly and easily. These relationships
include: the sliding friction force as a function of the mass of a block, the time of
fall of a ball as a function of the distance through which it falls, and the flux of par-
allel nails through a loop (representing an electric, magnetic, or gravitational field)
as a fun. Nn of the angle between the nails and the normal to the loop.

The orkshop will conclude with a discussion of some software packages that
can be used with IBM PCs or Apple IIseries machines to perform similar analy-
ses.

The Workshop Physics Project was funded by a grant from the U.S. Department of
Education Fund for Improvement of Postsecondary Education.
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Coupling Numerical Integration
with Real Experience

Priscilla tJws and John Luetzelschwab
Department of Physics and Astronany, Dickinson College, Carlisle, PA 17013

Courses in the Workshop Physics Project at Dickinson College, replace formal lec-
tures with student observations and experiments enhanc-4 by computer-based mea-
surements, data analysis, graphing, and numerical problem solving. This workshop
introduces materials developed by the project to facilitate teaching of high school
and college-level ir Auctory physics.

Although student ,. learn how to integrate a number of the standard closed-form
functions prevalent in physics equations, they have a great deal of difficulty under-
standing the physic:II meaning of the integral expressions typically found in calcu-
lus-based introductory physics courses.

Panicipants in this workshop will measure quantities associated with several
simple physical systems and enter these quantities into a Microsoft Works spread-
sheet in a manner that lends itself to numerical integration using a finite sum. In
addition, Cricket Graph software will be used to display the data graphically. We
will consider three physical systems for which both analytic and numerical integra-
tion techniques can be used: the work done as a function of the displacement
resulting from a force applied to a spring, the area under a P-V curve for a thermo-
dynamic system, and the potential as a function of distance from a continuous
charge distribution.

The workshop will conclude with a discussion of other physical systems that
might be used as opportunities to verify the physical significancc of solving a
closed form integral by using a finite sum of real data.

The Workshop Physics Project was funded by a grant from the U.S. Department of
Education Fund for Improvement of Postsecondaxy Education

0 1.... r.
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Coupling Simulations with
neal Experience

Priscilla W. Laws
Department of Physics and Agronomy, Dickinson College, Carlisle, PA 17013

Coutses in the Workshop Physics Project at Dickinson College, xplace formal lec-
tures with student observations and experiments enhanced by computer-based mea-
surements, data analysis, graphing, and numerical problem solving. This workshop
introduces materials developed by the project to facilitate teaching of high school
and college-level Ldroductory physics.

Physics is an experimental science, and a primary focus of the Workshop
Physics Project is to use direct hands-on engagement with real physical phenome-
na as a way of helping students learn about the process of doing physics. The pro-
ject is strongly opposed to the use of computer simulations as a substitute for real
experience for two reasons. First, students have grown up with simulations in the
form of video games and cartoons that systematically violate the laws of physics.
lecond, simulations do not teach swdents to appreciate the real difficulties inher-
ent in reducing real observations about the natural world to theoretical idealiza-
tions.

However, simulations can be very powerful aids to observation and reasoning
when coupled with real experience. Paruzipants in this workshop will use three
computer simulations available for the Macintosh computer in conjunction with
real acparatus to explore physical systems. These sample simulations include:
Graphs and Tracks, developed by David Trowbridge at the University of
Washington and Carnegie Mellon, a spreadsheet-based relaxation method solution
of Laplace's equation for mapping the potential difference in the space between
two line electrodes, and Coulomb, developed by Blas Cabrera at Stanford
University, for displaying the electric field lines in two dimensions from charges
lying in a plane

The workshop will conclude with a discussion of other physical systems that
might be con:ed productively with computer simulations to consolidate student
understanding of various phenomena.

Thc Work:hsi: Physics Projcct was funded by a grant from thc U.S. Dcpartmcnt of
Education Fund for Improvement of Postsecondary Education.
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Video Graph: A New Way to Study
Kinematics

Robert J. Elaichner
Center for Learning and Technology, State University ri New York at Buffalo, Buffa;=.
NY 14260

Michael J. DeMarco, David J. Ettestad, and Edward Gleason
Physics Department, State University of New York, College at Buffalo, Buffalo, NY 14222

The VideoGraph software package provides students with a new way of taking
data on the motion of objects.' Targeted for any introductory high schr or col-
lege-level physics course, this software not only makes it easier and fa. ; to col-
lect motion data, but also helps students make the cognitive link between the
physical e ent and the mathematical graph representing it.

Students begin by videotaping an interesting motion. This motion could be
something like the collision of air-*.rack carts or the oscillation of a mass on a
spring. It could also be a "real-world" landing of a jet airplane or the acceleration
of an automobile. Smdents use a tripod-mounted videocamera to record the notion
of the object as it moves across the field of view. These images arc played back
one at a time on a single-frameaivancing videocassette recorder. As the images
are displayed by the VCR, they arc digitized and sent into a Macintosh microcom-
puter and stored as "MacPaint" documents. We use Pixelogic's MacViz interkice to
Jo this, although others will wo t.

To run the VideoGri 3ftware, the students select the "Open" choice undcr
the 'Tile" menu and load . video frames into the computer By taking the prop-
er selections from the "Set-up" menu, they select an origin of coordinates, ca,,brate
the image (by selecting an object of known size from a frame and then entering its
siTAI and units of measure), and mmt a point of interest on cach frame. This last
task is usually very time consuming during traditional labs, because it involves
measuring extremely small dots on a photograph.

The VideoGraph software presents each frame individually. The student moves
a mouse-controlled cursor until it is on a readily discernible part of the moving
object. Clicking the mouse button records the position of that point and 2.utomati-
cak advances to the next frame. This process continues until a1.1 frames have been
marked. It generally takes fewer than two seconds per frame.

Now the student selects a graph from the "Windows" menu. For example, if the
student selects the "X-Position" graph, the software opens a new window and
draws erpropriate axes. Selecting "Animate" under the "View" mcnu then pro-
duces a movie showing the object as it goes across the screen. "i the same time,
the software generates a graph of the object's position along thex direction. It can
also produce graphs of position, speed, and acceleration for both x and y dLections
or can displa: a list of coordinates for the graph.
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We are currently conducting a thorough evaluation of the effectiveness of the
software.2 The .esearch design permits us to comoare the Video Graph technique
with the more traditional stroboscopic method of .athering motion data. We will
also be able to see if viewing an object moving on the screen reduces the need for
students actually to produce the motion. We certainly do not want to imply that
using the software will completely remove the requirement for hands-on experi-
ment:Sion. But if students need not be involved in producing every motion, they
could be assigned a series of previously produced motions for thorough analysis.
This could be done as homework assigitments or as part of laboratory exercises.
Using VideoGraph will thus allow students to examine a broader variety of
motions, both those they produce and those produced by others.

Since this technique of gathering data will work for a wide range of motions,
we are developing an entire series of laboratory exercises using the VideoGraph
package.3 We are also designing supplementary software to allow students to
"build" motion graphs by selecting line segments from a palette of choices.
Distance, speed, and acceleration graphs will be linked so that adding a segment to
one graph will automatically update the other two. Student creation of a simple
object that moves according to the kinematics graphs will lead students from graph
to motion. We hope this will complement the current VideoGraph software, which
goes from motion to graph.

TheVideoGraph project was partially supported by the National Science Foundation (grant
no. CSI8750443). Mainstay. Inc. donated their software development environment. VI.P.

1. The VideaCraph software is available from the Center for Learning and Technology
The current version requires at least two megabytes of memcry in order to work with a
reasonable number of images. The animation is smoothest on a Macintosh II.

2. The development and evaluation of the VideoGraph software is being done as part of
Mr. Beichner's Ph.D. dissertation in science education at SUNY Buffalo. Statistical
results of the reseasch will be available at the conference.

3. This curriculum package will be made available by the department of physics at the
SUNY College at Buffalo. Titles of the labs include: "Measurement and Error,"
"Vectors," "Acceleration," "Free Fall," "Projectiles," "Harmonic Motion," "Work,"
"Linear Collisions," "Two-Dimensional Collisions," and "Angular Momentum."

Computer Analysis of Physics Lab
Data

John Elberfeld
EduTech, Rochester, NY 14609

Comp rized data-acquisition devices ,.an now record more data in a few seconds
than students can analyze in a semester using standard techniques. Fortunately, the
computer also provides students with the power and speed to discover pattern; and
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find relationships in the masses of data they record. This mimworkshop introduces
participants to computerized data analysis of information recorded in physics labs.
No knowledge of computers, programming, or statistics is required or expected.

All activities arc based on EduTech's Data Analysis, a versatile but straightfor-
ward program designed to help high school students process data recorded in labs.
Data may be entered from the keyboard or read off disks used by EduTech's game-
port interfacing programs. Students interact with various least-squares curve-fitting
routines to determine the "best" relationship between two variables. Options are
includ,Al for the study of polynomial, exponential, and logarithmic relationships.
The program gives the students the ability to test hypotheses by predicting the
dependent variable's value based on entered values for the independent -ariable
and on the equation selected by the student as the best.

Data Analysis brings sophisticated mathematical techniques to : AS from
the junior high level on up, maing complex analysis as accessible as graphing.

Data Analysis provides a time-efficient alternative to traditional methods of
graphing and analysis. Once students have learned the techniques of hand analysis,
they can use Data Analysis to do more testing and graphing on other experimental
data. This allows them to explore relationships between variables, form a hypothe-
sis as to the best relationship, and test it.

In Data Analysis, students enter x and y values into the program on a keyboard.
The program plots y against x and can fit a variety of student-selected curves to the
data. Students can save and recall data from data disks. Polynomial, exponential,
and log curves can be fit to the data. Graphical and numerical results can be printed
out on most dot-matrix printers.

Data Analysis runs on the Apple II family of computers and Apple II-compati-
ble computers. A single disk drive is required. A second disk dnve and graphics-
capable printer are helpful options. The software package comes complete with
extensive manual and back-up d,sk.

IEEE-488 Interface for a Voltage
Power Source and an Analog
Multiplex Unit in a
Microcomputer-Based
Undergraduate Laboratory

C, W. Fischer and R Sawatzky
Physics Department, University of Guelph, Guelph, Ontario NIG 2 41 I , Canada

Although undergraduates arc increasingly using microcomputers in the laboratory
to control experiments and collect data,1 the instructor must be careful to choose
the proper degree Jf computer interaction. Students must not becomeso enamored

'2 )
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with operating the computer that they fail to understand the physics of the experi-
ment.

This paper describes the microcomputer system and peripherals needed for a
pedagogically sound data-collection and experiment-control system. Our system
incorporates an IBM PC equipped with an IEEE-488 data bus. We describe in
detail the interface of a programmable voltage source and an MUX (time division
analog multiplex unit). These units plus a standard DVM permit "computerization"
of most of the experiments required of students in our junior undergraduate labora-
tory. While satisfying our primary objective of introducing modern tools and tech-
niques to the undergraduate laboratory, our system ensures that the computer and
its peripherals are as easy to use as other standard laboratory tools.

We assume that the students have familiarity with a programming language
such as BASIC, Pascal, or 7ORTRAN, and we provide them with the elementary
stiaoutines needed to control bus activity. Since ,liese subroutines are specific to
the type of plug-in board chosen for the PC, they are not described here.

The work station is a portable de' carrying a PC equipped with a plug-in board
interfacing the PC data bus to an IEEE-488 port. These boards are commercially
available or can be constructed from reports in the literature.2 The work station
also carries a 4 1/2 digit DVM fitted with a IEEE-488 port. The student uses the
DVM initially to test the experiment and later to measure voltages presented to the
MUX. Because a single DVM may be used to read various voltages (eight in our
case), the use of the MUX reduces system cost considerably. We have used the pro-
grammable power supply to control oscillator frequency, output of low-frequency
wave forms, and DC voltages.

The MUX and programmable vo!tage source have features important for stu-
dent use. We designed th?, MUX and rrogrammable power supply so that the stu-
dent can manually simulate the action of the computer during an experiment. This
aspect is essent;a1 because it allows the student to separate the computer and its
software from the physics. The DVM cc ..1d be replaced by an ADC to save cost,
but then the student would not be able to use the DVM to test the experiment
before relinquishing control to the computer. The DVM is also used during data
collection to pmvide a visual check on the data.

The IEEE-488 interface is a 16-line digital bus that permits parallel transfer of
data and commands between instrumems. Eight of the 16 lines arc devoted to the
interchmge of data and commands, five are interface man..ement hnes, and the
remaining three are hand-shaking lines. Each device connected to the data bus has
a unique address. These devices may be configured as talkers, listeners, or con-
trollers. The MUX and power supply are listeners only; the DVM is a talker or lis-
tener, and the PC functions as a talker, listener, and controller.

The heart of the MUX interface is an 8-to-1 analog switch based on Bi-FET
technology. An analog signal in the range of ± 30 volts presented to an addres,
input channel appears at the output. Tth, selected channel is indicated by a seven-
segment display. The user may override the computer and manually sued!. an MUX
channel. During the setup and testing phase of the experiment, the ability to select
the addressed channel manually is useful.
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The heart of the 1EEE-488 power supply interfaze i the 12-bit DAC. The DAC
accepts data over the bus after the interface has been addressed tu listen. After the
proper address is received, a comparator outputs a true signal and sets the NRFD
(not ready for data) hand-shaking lino false, i.e., interface ready to receive. The
controller places the frst data byte (8 MSB) or. the bus. This byte is latched and
presented to the DAC. The controller is then signaled to send the second byte con-
taining the 4 LSB that are also latched. Following the second byte the interfaze is
again ready to receive, or it may be placed in the idle state by having the controller
issue the unlisted command. A complete schematic in ACAD format is available
from the authors upon receipt of a DOS ..).X formatted disk.

1. D. A. Briotta, P. F. Seligman, P. A. Smith, and C. D. Spencer, 'The Appropriate Use of
Microcomputers in Undergraduate Physics Labs," Am. J. Phys. SS, 891 (1987).

2. B Hall, "Programmable Laboratory Interface to the IEEE-488 Bus," Rev. Sci. Instr. 57,
695 (1986).

21X Microcomputer-Based
Logger

Boris Starobinets
DepwlmerU of Geophysics and Planetary Sciences, Tel Aviv University, Ramat-Aviv 69978,
Israel

It is not easy to find sophisticated microcomputer-based instruments that interface
readily with a wide variety of external devices and are also easy to use. The 21X
micrologger (Campbell Scientific) combines both thesx features.

The microcomputer-based, battery-operated 21X logger was designed to mea-
sure, collect, and record meteorological data (wind direction and speed, tempera-
ture, air pressure, and humidity). This miniature precision instrument inputs data
from the sensors, processes the information, and stores this nrocessed data in its
memory to be read later using a cassette recorder, a printer, or a remote computer.

But the 21X is far more than a simple sampling logger that does no more than
periodically sample and record inputs. The 21X has programming capabilities that
can convert it to a very usefut, general-purpose instrument for measurement, con-
trol, and interface. The 16-digit keyboard on the 21X panel is used to enter pro-
grams and commands. A serial 1/0 connector connects the 21X to the printer, and
can also be used for remote programming or data transfer through a RS232 inter-
face.

The panel has two terminal strips. The upper strip connects analog inputs. On
the lower terminal strip, the first four numbered terminals arc the switched excita-
tion channels, which provide precisely regulated excitation voltages for bridge

'''
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measurements. fwo constant analog output channels can provide analog output
voltage under the program control to be used, foi example, with x-y plotters, and
strip charts. These outputs are very helpful for constructing proportional con-
trollers, automatic curve tracers, and calibrators, etc. The six digital control ports
can be set to either 0 or 5 volts. TimF the 21X can be used to control external
devices such as stepmotors or relays. The four-pulse count inputs can be used as
pulse counters.

The 21X's almost 100 instructions are divided into four categories: (1)
input/output instructions are used to make tr asurements and store the readings in
input locr ons, transfer the content of these input locations to analog outputs, or :o
initiate digital output ports; (2) processing instructions perform numerical opera-
tions on data; (3) output processing instructions use data from input locations to
generate time or event dependent values that are stored in the final storage. Data
from fmal storage can be transferred to remote romputer; and (4) program control
instructions control the sequence of execution.

Using these helpful features of the 21X logger, we have built an automatic sun
photometer. The sun photometer tracks the sun and measures the spectrum of the
solar radiation in the visible region. Tracking is carried out with the help of the
quadrant detector. An error signal arises when the image of the sun shifts out from
the center of quadrant photodetector. The 21X processes these signals and uses
them to control two step-motors, which correct the position of the sun photometer.
The 21X simultaneously checks the position of the filter wheel (a wheel on which
are fixed seven narrow-band interference filters). The 21X measures the solar radi-
ation at the instant that the corresponding filter is positioned exactly over measure-
ment sensor.

Any physics teacher working witn the 21X will appreciate this remarkable
microprocessor-based measurement and processing tool.

Using Vernier's Graphical
Analysis in Physics Labs

Betty P. Preece
Melbou-le High School, Melbourne, FL 32901

Participants will explore various ways to use Vernier's Graphical Analysts pro-
gram with data from physics la'os. Using actual d-ta from a lab on the period of a
simple pendulum, we will usc Graphical Analysts to analyze and plot graphs so
that we can search for possible relationships such as direct linear, to the second or
to the one-half power, or independent. We will search both on screen and on hard
copy. We will use data from demonstrations, lab group, and individual analyses.

... ,
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will also discuss applicatiens of this Graphical Analysis to rectifinear motion
and to centripetal motion labs. I have successfully carried iut computer sualysis of
these labs in my physics lab even when only one Apple He ahd printer has been
available for a class of 30. Even teachers of physics with limited experience in
computers and physics can use Graphical Analysis. The software enables students
to see relationships that are often obscured by the time-consuming plotting of data
by hand.

ASYST, a Tool for Physicists

J. D. Thompson
Department of Physics, Augustana College, Sioux Falls, SD 57197

The use of computers has revolutioned the teachiug of physics. The computer now
serves as a powerful tool both in the laboratory and in the classroom. Part of the
progress in using computers is due to powerful computer programs like ASYST.1

ASYST is an integrated package of modules that support data collection, data
analysis, curve fitting, and graphical presentation of results. The ASYST package is
versa:lie, venient to use, fast enough to be useful for the laboratory, and also
useful in the classroom, e.g. for displaying curves, wave form synthesis, fast
Fourier transforms, inverse transforms, and various other mathematical operations.
The comes complete with several utihties that facilitate program and file
preparation and management, including a text editor.

ASYST is a stack-oriented package similar in use to FORTH language u-ad the
reverse Polish notation ;If some calculators. A large number of primitive words
(similar to commands such as "Print," "Sin," etc., of BASIC) are supplied with the
package. User-defined words are easily created in a manner similar to creating a
subroutine in BASIC r a precedure in Pascal.

Several useful mathematical tools are included in ASYST. First, ASYST has an
extensive array-handling capability. It includes an array editor, ana it allows the
user to select subarrays and carry out array arithmetic, including inner and outer
products. Using AS YST, the user can store arrays in the computer's expanded mem-
ory, if available.

ASYST also offers extensive graphics capabilities, including automatic scaling
and ig on the monitor in linear or exponential form. Numerous ASYST com-
mands litt.ortatc user selectien of scale, annotation, color, and number of superim-
posed curves. Words are also a; 2.able for doing contour and axonometric plots of
data. All ASYST graphs may be dumped to an attached printer or directed to an x-y
plotter.

ASYST also accommodates some limited statistical analyses and curve fitting.
Statistical analyses include one-way, two-way, and regression am. , sis of variance.
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Curve-fitting capabilities include smoothing, least-sc,az.res polynomial, exponen-
tial, and logarithmic fits, and fits te orthogonal polynomials such as Tchebyshev,
Legendre, and Hermite polynomials.

Other mathematical operations in ASYST include polynomial integration, differ-
entiation, and root extraction; matrix manipulations including inner and outer prod-
ucts, inversion, multiplication, and solution of simultaneous equations;
diagonalization of seif-adjoint matrices, and determination of eigenvalues; fast
Fourier transformations, inverse transformations, and frequency-domain filtering.

Of particular interest to physicists is the ability of ASYST to do hardware-based
data acquisition. With the addition of readily available boards, 12-bit A/D at con-
version rates to 50 kHz and higher are attainable. The acquired data may be stored
in arrays or aansferred directly to data files on disk, including direct memory
access to files in a RAM disk for the highest transfer rates. Data may also be
acquired through an IEEE-488 interface board from equipment such as digital
oscilloscopes, digital voltmeters, etc., equipped with IEEE-488 capabilities. Words
to effect the transfer of data through several available boards are included in the
package and tLe setup required for individual board installation is relatively easy.
With suitable available hardware, the system may be used for digital to analog con-
version as well as digital I/O.

The minimum hardware requirements for ASYST are: IBM PC/XT/AT or com-
patible, 512K RAM, two floppy disk drives or one floppy drive and a hard disk,
IBM color graphics adapter (equivalent or better), and a math coprocessor (Intel
8087, 80287 or 80387). The ability to do hardware-based data acquisition requires
an analog to digital (A/D) conversion board or an IEEE-488 board.

1. ASYST (Rochester, NY: ASYST Software Technologies).

Microcomi.uter-Based Integrated
Statistics, Analysis, and Graphics
Software for Introductory Physics
Laboratories

J. D. Kimel
Department of Physics, Flortda State Univer.stty, Tallahassee, FL 32306

Students in introductory physics laboratones can use microcomputer software to
analyze and graph the results of their experiments. Such powerful and convenient
tools cut through the calculauonal tedium normally required of such analyses and
get directly to the physics t'ing investigated in the laboratory.
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We have designed an integrated serifs of statistics, analysis, and graphics soft-
ware for introductory physics laboratories. Our system requires mobile work sta-
tions consisting of an IBM PCcompatible microcomputer and a graphics-capable
dot-matrix printer (set up for IBM graphics). Each work station is mounted as a
unit on a rolling cart. Our software is in use in introductory physics laboratory sec-
tions of 20 students working in pairs, with ten mobile work stations.

The software is now used in the first semester of a two-semester laboratory
associated with a czlculus-based introductory physics course at Florida State
University. After we acquire more work stations, we will expand the use of the
software to both semesters of the calculus-based course, and eventually to our non-
calculus-based course. These 'laboratories will serve approximately 300 students
each semester.

The software gives the student a convenient means of calculating and visualiz-
ing the statistical uncertainties assof ited with any repeated measurement of a
physical quantity. The student must 1 xe such uncertainties into account in deter-
mining what physical conclusions might be inferred from the measurements. An
advantage of the software is that it gives the student almost-immediate analysis and
graphics feedback on measurements. The immediacy of the system encourages the
student to make hypotheses about the data and emw conclusions about the statisti-
cal relevance of the laboratory measurements to the hypotheses. This enhances the
student's insight into the physical implications and limitations of physics laborato-
ry experiments.

The software provides the student with the means of recording, analyzing,
printing, graphing, and saving to diskette, the experin-xntal results of the laboratory
measurements. Statistical uncertainties in repeated measurements are calculated
and igaphically displayed. These uncertainties are fed into the analysis portion of
the software, which provides a least-squares polynomial fit to the data on linear,
semilog, and log-log scales. The parameters of this fit are assigned uncertainties
propagated from those in the experimental data. The process allows the student to
draw statistically significant conclusions about the physic's being investigated in
the experiment. When the data is saved to diskette, the student can quickly analyze
the data in several different ways and can identify the measurements both analyti-
cally and graphically as exhibiting a linear, exponential, or power-law dependence
on the independent variable. Thus, the student is led to hypothesize about the
underlying physics of the experiment.

The software is written in QuickBASIC and consists of two parts. The first part,
SIGMA, allows the student to enter and display on the screen a series of measure-
mentE of a single quantity in a worksheet-style format. The program calculates the
mean, the standard deviation of the sample, and the standard deviation of the mean
for the series of measurements. The software allows the student to graph the results
to screen or printer and to save the worksheet on a diskette for later use.

The second part, ANAGRAPH, which is also in a worksheet-style format,
allows entry and display on the screen of a list of measurements and their experi-
mental uncertainties ver.us the independent variable points. The student uses a
least-squares algorithm to fit the experimental data to a polynomial of degree up to
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six, and the scftware returns the expansion coefficients together with uncertainties
resulting from uncertainties in the experimental measurements. The results can be
saved to diskette, printed, or graphed to the screen or printer. The student can
select three different types of polynomial fit:

l.y=ao+a1Zx+a2Zx2+

2. log(y) = ao + 4....

3. log(y) = ao + all,log(x) + alLlog(x))2 +

and can grapa these on linear, semilog, or log-log scales. Thus the student can easi-
ly identify a linear, eximential, or power dependence of the laboratory measure-
ments versus the independent variable points.

The softwaie is self-booting and menu driven. Help screens appear where nec-
essary to remind the student of the next step in applying the software. Although
written instructions are provided, the software is intuitive, self-explanatory, atx .

very easy to use.
The hardware requirements are an IBM PC or compatible with one 5.25-inch

floppy-disk ti.ve, 256K of memory, and a CGA card. The software can utilize an
8087 mathematical coprocessor, but the coprocessor is not required. For printer-
graphics output, the software requires a dot-matrix printer with g parallel interface,
set up for IBM graphics.

The software programs Analysis and Graphics Package are part of the collection
Cornpiaers in Physics Instruction: Software, which can be ordered by using the ferm at the
end of this book.

Application of a Commercial
Data-Acquisition System in the
Undergraduate Laboratory

William R. Cochran
Departnvmt of Physics and Astronomy, Youngstown State University, Youngstown,
OH 44555

I use a commercial data-acquisition system (the Keithley 5'70) in conjunction with
the IBM-PC in an upper-division undergraduate laboratory. In my presentation I
will discuss the advantages and disadvantages of this system from the point of
view of a small college physics department. I will also discuss example expe:
ments from optics and thermodynamics.

ef
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In the optics experiment, the PC and Keith ley 570 are used to drive a stepper
motor connected to the movable mirror of a Michelson interferometer, to sample
the interference signal incident on a photodiode, and to calculate and plot the
resulting spectrum, using the Cooley-Tukey algorithm to obtain the transform.

Ir. the mennodynamics experiment, the student calibrates a thermisw Iv; deter-
mining the constants in the Steinhart-Hart equation, and then uses the PC and
Keith ley 570 to drive a transconductance amplifier that measures the voltage
across the thermistor. The system also collects the data and calculates the
Steinhart-Hart constants. The student then uses a second program, into which the
constants for any ther 'istor can be entered, to determine unknown temperatures.

,
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Computers and Research in
Physics Education

Lillian C. McDermott
Depa-tnsent °Physics FM-15, University of Washington, Seattle, WA 98195

Computer-based materials for teaching physics are being produced at a rapid rate.
The range of instructional programs already generated is broad, including exercises
for drill and practice, tools for graphic display, simulations of phenomena, guid-
ance for solving textbook problems, and tutorials for teaching specific material.
Programs for solving complex problems numerically are making it feasible for stu-
dents to consider real-world situations instead of being limited to idealizations. As
more powerful programming ei.vironments are developed, the scope of what is
technically possible continues to grow. Advances in technology regularly give rise
to suggestions of new ways to use computers in physics education.

Although development has been fast, we have devoted relatively little attention
to examining what students at a computer may be learning or how they may be
thinking. To take full advantage of the current technology, we should pause to
reflect on what computer-based instruction has contributed to student learning, on
what we would like such instruction to accomplish, and on how we might best
direct our efforts to !wing about the desired results. Such considerations will pro-
vide a much mcie fruilul direction for our labors than will intuition or opinion.

In the fall of 1982, a special conference was held at the University of Pittsburgh
to consider tiow research could help realize the educational potential of the com-
puter.' Among the approximately 40 people who attended were cognitive scien-
tists, computer scientists, psychologists, science educators, precollege teachers,
and university faculty. Several physicists were present, including F. Reif, who was
one of the two chairmen. The repon of the conference, which was published in
1983, includes a research agenda.1Nvo main categories are identified: basic cogni-
tive research and prototype research. The first deals with teaching and leaning at a
fundamental level, an orientation that is characteristic of the cognitive scientist or
psychologist. The second is of more immediate interest to physicists and is me
emphasis of this paper. The point of view expressed is that of a physics instructor
whose primary motivation for research is to understand better what students find
difficult about physics and to use this information to help make instruction more
effective.

This paper examines the relationship between the computer and research in
physics education in the context of specific examples. Most of the examples pre-
sented here illustrate how research can be used as a guide for development, i.e.,
how research drives the computer program. The remaining examples show how thc
computer can be a tool for doing research, i.e., how the computer program drives
research. Discussion of the examples gives rise to questions warranting further
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study. Reflection on the potential the computer, both as a means of delivering
instruction and as a means of investigation, leads to some suggestions for future
research. The paper concludes with a summary of how research s I curriculum
development, both traditional and computer-based, can interact within an instruc-
tional eavimnment to contribute to the improvement of physics education.

Ri.,search as a Guide for Development of
Programs

Re Its from research can be used to guide the development not only of written
als but also of instructional programs on the computer. Empirical investiga-

tions can help identify common conceptual and reasonin difficulties that students
encounter in learning physics. Careful examination of student thinking on a topic
may also rwal useful intuitions that might be exploited in instruction. This infor-
mation can be used to design computer-based instruction that addresses the diffi-
culties identified or that develops new concepts or skills. The main emphasis in
other research may be on the development and tcsting of specific instructional
strategies, both those that can be u:;ed generally and those that are peculiar to the
computer. Optimally, such research involves preliminary testing of the instructional
procedures before they arc incorporated into a computer program.

Research can provide a basis for the design of programs to teach problem solv-
ing. The focus is often on the development or the use of a theoretical model of cog-
nition or instruction. The features of the model can be incorporated into a computer
program for teaching students how te solve certain types of physics problems. The
model may be prescriptive or descripti. A hypothetical task analysis may be the
starting point for constructing a vescriptive model of good problem-solving per-
founance. In this case, the model may consist of the knowledge and procAures
n ssary for arriving at a correct solution to a problem. Some problem-solving
research focuses on how individuals with different levels of expertise solve prob-
lems. Analysis of the data leads to :he formulation of descriptive models for expert
and novice problem-solving behavior. Ideas from artificial intelligence about how
knowledge is xquired, stored, and accessed are sometimes incorporated into this
theoretical framework. The models that result from this type of research may be
used to develop computer programs that wir. lead students from novice to expert
status.

Another way in which res, h can play an important role in program develop-
ment is to ensure that the quality of interaction between the computer and the stu-
dent is the very best that it can be. matters of motivation, screen appearance,
computer feedback to student response, ideal student group size, etc., all make a
difference in how effective computer instruction will be. This important area for
research is beyond the scope of this paper.

The comply programs discussed below are examples in which the results of
research were used to guide program development. They were chosen to illustrate
a variety of ways in which this has been done. A number of other programs could
also have served as examples.2

II 1.4
LIA
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Addresing Student Difficulties Identified
through Research

The first two piogirams were deliberately designed tr. address specific difficulties
identified through research. Both are based on empirical investigations by the
Physics Education Group at the University of Washington.

Tutorial/Simulation: Distinguishing between
Position arid Velocity

Peter Hewsun has applied the results of research to design a computer program
that helps student° distinguish between the concepts of pcsition and velocity.3 Gne
manifestation of confmion betreen these two concepts is the use of a position cri-
terion to determine relative velocity. This misconception, or alternate conception (a
term Hewson prefers), was identified in an investigation of student understanding
of the corcept of velocity by D. Tmwbridge and L. C. McDermott.4 They reported
that a sizable number of introdoctory physics students claimed that two objects had
the same speed when one passed the other.

During individual demonstration interviews, students welt shown a demonstra,
tion ie which two balls rolled along adjacent tracks. One ban rolled along a hori-
zontal track and maintained a constant speed, while the other rolled up an inclined
track and slowed down. The ball that rolled uphill started behind the ball on the
level track and pasegi it. Then as the ball on the incline continued to slow down, it
was passer me ball on the level track. The students were asked if and where the
two balls e had the same velocity. There is an instant when the ball that is
rolling uphill and slowing down has the same velocity as the ball on the levnl track.
However, a significant number of students claimed that the balls had the same
velocity at the two pasmag points.

Hewson developed a microcomputer simulation in which two cars race against
each other along parallel paths. Thc accompanying tutorial program consists of two
phases: diagnostic and remedial. The first diagnostic phase identifies the inappro-
oriaw use of a position criterion. The student observes six car races and for each
one pushes a button at the instant that the cars appear to have the same velocity.

In the remedial phase, students who do not distinguish position from velocity
are led to confront and resolve their confusion. There are two races in this part of
the program. The first is designed to create dissatisfaction with a position criterion
by providing an extreme situation in which one car :11G*.es across the screen at con-
stant speed, passing another 1h21. is not moving. The second race is designed to pro-
voke the correct criterion. Both cars travel at the same constant speed across the
screen with one maintaining a constant distance behind the other. The questions
asked by the computes and the commentary made in the program focus attention
on the difference between position and velocity. The program does nc poiot out
the correct criterion; the students must recognize themselves that 'Alen i ,c !wo
cars are at the same speed the distance between them appears approximately con-
stant.
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The program was tested with eighth-grade students at a high school in
Johannesburg, South Afrie.i, and at the University of the Witwatersrand, where it
was used in a freshman physics course for students trom alucationally disadvan-
taged backgrounds. The program was successful with both groups, but mcNre so
with the university students. Most of the latter group were able to state a correct
criterion several weeks after they had used the program and aiso to recognize that
their ideas had changed as a result of using the program.

In designing the program. Hewson had in mind a model of learning as concep-
tual change. He considered the particular methodology (microcomputers) and the
specific content (velocity) to be examples of a broad theoretical approach that can
be applied to other methodologies and other concepts. It is interesting to note that
his instructional strategy is similar to the one developed at the University of
Washington to address the sarr: conceptual difficulty. Although the Physics
Education Group does not describe its approach to curriculum development in
terms of a theory of instruction, the result is much the same.

Tutorial/Simulation: Connecting Graphs and
Act...al Mo:ions

Craphs a3d Tracks, by D. Trowbridge, is designed to help students makc con-
nectizno between actual motions and the graphs that represent them.5 In an investi-
gation tha. extended over several years, L. C. McDcrmott, M. Rosenquist, and E.
H. van Zee identified some specific difficulties students have in graphing motion.6

Before Trowbridge developed this tutorial program, the Physics Education
Group had developed a laboratory-based curriculum to address commonly recur-
ring errors identified through research.7 We designed, tested, and refincd thc
instructional strategies incorporated in this . :rriculum during several cycles of use
in courses taught by members of the group. The curriculum includes several exer-
ci s and experiments that make use of steel balls rolling on amminum tracks,
equipment also used in some of the research. Studcnts are asked to observe the
balls rolling on various track arrangements and to construct graphs of position,
velocity, and acceleration versus time. They are also asked to do the reverse opera-
tion, i.e., given various motion graphs, the students must produce corresponding
track arrangements.

Drawing on both the research and instructional materials, Trowbridge designed
a computer program to help students overcome specific difficulties in making con-
nections between r^al motions and graphs of position velocity, and acceleration
versus time. The program is in two parts. Part 1 is entitled "From Graphs to
Motion" and part 2 "From Motion to Graphs."

Part 1 uses the animation capabilities of the computer. The studcnt is shown a
set of example graphs together with a set of tracks and a ball. For each example,
the student's task is to arrangc the tracks to reproduce the graph. Thc display on the
screen for one of the examples is shown in Figure 1. The tracks consist of five seg-
ments that can be raised or lowered by moving and clicking the mouse. Thc mouse

I'. ,..,4 -
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can also be used to select initial values for position and veicity. After adjusting
the tracks and choosing the initial conditions, the student tells the computer to roll
the ball. As the ball rolls along the tracks, the corresponding motion graph is &A-
erated. The student can compare this graph with the original one, modify the
arrangement, and try again as many times as desired. The stutlent is responsible for
detecting any errors and deciding when the match is good tuough to go on to
anotha example. The computer program itself is nonjudgmental; it is up to the stu-
dent to determine if a raponse is correa The student may choose to consult the
help facility that is available to give step-by-step guidance toward the correct solu-
tion. The program also allows students to generate new problems by creating and
saving their own graphs.

Part 2 uses the graphics (thawing) capabilitiec of the computer. The screen
shows a series of motions on various track arrangements, one at a time. In each
case the student is asked to produce the three corresponding motion graphs either
by using a graphing palette containing basic shapes (straight line, parabola, etc.) or
by drawing freehand. When the student asks for feedback, the program analyzes
the ctudent's graph and attempts to give step-by-step guidance for correcting a mis-
take. Thus Trowbridge had to program the computer to recognize many different
errors. The effectiveness of the program depends heavily on knowledge obtained
from previous research with students.

Graphs and Tracks has been used to extend the research on which it is based.
As discussed later in the paper, preliminary results show that the computer makes it
possible for tis to identify and analyze some student errors in graphing, that other-
wise might be undetected or not as well understood.8 Computer-based interviews
also allow obsen v 'on of the strategies students use to perform the assigned tasks.

Developing and Testing Specific
Instructional Strategies

The next four programs illustrate research in which the computer is used to devel-
op or test a specific instructional - uegy. In the first two programs, the computer
itself is an integral part of the stri.. a. In the other two programs, the method that
is being tested is not inherently restricted to the computer. However, the computer
makes feasible the large amount of practice required in one of these and the high
degree of individualization required in the other.

Microcomputer-Based Laboratory (MBL)

A special instructional strategy for addressing difficulties with kinematics and
with motion graphs makes use of the microcompu,er-based la')oratory. R. Tinker
and R. bornton have designed a sonar probe that can serve as a motion detector.9
When interfaced with a computer, this device 'lows students to generate and view
graphs of their own motion in real time. The immediate feedback from the comput-
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er helps students relate the motions of their own bodies to variors features of
motion graphs.

Pmmpted by the resuhs from the research cited above and by his own observa-
tions of college students, Thornton designed MI31... materials for use in teaching
introductory physics. He and instructors at sel-aal other Institutions have found
that use of these materials in sessions lasting from one to a few hours can markedly
improve the ability of students to draw and interpret motion graphs.10 Studies with
both calculus and noncalculus physics .,tudents, demonstrate that those who have
had experience with MBL do significantly better on examination questions involv-
ing motion graphs than those who have not had such experience. After using MBL
materials, even students without a strong science background outperform calculus-
level students who have not. Results from research at the precollege !eve indicate
that instructional strategies based on MBL are also effective with younger
students)!

Videodisc/Computer Graphir.s Overlay: Ray
Diagrams and Optical Systems

F. Goldberg and S. Benda!l used the comput. r in combination with a videodisc
to help students understand the relationship between an optical system and the ray
diagram that describes it.12 This work is based on research by F. Goldberg and L.
C. McDermott, who investigated student understanding of the real image formed
by a converging lens.13 One of the most common difficulties that Goldberg and
McDermott identified was the inability of studAs to draw an appropriate ray dia-
gam to make pretuctions about a simple system consiming of a light bulb, a lens,
and a screen.

In developing an instructional strategy to aduress this particular difficulty,
Goldberg and Benda!l reasoned that if students were introdu: r...d to the idea of a ray
diagram by seeing the diagam superimposed on a video picture uf the real equip-
ment, they would retain a strong impression of the relationship between the two.
There is some evidence from psychological resealch to :-.upport this idea.

To investigate the effectiveness of this strategy, Goldberg and Benda!l devel-
oped two versions of a lesson on image formatior by a converging lens. Both pre-
sentel the same textual information. In the "video" version, a video picture of the
lens system ar.i the corresponding ray diagram are presented simultaneously on
the comuuter screen. The ray diagram drawn by using computcr graphics appears
as an overlay over the picturt, of the 'fens system. In the nonvideo version, either
the video is presented without graphics or both the ray diagram and lens system are
drawn by the computer.

Both versions have been tried in preliminary testing with future elementary
school teachers who had no previous formal instruction in optics. Immediately fol-
lowing the lesson, the investigators assessed :,tudeat understanding by askint, ques-
tions with the actual physical apparatus present in front of the student. The students
who had - orked through the "video" version of the lesson were more successful in
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making correct predictions and drawing correct ray diagrams than those who had
worked through the non-video version.

Analogy-Based Computer Tutor

Remediating Physics Misconceptions Using an Analogy-Based Computer
Tutor is a computer program designed to help students overcome some common
misconceptions in mechanics.14 One of these is that a static, rigid body (e.g., a
table) cannot wen a force In another body with which it is in contact (e.g., a
book). The program attempts to make plausible the existence of a passive normal
force C.mugh computer-generated Socratic dialogue in which a series of analogi&
is in, Auced. The Analogy-Based Computer Tutor implements an instmctional
strategy dsigird to bring about conceptual change. The tutor is based on earlier
research by J. Clement and D. Brown, who deve ,,)ed and tested the procedures
with students before any programming on the computer was undertaken.15 This
rork built on research that had been conducted in a high school physics classroom
by Jim Minstrell, who in turn drew on an instructional sequence used earlier by A.
Arons.16

Like Minstrel, Clement and Brown d.'i their research in the classroom. To help
students accept the idea that a table exens .41 upward force on a book resting on it,
Clement and Brown suggest an anchcring situation that nr be more intuitively
acceptable to students than is the target situation (the book on the table). For exam-
ple, the students might be asked to conipare the book on the table with a book rest-
ing on a hand (a possible anchoring situation). Clement and Brown found that
students may admit that the hand exens a force but may not telieve that an analogy
betw,..at a hand and a table is valid. As other investigators also note, students are
often reluctant to accept the idea that something inanimate can exert a force. At
this point, the students are presented with one or more bridging analogies. In one
sequence, fur example, a book on a coiled spring serves as an intermediate analo-
gy. Although audents usually recognize that the spring can exert an upward force
when compresse0 firm above, they oftcn do not see the table and spring as analo-
gous. Other bridging analogies may then be proposed, such as a book on foam rub-
ber that sags and a book on a thin board that bends slightly.

When this instructional strategy was tried in several high school classes, there
was a significant difference in experimental over control groups in acceptance of
the physicist's interpretation that the table exerts an upward force on the book.
Clement and Brown feund that sometimes many discussions were necessary. Often
a long chain of bridging analogies had to be suggested to convince some students
th t the target and anchor systems were similar with respect to the feature under
consideration.

Proceeding from th; expenence in *.'-z classroom, Clement and Brown worked
with T, Murray and K. Schultz to design a prototypical computer program for an
analogy-based tutor. They were inerested in seeing whether the classroom strategy
could be simulated in a computer environment and w`.lether it would be eff- live



264 Physics Education Research and Computers

under those circumstances. The computer program they designed contains many
possible bridging analogies. Whenever they exper ;rice difficulty in seeing the
proper connection between any two analogies in the chain, the students are offered
a new analogy that attempts to narrow the conceptual gap. To replace the feedback
that a human tutor gets from students through facial expressions and other clues,
the computer asks students to rate their confidence in their answers at each stage of
the program. With this information and knowledge of the analogies that have been
tried, the computer can keep track of the student's state of learning. The tutor is
intelligent, because it can tailor instruction at any point in the program according to
individual need.

The analogy-based tutor was tried with a small group of students. After work-
ing through the program, almost all succeeded in giving the correct answer that the
table exerts an upward force on the book. They indicated that this answer made
sense to them at a high level of confidence, even though most had started by being
convinced that the table could not exert an upward force.

Hierarchical Analysis Tool (HAT)

Gerace and Mestre have developed a computer program to help students
improve their problem-solving performance.17 The program is called the
Hi, -ark. Weal Analysis Tool (HAT). It is based on research that indicates that
experts and novices organize knowledge and approach problem solving in very dif-
ferent ways.18 Experts seem to think hierarchically, classify problems according to
basic principles, and generally begin to solve problems with a qualitative analysis.
Novices, on the other hand, seem to store information more homogenously, classi-
fy problems according ro outface features, and approach problem solving by
searching for equations that might lead to an an wer. HAT is designed to help stu-
dents make a transition from novice toward expert behavior.

HAT presents students with 25 problem ' classical mechanics. In each case,
the students select from a computergenerated list the appropriate principle that
could bx applied to obtain a solution to the problem. Gerace and Mestre have com-
pared the effect of this type of instruction to that of two other treatments. In one,
the students use the textbook from their physics course to solve the problems. In
the other, the students use an equation database program (Equation Sorting Tool) to
obtain the equations needed. The large number of equations in the data base can be
greatly reduced by performing sequential sorts according to Dasic principles, sur-
face feature attributes, or a particular variable.

Gerace and Mestre have compared the effectiven -ss of the three instructional
strategies by examining student performance on a test designed to be similar to a
traditional final examination. The results show that students who had used the
Hierarchical Analysis Tool shifted their criteria for categorizing problem type
away from surface features, toward basic principles. However, the lIAT group was
no more successful than the other two groups in being able to solve the problems.
Thus the instructional strategy of having students classfy problems, at least as it
was implemented in this research, de:to not seem to be very useful for improving
probler t-solving ability.
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Teaching Problem Solving

Following are two examples of programs designed to teach problem solving in two
lifferent areas of physics. The rust draws on the results of research but is also

based on the experience of the author in teaching physics. In the second, the
approach to instructional design is from a more theoretical perspective and has a
strong cognitive-science emphasis.

Tutor for Kinematics Problems

G. Oberem has designed an intelligent tutoring system called Albert to teach
students how to solve one-dimensional kinematics problems with constant acceler-
ation.19 Albert can understand and solve problems presented to it in natural lan-
guage taken directly from a standard textbook. The tutor acts as a coach, helping
on request, usually by making :;uggestions rather than by giving direct answers to
questions. Students can use an) method to try to solve a problem. They may ask
for help at any point. The actions or responses of students affect the direction in
which the program proceeds. Multiple branching mal- ossible highly individual-
ized feedback. Albert is an intelligent tutor because it can diagnose difficulties,
monitor a student's progress, and provide help at a level that is appropriate for a
narticular student.

Given a problem, Albert translates from English to the mrthematical.symboliEm
in which the kinematical equations are expressed. Albert can find a solution by
using these equations or, altanatively, by using the more fundamental relationshipr
from which they are e dyed: the defmition of average velocity, the definition of
acceleration, and the expression for the average velocity when the acceleration is
constant.

The tutorial-management system that drives Albert uses an instructional
approach that is L...,c4 on research by F. Reif and coworkers. In broad outline, the
problem-solving strategy has three stages: problem description and analysis, con-
struction of. a talution, and assessment of the solution. Each of these stages has
been analyzed, described in detail, and validated in research by Reif and J.
Heller.20 Oberem draws on this work explicitly, and on the work of other groups as
well. In addition, in order to anticipate difficulties that might need to be addressed,
Oberem analyzes written responses by students to sample problems. He also exam-
ines student/computer interaction by taking the place of the computer during
exploratory testing. When students typed their comments on the keyboard they
were unaware that they were communicating with Oherem and not with the com-
puter.

Albert has been used with a limited number of stud.:nts at kbodes University in
Sodth Africa. In initial testing, Alber. has been able to maintain a coherent dia-
!ague with each student. Although the process has sr metimes been time consum-
ing, the dialogue has led in each ease to a successful solution of the probk m
selected by the student. In its present state of development, Albert can help stu-
dents on an individual basis but cannot give very deep explanations of its re...on-
ing.

,-.
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Tutor/Microworld for Electric Circuit
Problems

The work of B. White and J. Frederiksen reflects the more theoretical approach
to computer-based instruction that characterizes cognitive seientists.21 Drawing on
the results of empirical investigations, cognitive theory, and artificial intelligence,
White and Frederiksen have designed a program to teach students to solve electric
circuit problems. Their objective was to create a computer learning environment
that utilizes a microworld (interactive simulation) within an intelligent tutoring
system. The authors proceed from the proposition that pmgress toward expert sta-
tus can be viewed as an evolution of successive causal models. Each of these men-
tal models consists of a set of rules. A particular model may be adequate for
solving a given class of circuit problems but inadequate for solving problems at the
next level of complexity. For these. q(iditional rules must be introduced. Simple
models evolve into more complex ol, The transition from novice to expert status
is viewed as a transformation of mental models.

White and Frederiksen study the procedures followed by an expert trou-
bleshooter who was teaching at a technical high school They analyze the proce-
dures and put them into the form of rules that, in their entirety, cons:itute a mental
model for an expert (expert model). The rules are arranged into sets (student mod-
els) to match the progression from lower to higher levels of expertise. In formulat-
ing the student models, the designers were guided by findings from previous
research on student understanding of electric circuits.

The program is capable of simulating circuits on the computer screen and
allowing students to perform experiments. The computer poses problems, explains
the behavior of circuits, and presents rules for a causal model appropriate for the
student's stage in learning. Instruction begins with simulations of simple circuits.
The solution of problems based on these circuits requires only a simple model. As
the students progress to more complicated circuits and problems, new models are
introduced that contain additional rules. The students are described as moving from
a novice to an expert state on the basis of their ability to solve more difficult prob-
lems.

Questions for Research in Context of
Examples

Research plays a significant role in all the computer programs discussed above.
However, the programs themselves suggest directions for further research. Some of
the questions are broad in scope. Does learning that appcars to result from a com-
puter program extend beyond the medium itself? Can the student apply the con-
cepts and skills learned to other instructional environments and to a real-world
situation? Does success on computer tasks indicate that a student has tally under-
stood the concepts and reasoning involved? Questions such as the foregoing apply,
of course, to all forms of instruction, not only to materials that are computer based.
Nevertheless, in reflecting on the use of computers in physics education, we should

41,
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not dismiss questions of this kind simply because other ty 's of teaching are equal-
ly at fault. After all, a major reason for incorporating computers in instruction is to
improve upon what is already being done. The questions considered in the discus-
sion below are not necessarily applicable to the particular examples that have been
described. However, the programs provide a good context in which to raise some
important issues. Often the better the program, the more interesting and sharply
focused are the questions that can be extracted from it.

Experience has shown that students seem to enjoy working on judgment-free,
goal-oriented tasks such as attempting to design a set of tracks to reproduce a
graph shown on a computer screen. They also seem enthusiastic about trying to
replicate a graph by their own motion. Could success on either type of task be anal-
ogous to becoming more proficient at a game? Is it possible for students to develop
the necessary skill without being able to generalize the process to situations outside
of the context of the computer program or MBL activity? Can students translate
their experience with tracks displayed on the computer screen to the manipulation
of real apparatus? Can students who have seen computer-generated graphs of their
own motion, sketch a qualitatively correct gaph of the motion of an object that
they observe in the laboratory? Are students who have learned about the graphing
of motion by manipulating balls and tracks on a computer screen, or by using
motion detectors in the laboratory, also able to explain precisely how the shape,
slope, and intercepts of a graph correspond to the various features of a particular
real motion?

In addition to general questions about the efficacy of using analogies in intro-
ductory physics, there are questions that bear directly on computer-based instruc-
tion. How engaged is the student at every step? Rather than struggle with a
particular bridging analogy and try to identify the connection between it and the
anchor, students may find it considerably easier to call for another suggestion from
the computer. Also, how can we be sure that the relevant common feature is the
one on which the student is concentrating? When there are so many possible
bridges available, is it possible that students will lose track of the critical element
in the relationship between target and anchor? Can they learn to recognize the limi-
tations of the bridging analogies or are they likely to develop new misconceptions
by making correspondence:. that are not valid?

The ability to solve standard textbook problems is frequently taken as a mea-
sure of student understanding in physics. It is often assumed that successful prob-
lem solving involves all the important aspects of understanding. Howevei, there
has been a great deal of research that shows that the ability to solve standard text-
book problems does not necessarily imply a functional understanding of the sub-
ject matter. How much does instruction in how to solve problems contribute to
student understanding of concepts and representations? Does practice in solving
standard textbook problems promote the development of scientific reasoning abili-
ty so that a student can reason successfully about tizw situations? What happens
when problems are presented that cannot be solved by the patterns taught?

A computer can remember and quickly retrieve a series of long and extremely
complicated rules. Will the student, when removed from the computer, be able to
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remember and apply .. rule-based model that may not have a strong conceptual
unity? Is it possible that the use of the computer to teach students how to solve
problems may encourage routine application of formulas without enhancing under-
standing? 'When students attempt to follow prescribed procedures, are they think-
ing of the physics involved or is their attention mostly devoted to recalling and
following directions? Is it realistic to expect that we can help novices become
experts by teaching them a set of procedures? Perhaps expert performance cannot
be adequately described in terms of the sum of its identifiable characteristics.

How does the passage of time affect retention of learning by computer-based
instruction? For example, is it possible that the difference in performance between
the students who used the video version of the geometrical optics lesson and those
who did not, might disappear if testing were to be repeated at a later date instead of
immediately after the lesson? Perhaps simultaneous presentation of a phenomenon
and its scientific representation is much more effective for short-term learning than
for long-term retention. Of course, the question of long-term learning should be
asked with respect to any instructional strategy. But the same consideration applies
to problem solving, whether taught by prescription, by a rule-based model, or by
any other method. If problem solving really is, as many physicists believe, the
most important skill developed during physics instruction, then it is important to
determine how long the process learned, will be remembered.

Computer as Tool for Doing Research

The discussion in the previous section focuses on the use of research to provide
guidance for instructional design. Here we look at the computer as a means for
doing research, rather than as the beneficiary of research. The computer has been a
research tool for many years in basic cognitive research, where it has been used to
model human cognition. Recently the computer has also begun to be used as a tool
to extend the scope of empirical investigations, to aspects of student understanding
inaccessible through other means. The examples below illustrate how the computer
program can drive research.

Construction of Models of Cognition

Cognitive scientists use computers to build models that can study human
thought. For c ample, in studies on problem solving, the computer may be used to
simulate differences between novice and expert behavior and to construct a dynam-
ic performance model for the transition from one to the other. Insights obtained in
this way, may be used to develop intelligent tutoring systems for facilitating this
transition. This work is mentioned here only briefly since the main emphasis in this
paper is on prototype research.

A specific illustration of this type of research is provided by the work r f J.
Larkin.22 She has designed the program Able that can "learn" from solving succes-
sively more complicated problems in mechanics. Having solv-d a problem, the
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computer records the method used in memory. The next time it encounters a simi-
lar problem, it arrives at the solution more rapidly. Thus the program gradually
develops into a more expert pre3ram: More Able. Larkin and several collaborators
have also produced a more recent program Fermi, that incorporates more general
problem-solving pmcedures.23 These can be applied to problems in different topics
in physics, such as fluid statics or electric circuits.

Investigation of Student Understanding

The Physics Education Group at the University of Washington has begun using
materials designed for computer-based instruction as investigatory tools. In some
preliminary studies, D. Grayson has utilized the computer to investigate student
difficulties with some of the more subtle aspects of the graphical representation of
real motions. A new computer pmgram in the t.... A ly stages of development is also
currently being used to probe student understanding of wave motion.

Graphs &Simulated Moving Objects

During individual interviews, students who had studied kinematics in one of the
laboratory-based courses taught by the group, were shown part 1 of an early ver-
sion of Graphs and Tracks.8 This version differs from the one discussed earlier in
the paper in that it does not function as a tutorial. The program provides no assis-
tance to students who have difficulty with the tasks.

Each student was shown three position-versus-time graphs and asked to arrange
the tracks so that the motion of the ball 3enerates the given graphs. Figure 1 shows
the graph contained in the first example given to the students, together with the
correct track configuration and initial conditions needed to pro 'lice the graph.
Initially, the ball must have a negative velocity, which diminishes gradually until
the ball reverses direction. The velocity then becomes positive and continues to
increase.

Nearly half the students tried to make the ball move entirely in the positive
direction. By inclining the first section of the track upward, as shown in Figure 2,
they tried to make the ball slow down but not turn around. With the range of initial
conditions possible, however, the ball cannot be given a high enough velocity to
continue moving forward. The resulting curve generated by the ball is shown in
Figure 2 at the lower left of the example graph. Some of the students who tried to
make the ball move only in the forward direction, were able to give a correct ver-
bal description of the motion depicted in the example graph. However, they did not
seem to recognize that altha.8h the graph extends towird the right along the time
axis, it reverses direction along the x-axis. Hence, the motion must reverse direc-
tion in space. A similar difficulty had emerged in earlier interviews in which real
balls and tracks were used. It was the computer-based interviews, however, that
helped elucidate how the students were thinking when they apparently ignored the
reversal in direction depicted in the example graph.
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Figure 1. Graph presented to students during computer-based interviews
and the correct track configuration for producing this graph.

The x-versus-t graph that was presented to the students in the secoud task, is a
parabola that ends in a straight line. Curve A in Figure 3 represents this graph, and
the accompanying track configuration is one that will produce that graph. Thus,
curve A represents motion up and down a straight inclined track, ending on a level
section. Mr, of the students were able to produce an incline that sloped upward
to yield a parabola that was approximately the right shape but was either too broad
or too narrow. The way in which the students attempted to alter the width of the
parabola to match the original graph, indicated that they could not properly relate a
change in the shape A the graph, to a change in the physical situation. For exam-
ple, half of the students who wanted to make the curve less broad, tried to do so by
increasing the initial velocity. However, as shown by curve B in Figure 3, increas-
ing the velocity broadens the graph. The larger the initial velocity for a given
incline, the further the ball will travel up the incline and the longer it will take to
turn around.
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Figure 2. Graph presented to student during computer-ba3ed interviews.
This incorrect track configuration was produced by students who
tried to make the ball move only in the forward direction. Within
the range of initial conditions pe-gible, the ball always re.erses
direction and generates a small curve similar to the one at the
lower left.

iio

In the third task, the students were shown a symmetric curve. Almost half the
ctudents did not recognize that because the graph was symmetrical, the track
arrangement that would produce it also had to be symmetrical. Thus we may spec-
ulate that symmetry arguments, which ar used often by physicists, are not intu-
itive for students.

The semiquantitative types of difficulties noted during the interviews, could not
have been observed without the computer. The instant feedback feature of the pro-
gram enabled the interviewer to observe the strategies that the students used in try-
ing to alter their incorrect hypotheses. In a laboratory situation, it would have been
difficult, if not impossible, to make these observations. Moreover, use of the pro-
gram as au investigatory probe served to point out where help sequences should be
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Figure 3. Curve A corresponds to the come track cc..rfiguration needed to
reproduce the given graph. Curve B results from an initial velocity
that is too large.
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inserted and what the content should be. These additions strengthened the program
by making it more responsive to student needs.

Graphs of Student-Generated Motions

In another set of interviews, 24 students who had experimented with balls and
ye., in the laboratory, were shown the four position-versus-time graphs in Figure
4.3 They were asked fu t. to describe how they would have to move thcir bodies to
reproduce the graphs and then to replicate them by mo4ing in front of an MBL
motion detector. When they were satisfied that they trill woduced a good match to
the given graphs, they were to write a description of how they had actually moved.

In order to imaduce the first graph (Figure 4a), the student must stand still at a
position close to the detector, move away at a constant speed, and then stand still
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Figure 4. Using an MBL motion dciactor, students were asked to move
their bodies to replicate the four graphs shown.

again. For the second graph (Figure 4b), the stude.nt should start fairly close to the
detector, move away very slowly initially, and then continue moving away with
incre...,sing speed. The third graph (Figure 4c) represents motion toward the &tee
tOr at constant speed. The fourth graph (Figure 44) requires weking away from fix
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detector at an increasing speed. slowing down, changing direction, speeding up a
Nate, and then walking at constant speed.

Although eventually almost all the students were able to pioduce a correct set
of four graphs, observation of their auempts revealed three general types of diffi-
culties. One fourth of the students initially ignored their predictions and attempted
to produce the desired graph by trial and error, almost as if they were playing a
video game. Sometimes students appeared not to notice that the graphs they gener-
ated did not corrmpond in detail to the given graphs. The steepnc4s of a line or
shallowness of a curve were either not considered important or the changes needed
to make the graphs match more closely could not be envisioned.

In their written comments, some of the students demonstrated a tendency to
describe their motions in terms of their expectations rather than in terms of how
they actually moved. For example, in trying to reproduce t;allar graph, the
students might state that they were speeding up as Mcy had predicted would be
necessary. However, they might actually be moving at constant speed. It is interest-
ing to speculate whether perceiving one's own motion properly may require a dif-
ferent type of judgment than analyzing the motion of exter ial objects. If this is the
case, it might be especially important that MBL activities always involve two or
more students so that they can help one another relate their internal ii.;nesthetic
sense to the motion that an observer would see.

Graphs of Transverse FOIEes

Development of Pulses on a String was begun without an established research
base. In designing the program, D. Grayson wis guided by an instructional strategy
already tested and in usc in courses taught by the Physics Education Group.
Drawing on her teaching experience with these materials, she produced a prelimi-
nary version of a program to trip students learn to draw and interpret different
graphical representations of a transverse pulse moving along a string. At A. Arons'
suggestion, the program focuses on asymmetric pulses. If a pulse on a string is
symmetric, a student need never distinguish between the graphical representation
of the transverse displacement as a function of position or as a function of time.
Since the transverse displakement depends on both variables, one needs to be hehi
constant while .he effect of varying the other is studied. Such experiments are vez
difficult to do in the laboratory.

The original incentive for designing the program %%as to use the computer to
implement a written exercise that had proved to be instructive but tedious in the
classroom. However, it was considered crucial that the computer not do the think-
ing for the student. Thus it was necessary to differentiate between activities that
require thinking and that are essential for learning and those that are merely
drudgery. In working through Pulses on a String, students must generate graphs
point by point but they do not have to perform repetitive calculations. The comput-
er plays the role of an accurate plotter.

The program asks the student to create a pulse on a string either by uslng the
graphing palette or by choosing the e- ample pulse, which is asymmetric. The
graph of y (transverse displacement) versus x (position along the string) represents
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the shape of the string at a particular time. We may think of the graph as a snapshot
of the string at that time. From the graph of y versus z the student has the option of
plotting three different graphs for a pulse moving to the right y versus t, v (trans-
verse velocity) versus t, and v versus x. Figure 5 shows a graph of the example

y vs x

y vs t

VT VS X

X

vs t

Figure S. The example graph of transverse displacement, y, versus position
along the string, x, is shown at the top. Below it are correspond-
ing gr ohs of transverse displacement versus time for the point
labeleo A, transverse velocity versus position along the string,
and transverse velocity versus time.

C. 1 r
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pulse together with the three derived graphs. As can be seen, there is a reversal in
shape between each set of graphs: y versus x, and y versus t, and v versus x, and v
versus t. Parts of the palse at larger values of x pass a given point on the string at
earlier times.

To plot the y-versus-t graph, the student focuses attention on one point on the
string. When the student :narks that point with the mouse, the y-coordinate is
immediately plotted by the computer on the y-versus-t graph at the appropriate
value of I. The student then moves the pulse forward and repeats the process until a
complete pulse is generated on the y-versus-t graph. This is illustrated in Figure 6.
The other two graphs are produced in a similar way except that it is the change in
y, rather than y, that the student marks with the mouse. From the tansverse dis-
placement and the time between snapshots, the computer calculates the velocity
and plots v at the appropriate value of x or t. Before plotting a graph, the student is
cisked to predict the shape and to draw a sketch that remains on the screen. Thus
the student can make a direct comparison between the prediction and the actual
graph that is generated point by point.

Pulses on a String was used with a class of 20 in-service middle and high
school teachers after they had studied kinematics. The teachers were specifically
asked to relate the concepts they had learned in kinematics to the concepts
involved in the program. Although no formal research was conducted, observations
made by the staff indicate that the program has promise. Many of the teachers
claimed that this experience on the computer helped them reinforce and extend
their understanding of the kinematical concepts. They also recognized and could
explain the reversal in shape of the graph that resuits from switching the indepen-
dent variable. If these preliminary results are borne out in subsequent research, an
argument might be made that it is possible and perhaps even desirable in teaching
introductory physics to introduce the study of wave motion immediately after kine-
matics. Hence, an ',.nponant part of the background needea for the teaching of
modern physics would be in place early in the course.

At the same time as it is being developed, Pulses on a String is being used as an
investigatory probe to explore student understanding of wave motion. Its use with
students thus serves the dual purpose of identifying student difficulties with the
suaject matter and providing formative evaluation for program development. The
program may also be a useful tool for examining student understanding beyond the
topic of waves. There are very few contexts in which introductory physics students
encounter functions of two variables. Projectile motion is one such context; wave
motion is another. PIUS, use of the program with an appropriate questioning
sequence may yield insights into difficulties with interpreting the effect of chang-
ing onz variable when the other is kept constant

Suggestions for Future Research

Recent advances in technology have greatly expanded the variety and quantity of
instructional programs produced for the computer. Improvements such as enhanccd
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Figure 6. Illustration of the proress by which the graph of y versus t is gen-
erated from the graph of y versus x.

graphics capability, increased speed of execution, simpler programming languages,
more powerful work stations and microcomputers, new microcomputer-based labo-
ratory tools, etc., have greatly increased the educational potential of the computer.
These same advances have brought the computer into research in physics educa-
tion and also expanded its scope. The technology available today has already had
an effect on the type of research being done, and it has created new possibilities for
the future.

Using a computer program to do research allows us to control our research so
that we confront every student with exactly the same data. In a laboratory-centered

4:92
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interview, on the other hand, the possibility exists that data might not have been
obtained under exactly the same set of circumstances for each student. Unlike a
laboratory situation, in a computer-based presentation of tasks we can eliminate
mechanical failures or influence by the investigator. We can thus direct otir atten-
tion toward substantive issues and the more subtle aspects of a student's response.
Instead of concentrating on a uniform presentation of the task, we can focus on the
line of reasoning used by the student and explore the role of higher-order thinking
skills that may be involved. Furthermore, once a computer task is perfected, we
can extend testing to large numbers of student& Broadening the student population
increases the level of confidence in the validity of any generalizations.

Them are many issues that should be addressed by research in addition to the
examples of research that have been described in the paper and to the questions
raised within the context of the discussion. Some are general and pertain to an
entire instructional approach or to a whole group of programs. Others are more
narrowly focused and refer to specific subject matter.

Some general subjects for inquiry are related to the building of models of
human problem-solving behavior Is there sufficient similarity between a computer
program and a human mind that computer modeling is likely to yield useful
insights for instruction? Will success in building an expert problem solver on the
computer help us significantly improve our understanding of how people solve
problems? Having identified the skills that experts possess, the computer may be
programmed to exercise those skills and to solve a certain class of physics prob-
lems. Does it follow that teaching these skills to students will leau to the same
level of proficiency?

Another group of questions relates to the building of computer microworlds,
models of real or artificial situations with which students can gain interactive expe-
rience. Does practice in a special computer environment (e.g., a Newtonian
microworld) really improve student understanding, or does it only imprr-e perfor-
mance on a computer activity? Is the student engaged at a deep intellectual level or
merely acquiring a skill that does not transfer to other situations? Will the experi-
ence have a lasting effect? Can what has been learned by manipulation in a
microworld be articulated by the student in terms of the concepts and principles of
physics?

Examples of questions of a more specific nature arise in the context of modern
or contemporary physics. Many concepts require a level of abstraction that cannot
be readily represented in traditional instruction. The computer can help students
construct highly formal concepts by providing visual models that can serve as a
foundation. The computer can also give students experience in applying these con-
cepts to representations of inaccessible phenomena, both those that are real and
those that are idealized. In tum, computer programs that have been developed for
such instruction can be used to investigate student understanding of the concepts.
There is a special need for such research at this time. If we plan to extend the cur-
riculum of introductory physics to inclode special relativity, statistical physics, or
quantum mechanics, we should consider carefully what students are likely to find

rt
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most difficult in studying those topics and design instructional materials according-
ly.

Conclusion

It is an enormous intellectual challenge to build inte .. computer program the
knowledge of the subject matter, of the student, and of the Jaategies that are essen-
tial for effective teaching. There is a need for research to identify specific student
difficulties and for research to develop and test instri.ctionc., strategies that address
them. When possible, implementation of an instructional procedure on the comput-
er should take place after preliminary trials in the classroom or laboratory. It is crit-
ically important that testing with students continue throughout development of a
computer program. The long time required to produce computer-based materials
should be invested in only the most promising approaches.

Research and development are more likely to yield useful results when carried
out concurrently and continuously in an instructional setting. Of course, the inter-
action of these components is important not only for the design of good computer
programs but for producing effective printed materials as well. Moreover, when
both types of instructional materials are developed in the same environment, there
is the additional advantage that feedback nom one can benefit both. A flow chart
that shows the itzrative process appears in Figure 7.

The computer offers the distinct advantage of making interactive one-on-one
instruction feasible for large numbers of students. It makes possible certain types
of instruction not available in any other way. The opportunities for visualization
can be a great «id in teaching material that requires a high level of abstraction. For
some students, the computer provides an environment that is more comfortable and
nonthreatening than the traditional classroom or lecture hall. These advantages
provide reasons for optimism, but they do not guarantee improvement in the quali-
ty of instruction. There is a need for research to examine precisely what is occur-
ring intellectually while the student works at the computer. In the process of
looking critically at computer-based instruction, we may learn a great deal about
what we should and should not do in the teaching of physics, regardless of the
mode of instruction.
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research and curriculum development, both traditional and com-
puter-ba..ed, can interact within an instructional environment.
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Applying Research Results to the
Development of Computer-
Assisted Instruction

David E. Trowbridge
Department of Physics, FM-I 5 , University 0 Washington, Seattle, WA 98195

Cunitailum development has always been part art, part science, part trial and error,
and part commot sense. Development of computer-assisted instruction will, no
doubt, require the same mix. The best examples of physics materials embody both
inspiration and methodology. lypically, they have been nurtured in an Instructional
setting over a period of several years, have had extensi testing at numerous sites,
and have undergone many cycles of improvement.

A relatively new apprcech in cuniculum development has been to incorporate
results from research in physics education. Using this approach, development of
educational software can be guided by research jus _ traditional instruction can.
The computer has made curriculum development more difficult, but has given us a
new and potentially very powerful asset for physics education. The complexity of
software development has made a grounding in research all the more important.

This paper illustrates one example of our effort to apply research results to the
development of computer-assisted instruction. We refer the reader to some research
into student difficulties with graphs of motion and then describe some instructional
software that addresses those difficulties. The software package, Graphs and
Tracks, teaches elementary concepts of graphing position, velocity, and accelera-
tion versus time for simple one-dimensional motion. Use of this program in a labo-
ratory-centered course has guided ongoing development and has suggested ways of
integrating this and other computer materials into existing courses.

eN (-. ,...
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Focus

The goal of curriculum development is to improve the teaching of physics.
Computers may be able to help, provided we have a clear idea of what we are try-
ing to accomplish. To understand the instructional process better, one must exam-
ine both on what the teacher is doing and on what the student is doing. Likewise,
when choosing an area in which to use computers in instruction, one may attempt
to automate some of the functions of a teacher, or to create learning activities that
enable the student, independently of the teacher, to engage in activities conducive
to learning.

While others are focusing attention on what highly skilled teachers do in the
classroom, we have chosen to focus on what gliders do when they learn physics.
Current research on student difficulties suggests that it is useful to watch students
carefully as they engage in learning activities or confront tasks during individual
demonstration interviews. In doing so, one can sometimes infei what students are
thinking. We can begin to answer questions such as: What beliefs do students have
about the physical world? How do they apply their current conceptual framework
to physical situations? In what situations do their reasoning skills work, and where
do their skills break down? Where are the gaps in their understanding of physical
concepts?

For the development project described in this paper, we have drawn from obser-
vations of what students do with activities in a laboratory-centered physics course,
from reports of their responses to oral questions in individual demonsuation inter-
views, and from studies of their respons:s to conceptually oriented written ques-
tions. From this, we have tried to identify critical learning experiences that are
necessary to achieve deeper levels of understanding of a particular rubject. We
have developed a pair of highly interactive graphical programs, Graphs and
Tracks I and II, that facilitate those experiences.

Research Basis

Researchas in physics and mathematics education have documented several com-
mon difficulties students have with drawing graphs of motion.1 Certain kinds of
misconceptions are widespread and highly predictable. A few of these difficulties
are reported in a recent paper by McDermou, Rosenquist, and van Zee.2 In one
series ot qwestigations, students observed a ball that rolled along an arrangement
of level and inclined sections of track. They were then asked to sketch graphs of
the motion. The apparatus is shown in Figure I, along with a correct graph of posi-
tion versus time.

Students displayed a variety of difficulties, including: not representing continu-
ous motion by a continuous line; not distinguishing the shape of a graph from the
path of the motion; and not representing the continuity of velocity (i.e., kinia in a
position versus time plot). Figure 2 illustrates some common incorrect graphs.
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Figure 1. Apparatus used to probe student difficulties, with sketch of cor-
rect graph (not shown to students).

Some students did not fully understand what a point on an x-versus-t graph rep-
resents, or what the hwizontal axis represents. Given the opportunity to take mea-
surements using meter sticks and clocks, some students plooed distances traveled
along each of the three track sections (rather than positions) versus clock readings,
as in Figure 2a, without regard for the continuous nature of the motion. Others
drew graphs that resembled the shape of the tracks, as in Figure 2b. Some believed
that the first and third straight-line segmenta in their x versus t graph should be par-
allel, because the first and third track sections were parallel. Others thought that
the middle segment of their graph should be straight, because the middle track sec-
tion was straight. Their reasons were evident in questioning during interviews. One
of the most common errors with x-versus-t graphs was to neglect trying to match
slopes of adjoining segments, as in Figure 2c. A number of other difficulties con-
cerned velocity and acceleration graphs and translation among different graph
tYPes-

Closely allied research on students' understanding of graphs of functions con-
ducted among first-quarter calculus students shows that only about half can cor-
rectly interpret a graph of a simple monotonic function of time.3 Even among
honors physics students, after regular instriction in kinematics, only 30 pen.ent
an sketch a reasonably correct position-versus-time graph for a simple motion
demonstrated on an inclined air track.4

An Example of Research-Based Software

Graphs and Tracks consists of two programs designed to address ihe difficuities
described above: "From Graphs to Motion- and "From Motion to Graphs."

_rs 7-1 t.
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Figure 2. Examples of incorrect student graphs.
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Part 1: "From Graphs to Motion*

In Graphs and Tracks 1 students interpret motion waphs by generating modons
that correspond to a set of given graphs. The program displays graphs of position,
velocity and acceleration for a number of examples of rectilinear motion (see
Figure 3). Students are presented with an adjustable set of sloping tracks and with
scales of initial position and initial velocay. The students' task is to set up an
arrangement of tracks and suitable Whim conditions so that when a ball rolls on
those tracks, the graphs it generates match the given graphs. Students use a mouse
to adjust the incline of the ramps and to set the initial position and initial velocity
of the ball. Upon releasing the ball, students see a graph generated on the screen as

3 i) 0 _
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the ball is moving. Students can see immediately whether their graphs differ from
the given graph.

Design of this program was based on a laboratory exercise in which strdents
were shown graphs on paper and asked to construct an apparatus consisting of steel

balls rolling along aluminum U-channels that would illustrate the motion shown in
the graphs. While this technique was instructive, it was very time consuming.
Students could perform only two or three experiments during a class period, and
the time available for thinking about the correspondence between real motions and
graphs was limited In addition, the number of experiments that students could do
was limited by the number of teaching staff available to evaluate each student's
work.

Graphs and Tracks I contains several examples of motion, from simple to more
complex. In addition, it can to save any example of motion the student is able to
generate using the adjustable tracks. Thus the student may create any example that
he or she fmds instructive or would like to tme to challenge another student. We
discovered during field testing that this mode of usage was especially motivating
with those students who enjoyed the competition. Alternatively,an instructor can
use this program to create a set of exercises for students for homework quizzes or
classroom aztivities.

A help facility provides specific suggestions for correcting errors. It works
equa:ly well for any problem that can be entered using the adjustable tracks.
Students may request help a little at a time, or continuously. Some students, who
reached an impasse felt strongly that they wanted only one small hint, not a series
of help messages, before returning to their own solution. Others liked the continu-
ous feedback feature. The help facility is completely general, so that the program
generates help messages that are specific to any attempted solution of any problem
of this class.

Part 2: "From Motion to Graphs"

Graphs and Tracks 2 poses the complementary task: given a motion and a ver-
bal description of that motion (generated autom.iiclav by the computer), sketch
the corresponding graphs of position, velocity, r... rzreleration versus time (sec
Figure 3). The graphs need not be precise to be Rid, d correct, but they must rep-
resent the most salient features of the motion corrxtly. For instance, an object trav-
eling in the positive x-direction and speeding up shouid be represented by an
upward curving x-versus-t graph. The program looks for common kinds of errors
and gives appropriate feedback. Thc facility for giving feedback is completely gen-
eral; specific help that refers to particular segments of the student's graphs can bc
automatically generated for any problem that can be created using Graphs and
Tracks I .

Students may ask for seedback on their fraphs at any time. The program is able
to evaluate both the overall qualitative correctness of the graphs and detailed
attributes such as differentiability of x versus t continuity and correspondence of
segments among different graph types. The evaluation facility of "From Motion to
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Graphs" was built using the specific research results on student difficulties with
graphs.3 For example, the program anticipates and gives feedback on student
graphs that do not represent continuous motion by a continuous line, or do not dis-
dnguish the 21...spe of a graph from the path of the motion, or do not represent the
continuity of velocity. If the student were to sketch the graph shown in Figure 2b
for the modon demonstrated in Figure 1, the program would respond with the fol-
lowing: "Check the second segment of your x-versus-t graph. Your curve shows
the ball maintaining a constant speed."

The program uses a strategy of feedback in which, it finds errors, directs the
students' *tendon to a particular part of their graph, and then tells what their graph
would indicate, in contrast with what actually occurred in the motion. Just as
teachers often do when working individually with students, the program usually
avoids tellirsg students directly that they are wrong, but simply fames their atten-
tion on the dubious parts of their solution. We prefer to tell or show students the
implications of their own actions and 1et them draw theirown conclusions.

Design Characteristics

Graphs and Tracks has a hands-on feel to it; the student uses the mouse to
adjust a simulated apparatus and to sketch curves. We designed the program to be
used by students with limited computer experience. No particular knowledge of
commands or special keys is assumed. Students can learn to use the mouse for
pointing and making selections from menu items simply by using the program.
Interactive instructions on how to use the program are contained in the program
itself, so no user manual is required. A help facility enables the first-time user (or
anyone wanting a review) to exercise each function of the program. All available
options are described in words and indicated on the screen as icons or menu items.
No supervision of students is required, but some desirable strategies for usage
(e.g., having students work in pairs) can be implemented by an instructor.

Integration into the Curriculum

The skills of graph interpretation that this software addresses, are skills that
have been taught in introductory physics courses in other ways for a long time.
What is new is the level of engagement and the amount of pracl ice that is oossible
with interactive computer programs. Laboratory experiences using actual equip-
ment are essential for developing a solid understanding of physical concepts.
Unfortunately, :n most instructional labs, students have a limited opportunity to
think of experiments and try them out. A convenient, easy-to-use simulation pro-
gram, frees students Lom some of the tedium of data collection and graphing and
enables them to generate and test more hypotheses. In the area of graphs of motion,
the computer can plot graphs as quickly as the motion itself evolves.

Graphs and Tracks is used at the University of Washington as an adjunct to the
kinematics curriculum developed by the Physics Education Group.5 It is used con-
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currently with activities involving the mac motion detector.6 It seems to work par-
ticularly well in conjuction with the microcomputer-based laboratory exercises.

The Graphs and Tracks software package fills a gap between the student's
eveyday experience with modon, and the mathematical treatment of kinematics
presented in typical physics courses. It prcvides a convenient, easy-to-use environ-
ment for learning the qualitative relationships between motion and graphs.

Summary
Many of the concepts of introductory physics are far from self-evident to students.
In general, these concepts art not learned merely by listening to explanations, no
matter how clearly articulated these instructions may be. Students seem to need a
variety of experiences, some repeated over an extended period of time, to acquire
the deep unders anding characteristic of the trained physicist. The program
described herein ..ffers one way for students to deepen their understanding by hav-
ing a direc". experience making coenections between motion and its graphical
representation.

We h.- ye found that a multifaceted approach to curriculum development is cru-
cial to designing instructional software. An ongoing research program for delving
into student difficulties, an instructional setting in which to inspire and guide the
creation of learning materials, and a powerful programming environment7 can be
brought together to create good materials foi introductory physics courses. In addi-
tion, we have found this and other programs, designed originally for instructional
use, to be useful as research tools for further investigation of student conceptual
development.8

Many people have contributed to the development of Graphs and Tracks. Originai kieas for
these programs sprang from classroom activities developed by the Physics Education Group
at tha University of Washington. Some preliminary design was conducted at the Educational
Technology Center at the University of California, Irvine. Wilfred Hansen of the
Information Technology Center at Carnegie Mellon lini-ersity implemented the first mouse-
oriented version of part 1 in the C language. The current programs were developed using the
cT programming environment (formerly CMU Tutor) from Carnegie Mellon University.
They currently run on the Macintosh family of microcomputers (Mac Plus, SE, II) and
UNIX workstations equipped with CMU's Andrew system. They will soon be available on
the TBM-PC family as well. Bruce Sherwood of the Center for Design of Educational
Computing at Carnegie Mellon has given me generous assistance and support in developing
this and other programs in the cT language. This work was supported in part by NSF grants
DPti 84-70081 and MDR 84-70166.
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Computer Tutors: Implications of
Basic Research :)n Learning and
Teaching

Ruin W. Chabay
Center for Design of Eaucational Onupuling, Carnegie Mellon University, Pitisburgh,
PA 15213-3890

The vision of computeo as sophisticated tutors is not new. More than 20 years ago,
in a Scientific American article entitled "The Uses of Computers in Education,"
Patrick Suppes said: "One can predict that in a few more years millions of school
ftildren will have access to what Phillip of Macedon's son Alexander enjoyed as a
royal prerogative: the personal scAvices of a tutor as well-informed and responsive
as Aristotle."1

Mom than a few years have passed since that article was written, but despite
impressive advances in computer teemology we still cannot claim to have populat-
ed the schoolrooms of the nation with a million silicon Aristotles. Why not? In
part, the lack of spectacular success is due not simply to limitations in the capabili-
ties of computers, but to limitations in our understanding of how successful stu-
dents learn and how good teachers teach.

Because of the difficulty of providing sophisticated, effective direct instruction
with computers, many devclopers of educational software have chosen not to
attempt this at all. Instead, they hove developed other kinds of programs, such as
simulations and laboratory aids, which can be used with guidance from a teacher.
Many people have come to believe that it is not possible to create a truly effective
computer tutor that can deliver direct instruction.

_ -
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However, during the two decades since Suppes' paper appeared, there have
evolved a number of exciting strands of basic research on the prcnesses of learning
and teaching. This paper will explore the impact of a few of these developments on
the vision and the reality of direct instruction by sophisticated computer tutors.

Research on Processes

This paper discusses detailed research on the processes of human learning and
problem solving in real educational domains, including but not restricted to
physics. Some researchers have studied novices and experts solving mechanics
problems. Other work his focused on geometry, reading comprehension, elemen-
tary mathematics, and computer programming. Instead of focusing primarily on
outcomes of different sorts of instruction, this research analyzes, at a very fine
grain size, the processes of solving problems, learning, and teaching. Though the
underlying aim of this research is to construct a fundamental theory of human
thinking, it is not just an abstract exercise. Experiments have already demonstrated
large, significant gains in student performance due to instruction based on such
detailed analyses.2

Components of a Computer Tutor

In considering the potential impzet of such research on the design of instructional
computer programs, we need t9 ask what goals would shape the design of a good
computer tutor. Three major components are shown in Figure 1.

COMPONENTS OF A COMPUTER TUTOR

Task Environment
task
display
interface

I nstructional Strategies
Intervene:

when?
how?

Problem-Solving Expertise
solve problems
trace student': solution
diagnose errors

Figure 1. Components of a computer tutor.
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The task environment itselfthe sequence of problems, the displays, the inter-
face, the way in which the student interacts with the computerestablishes the
framework for a tutorial session. The task environment is a stmng determinant of
instructional outcomes. In a poorly designed task environment, students may end
up spending most of their effort on things peripheral to the skills and concepts we
really want them to learn. For example, a multiple-choice activity is not appropri-
ate if the goal is to teach students to construct and not simply to recognize solu-
tions. An awkward interface may force students to spend more effort on
communicating with the tutor than on solving problems. On the other hand, a well-
designed activity can minimize demands on a student for less important process-
ing, such as evaluating arithmetic expressions, and free the student to concentrate
on prindples and strategies for solving problems.

To support and guide students solving nontrivial pmblems, a tutor must have
enough problem-solving expertise to be able to generate solutions itself. It must be
able to recognize and track multiple correct-solution paths, and must be able to
identify simple errors and poor strategies.

What should a tutor do when it detects an error? Some sort of principles for
delivering guidance and feedback to a student are an important component of an
instructional computer activity. Instructional principles for a computer tutor must
be specified explicitly, a.:4 will not necessarily be identical with instructional
strategies appropriate to tutoring by humans.

Problem-Solving Expertise

Research on scientific problem solving has focused on describing the behavior of
experts and novices as they solve problems. This research is qualitatively different
from traditional educational studies that try to measure the outcome of a particular
kind of instructional approach because it focuses on the details of the actual think-
ing and learning process itself. Such studies are not easy, since frequently even
experts who can solve complex problems quickly and easily cannot explain in
detail all the decisions and choices, blind alleys and backtracking, insights and
shortcuts, that went into the solution process. Researchers in cognitive science
have therefore developed experimental techniques designed to help reveal the
details of experts' behavior. One common approach is to ask problem solvers to
"think aloud" as they work on problemsto voice each thought as it comes to
them, without worrying about where it may lead or whether it is correct or not.
These "think aloud" sessions are recorded, and the resulting "protocols" analyzed
in careful detail to reveal svategies, thought patterns, plans, and changes in the
level of detail at which problem solvers work.3

Problem Spaces

The model of problem solving that has emerged from such studies depicts the solu-
tion process as a search through a problem space, beginning at an initial state and
progressing through successive states of partial solution until finally the goal
statean acceptable solutionis reached (Figure 2). The terminology of problem
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PROBLEM SPACE

IINITIAL
STATE

Figure 2. Problem space.

solving sounds very quantum mechanical: transitions between different problem
states are effected by applying appropriate "operators" (rules or solution steps).
Global and interim goalsideas about what the solution or the next step should
look likeare explicitly associated with the search for appropriate operators or
solution steps. Unproductive paths and dead ends am usually a part of the problem
space, and not all operations will lead to a correct solution. There may be more
than one path that does lead to a solution, because in many problems more than
one approAch can succeed.

As an example, consider the solution of a simple mechanics problem depicted
in Figure 3. Assume, for instance, that we wish to find the velocity of a block slid-
ing down a frictionless incline at some time, given that the block started at rest.
Figure 3 depicts two states out of many in the problem space: the initial state, a
picture of the objects involved; and a subsequent state, where the application of the
operator "draw a force diagram" has produced an augmented picture of the prob-
lem with force vectors.

For an expert, drawing a force diagram is a simple and straightforward opera-
tion. As we all know, however, it can be a complex and challenging problem in its
own right for a student. Thus, to understand in detail what a student must go
througf .o solve the probleri, we must describe the problem space in much greater
detail. In the problem-space diagram in Figure 4, the operator "draw a force dia-
gram" has become a subgoal in the solution process. The first operation necessary
to achieve this goal is to pick a subsystem, so this is now shown as the first opera-
tion in the search for a solution. Of course, poor choices are possible; picking the
plane as a subsystem is a legal choice, but not a useful one if our goal is to com-
pute the speed of the block; it will eventually lead to a dead end, and the solver
will have to backtrack and choose a different path.

r3G8
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Initial State

DRAW A FORCE DIAGRAM

Forte Diagram

Figure 3. In;:ial state and subsequent state in problem space.

We. could, and perhaps should, add even mom detail to the analysis; for exam-
ple, we could include the opt-ations necessary to select the center of mass of the
block as the point at which to -Iraw our vectors, and so on.

Why must the model be so detailed? One compelling reason is that by describ-
ing the model in full detail, we make it possible to test it. Just as mathematical
expressions and relations provide a natural notation for models in physics, comput-
er programs provide a natural way to formulate models of problem solving. A
computer program that has the knowledge necessary to solve problems, should
itself be able to solve a variety of such problems, more or less in the way a human
expert would. In attempting to design a program that can really solve problems,
one finds that it is necessary to descend to a finer and finer grain size in order for
the program to be able to execute all the necessary substeps of each operation.
Similar results are obtained for students. Heller and Reif show that students' per-
formance on physics problems improves dramatically if they follow a very detailed
analysis procedure; leaving some of the detail out of the procedure results in a sub-
stantially inferior performance.4

Intelligent Tutoring Systems

A second consequence of such a fine-grained analysis of the process of solving
problems is the opportunity it provides to track and model the thinking process of a
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Figure 4. More detailed view of problem space.
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student as he or she works to solve a problem. A new generation of instructional
computer programs, called Intelligent Tutoring Systems (ITS), do exactly this: they
track the student's progress through the problem space and identify points of diffi-
cultyinconect rules, errors in applying rules, ansi so on.5

3 1 o
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Task Environment
Displays

Displays often play a k^y role in solving problems, especially phrics prob-
lems. Often the rust step taken by an expert solving a physics problem is to draw a
diagram.6 The diagram is an important focus in the solution process, and much of
the work involves the diagram dinctly. This is evident to physics teachers, who
continually urge students to draw diagrams as the first step in solving a problem.
Recent work by cognitive psychologists has begun to elucidate why diagrams are
so important and how they are useful in solving problems?

Studies of human memory suggest that there are two kinds of memory: long-
term memory and short-term memory. Things mmembered over a long period of
time are stored more or less permanently in long-term memory. Short-term, or
working, memory, in contrast, does not endure for a long time, but provides very
quick access to information.

Problem solvers must keep information about the problem and the solution pro-
cess active in working memory for immediate access. The difficulty is that the
capacity of working memory is quite limited, and only a few pieces of information
can be stored them at once. We have all seen beginning students who can't seem to
keep the pieces of a prcblem in their heads, or who lose track of what they have
done SO far; their shurt-term memory capecity may be overloaded.

Experts often get around this limitation by combining several associated pieces
of information into one "chunk" in memory. Another imponant strategy, however,
is to stage much of this important information in a display or diagram, rather than
trying to keep it all in memory. As a display such as the one in Figure 4 is built up
by the problem solver, more and more information about the problem itself and the
progress of the solution is encoded in the display, and therefore need not be held in
working memory all the time. For example, the fact that the plane exens a force on
the block in a direction normal to the surface is encoded in the display by a force
vector.

Diagrams also provide a way of keeping track of goals in the solo' m process;
they indicate what the next step should be. In Figure 5, the solver has hdicated that
the next st d is to write equatiens for the x and y components of the forces, but has
not yet done &,.. Even if interrupted in the middle of the problem, the solver could
easily reconstruct what the next step should be simply by looking at the display
and seeing that the equations are not complete.

In addition, well-organized displays can decrease the time needed to search for
different pieces of information that must be used together, because such related
information can be grouped phys'...ally in the disrlay. Besides decreasing memory
load, the use of pictures or diagrams makes it possible to substitute relatively easy
perceptual inferences (About positions or directions, for example) for more difficult
logical inferences.

CAl Expertise

Displays in dynamic, interactive computer programs must satisfy critcria quite
different from those for static or passive media. There is not yet a solid theoretical
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DISPLAYS

Substitute asy perceptual Inferences for hard logical inferences

Reduce ahention demands (group related things)

Reduos working memory demands -
constantly updated record of problem state:

work so far
current goals

Figure 5. Rol* of displays in th* solution proms:.

basis ur set of principles tc guide cl, . ers. Nonetheless, there are experienced
developers of instructional computer ai... aka who have, through experience with
thousands of hours of student use of their programs, learned how to develop
robust, osy-io-use, effeceve instructional prgrams. Some of tern have begun to
try to articulate empirical rules of thumb for designers of interactive educational
computer activities.$

A good intaface and good displays are not simply desirable but essential. Poor
choices nzay actually increase the load on the student, making the mblem solving
much harder by requiring the student to devote considerable effort to controlling
the prop= or understanding dr, eivlays. Cluttered, disorganized displays or
comp!5x or awkward modes 11: interaction demand attention and effort that could
much better be devoted to the problem-solving process itself.

Instructional Strategies

In working with a studer.t, a tutor must make detailed decisions at a number of lev-
els about how best to interact with the student. Human tutors make many of these
decisions automatically, on the basis of experience and intuition, without con-
sciously thinking about them. However, a computer tutor has no intuition or social
experience; it must have explicitly encceed, detailed rules and guidelines for every
interaction with a student.

For example, an important class of decisions concerns Worial interventions:
when to intervene, and how. Who should control interventions, the student or the
tutor? Should the tutor intervene only when asked for help? Should the tutor
always provide help when req-csted? When should help be given? Immediately
after an aro? After se veral errors? Before the student makes an error? What kind

212
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of help should the tutor give? Hints? Answers? Diagnosis of errors? Dircctions? A
complete solution?

Until recently, there tas been little research on the actual proress of tutoring. At
best, tutorial strategies in instructional computer proçams have been derived by an
empirical, trial-and-aror process; at worst, they reflect only the untested intuitions
of the program designers. However, recent studies of the strategies of expert
human tutors, combined with attempts to articulate empirically &rived guidelines,
begin so provide a principled basis for designing computer-based tutorial interac-
tions.

Studies of Expert Human Tutors

Protocol studies of expert human tutors working with students solving problems9
have begun to uncover par.zns and strategies in tutorial interactions. Some of the
results are surprising, and even run counter to established wisdom.

Perhaps the most striking observation is that each tutorial episode (one problem
in a sequence of problems, for example) consists of three distinct phasa, as illus-
trated in Figure 6. Me tutor's goals are both cognitive and motivational, and active
goals and strategies vary from phase to phase.

PHASES OF A TUTO9IAL EPISODE

SOLUTION

Keep student active
Indirect feedback
No explicit diagnosis

REFLECTION

ConsIdez errors
Note constuints
Reflect on strategies

TRANSITION

Set goals
Mark progress

choices

Figure 6. Phases of a tutAial episode.
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In the solution phase, the tutor's primary goal is to work through to a correct
solution of the problem. The student must be kept active and interested, and must
work as independently as Jssible. Thus the tutor gives just enough help and guid-
ance to allow the student to take the next step in the solut. II. Feedback from tutors
is almost always indirect in this phase; tutors rarely say "no" explicitly, and though
they may well recognize enctly the conceptual or procedtnl difficulties a student
is having, they almost nevi: deliver this explicit Aisgnosis to the student. &TOM are
minuted, but not dwelt on. The main goal is to get to a solution.

After the student obtains a cortect solution, the tutor helps the student reflect on
the process of solvine the problem. Usually the reflection phase is short A tutor
may point out to a student, for example, that he or she correctly extended a re't to
a new situation, or that an error was due to an attempt to apply a rule or procedure
under conditions where it was not aprilicable. The tutor and student may review the
student's overall strategy and discuss possible improvements. The main emphasis
in the reflection phase is in getting the student to consider the solution process
itself, rather than on applying particular rules or procedures.

The transition phase appears to be a crucial part of a tutorial episode. Thc
tutor's goals in this phase aro primarily motivational: to set for the student a com-
fortable level of challenge, to give the student a sense of control, and to stimulate
the student's interest in thc problems. In this phase, tutors explicitly mark the
progress made by the student so far and help the student set new performance
goals. They may give the student a choice of type of problem or level of difficulty,
and may try to stimulate curiosity about new features of the problem.

Some instructional computer materials hoe bxn uscd heavily by thousands of
students over a period of several years. Perhaps it should not be surprising that
conventioes evolved in many such programs reflect some of the goals of human
tutors. For example, most good tutorial CAl programs continely mark progress
and set goals by displaying information about the level of the problems, the num-
be t. znrrect, and the number remaining to work. Students are given control over
whict problems to work and what level of difficulty to attempt. Students are not
allowed to get permanently stuck on a problem; after a fcw tries the program pro-
vides help or a way out.

Necessary Diffe rences?

The major differences between typical computer tutors (from both the ITS and CAI
traditions) and experienced human tutors are, rust, that computer tutors give much
MOM direct feedback, usually saying "no" very explicitly, and oftc., delivering a
detailed error diagnosis; second, that there is usually no reflecuon phase in coin-
puter-based tutorial interactions.

It may in fact be necessary for computer tutors to provide much morc explicit
feedback than human tutors. Because the bandwidth for human communication is
very hiet, a human tutor can convey much information in voe,,I inflection and tim-
ing, so a response of "well," "hmmm." or even "ok" can easily convey the infor-
mation that A,1 answer is not correct. With a more limited verbal bandwidth,

I .1
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computer tutors' respunses are open to misunderstanding, and explicitness is often
essential to clarity. However, it is sometimes possible to compensate for limited
verbal communication with enhanced visual communication; in some activities the
only feedback necessary may be the display generated as the computer works out
the consequences of the student's input.

The absence of the reflection phase appears less functional, and is pmbably due
to a lack of understanding of its importance. In fact, a computer tutor that traced
the details of a student's solution could easily point out important features of the
solution process; perhaps this will come to be a standard feature of future computer
tutors.

Summary

Recent results from research in cognitive science provide insights that make a sig-
nificant difference in the effectiveness of instruction. The importance of detailed
models of the knowledge necessary to solve problems has been clearly demonstrat-
ed in experimental studies involving both paper-and-pencil tasks and computer
tutors. An understanding of the role of diagrams and displays in the problem-solv-
ing process and of principles for structuring tutorial interactions can potentially
have equally dramatic effects on instruction. Combining these insights with much
empirical experience in educational computing may in fact allow us to design
sophisticated computer tutors capable of delivering effective direct instruction to
students on a one-to-one basis.
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Addressing Students' Conceptual
and Cognitive Needs

A. B. Arons
Department o f Physics, University of Washington, Seattle, WA 98195

Research in physics education continues to develop compelling evidence that many
students enter introductory physics courses with primitive, strongly rooted precon-
ceptions that remain unaltered by exposure to the usual course materials.5 On
emerging from the courses, many students exhibit residual misconceptions and
inadequate mastery of some of the most basic concepts and modes of reasoning.
They acquire passing grades largely through partial credit for memorization of bits
and pieces of vocabulary and erratically employed problem-solving procedures.
Many of the investigations lend credence to the idea that one-on-one instruction
and exercises of the highly interactive kind possible in computer-based instruction
(exploiting graphics) can contribute significantly in helping students attain more
effective grasp of the abstract concepts and modes of reasoning.5 This is especially
true when emphasis is placed on operational definition of technical terms, on quali-
tative observation and interpretation of physical phenomena, andon verbal expla-
nation of nes of reasoning. This emphasis supplements the usual use of formulas
and numerical solution of typical end-of-chapter problems. Many of the interview
questions and situations that reveal student difficulties and misconceptions are, in
themselves, helpful in remediating the very difficulties they initially uncover.

Despite the seeming promise of strong cognitive assir.ance from highly interac-
tive computer-based materials, very little has happened so far to fulfill this
promise. Much of the software that has been written is of very low instructional
quality; it tends to attack peripheral rather than fundamental cognitive problems
and provides very little interactive feedback that would lead students to recognize
error or inconsistency or revise their thinking of their own volition (instead of sim-
ply being told the "right" answer). Furthermore, we stave not had a sufficient vot-
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tune of appropriate material to allow statistically convincing eva iation of impact
and effectiveness over an entire introductory physics course (or even a major por-
tion).

Nagging questions still remain regarding cost effectiveness. The writing, cod-
ing, and debugging of such materials is exceedingly time consuming and therefore
exceedingly cosdy. Will the effectiveness of such instructional materials justify the
cost? We still do not have even a preliminary, much less a convincing, answer to
this question.

Nevertheless, in the hope that cost effectivenees might be demonstrated, I shall
list some of the specific items of computer-based materials that are badly needed,
that seem to be neglected, and that could, in combination, have a significant impact
on student mastery of concepts and lines of reasoning in our introductory courses. I
draw these specific items from my own observations and from the research litera-
ture.

Acute readers may note that certain obviously important items do not appear on
the following list of suggestions. Material on kinematical concepts of position,
clock reading, velocity, and acceleration is in the class of "badly needed," but since
a great deal of effort is currently being invested in generating very promising mate-
rials, I do not include them on the present list. The same is to be said about materi-
als on the law of inertia and the concept of "force." These areas are excluded not
because of lack of importance but because they are the subject of intense and fruit-
ful effort. Other readers may discern that I do include other items that are in fact
currently being worked on or that are available in good versions. Concerning such,
I can say only that I can lay no claim to being up to date on all work being con-
ducted in this huge field.

Examples of Desirable Drill

One very primitive impediment to learning in introductory physics courses is lack
of drill to help students imbed a definition, a procedure, or a physical phenomenon
in the memory to such a degree that it becomes second nature and no longer stands
in the way of the next level of utilization, concept formation, or reasoning. Space
in textbooks is costly and limited, and adequate drill with immediate feedback and
reinforcement can rarely be provided. Such drill, however, can readily be provided
on the computer, although the mode may seem pedestrian and unexciting to the
writer of software, the results for the learner can be very important. Specific areas
in which availability of such drill seems currently inadequate are as follows:

I. Drill on significant figures in numerical calc,ilations.

2. Drill on propagation of error in numerical calculations.

3. Drill on the definitions of sine, cosine, and tangent as ratios of sides of simple
right triangles. Setting up each ratio when the triangle is presented in various
different orientations. Reversing the above procedure (i.e., given labeled sides
of triaagles in various orientations, recognizing the name of a given ratio).

"
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Recognizing directly the meaning of products such as c sinii and c sin() (where
c denotes the length of 'fie hypotenuse) without going through algebraic manip-
ulation of the original defining ratios.

4. Drill on addition and suotraction of vectors in one dimension both algebraically
rod graphically. Many students never master the meaning of purely numerical
operations with plus and minus signs along the number line without also inter-
preting these operations in terms of arrows. The recommended drill helps them
miderstand the full meaning of the rectilinear kinematic equations. Such drill
connects with similar drill on addition and subtraction of vectors in two dimen-
sions.

5. Drill on calculating numerical values of torque (or setting up algebraic expres-
sions). Forces should be presented in random orientadons on the screen, differ-
ing from any original figuio in the text. Different angles should be invoked (i.e.
sometimes the angle between the force and the normal to the radius arm, some-
times the angle between the force and the radius arm). Forces should occasion-
ally be directed through the axiS of rotation. Net torques should be calculated
when several are imposed simultaneously.

6. Drill on basic electromagnetic phenJmena. Magnetic field direction around var-
ious configurations of current carrying conductors. Forces and torques on cur-
rent carrying conductors in a magnetic field. Exercises with the Lorentz force
on moving charged particles in a magnetic field. Exercises with direction of
indriced emf.

Underpinnings

In addition to drill of the kind suggested in the preceding section, there are a num-
ber of other concepts and modes of reasoning that underpin the learning of physics
and with whic.h many students have substantial difficulty. A significant fraction of
students in calolus-physics courses have trouble with the following ideas:

1. Verbal inteipretation of ratios.1.4 What is the meaning of the number obtained
when one length is divided by another length or one mass by another mass?
(Here one is comparing two numbers by finding how many times one is con-
tained in the other. Many students fail to recognize division as counting how
many limes one number can be subtracted from the other because they have
never had to say something to this effect in their own words.) What is the mean-
ing of the number obtained when the mass of an object (in grams) is divided by
its volume (in cm3)? (Here one is finding how much of the property in the
numerator is present in or goes with, or corresponds to one unit in the denomi-
nator. Many studems fail to articulate the ne,.,essary one of the denominator and
hence fail to comprehend the meaning of the new number. Thus, they fail to use
it successfully in subsequent steps of arithmetical reasoning.) It is also neces-
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sary to reverse the interpretation and deal explicitly with the reciprocals, g.
with volume divided by the mass.

2. Meaning of it in simple geometrical terms, i.e., as the ratio of circumference to
diameter of circles. Few students have carried out the necessary simple mea-
surements and fewer still can articulate the insight that it is a common property
of all circles.

3. Arithmetical reasoning involving division. Given 800 g of material that has 2.3
g in each cm3, what must be the volume occupied by the sample? Students
should not be allowed to use the density formula (they simply memorize the
rearrangement of symbols). They should be led to argue that, since the "pack-
age" of 2.3 g is associated with just one cubic centimeter, we fmd the total num-
ber of cubic centimeters if we find how many such "r.ackages" are contained in
800 g.

4. Coupling arithmetical leasoning with graphical representation in cases of sim-
ple linear relationship, e.g., associating density with the slope of a graph of total
mass M versus total volume V; interpreting an arithmetical calculation by repre-
senting it on a graph and vice versa; interpreting graphically the connection
between finding the total volume given the total mass and density on the one
hand and fmding the change in volume when the same mass is added to a given
initial mass. (Most students see these as two entirely different calculations and
subtract the final and initial total volumes without perceiving "iat they can cal-
culate changes directly. Parallel exercises are usually nuessary with other con-
texts such as concentration of solutions, circles and rt, etc.)

5. Distinction between general liiless relationship and direct proportionality. Many
students fail to register the distinction in earlier experience and must be helped
to articulate it in their own words.

6. Ratio reasoning involving geometrical scaling from linear dimensions to areas
and volumes and vice versa. Ratio reasoning involving scaling of various physi-
cal effects when functional relationships are known (e.g., variation of cen-
tripetal force with angular velocity, variation of gravitational and electrostatic
forces with distance of separation when the inverse square law is applicable,
etc).

7. Radian measure. Very few students have acquired any genuine understanding of
the reasons for introduction of radian measure in place of degrees; they haw
simply memorized a ritual if they use rad'In measure at all. They should be led
to see why radian measure is introduced, how it differs from measure in
degrees, and in what sense it is to be regarded as "natural." They should be led
to see that E quantity can be dimensionless without being unitless. The exami-
nation shoild not be confined to the relation among angle, arc length, and
radius, but should extend to the observation that the sine and tangent of an
angle ':.ecome more and more nearly equal to the numerical value of the angle
provided the measure is in radians rather than in degrees. For students in calcu-
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lus-physics courses, this examination should extend to consideration of the lim-
its of the relevant ratios underlying the derivation of the derivatives of the sine
and cosine functions.

Examples involving Various Basic
Physical Concepts

Following are examples of subjects in which many students encounter serious con-
ceptual difficulty and thus fall irretrievably behind. Dialogues helping them sur-
mount tb," difficulties as early as possible would help retain many students who
otherwist, drop out. Dialogues would also serve to improve the grasp and course
performance of many of those who survive with marginal understanding of the
material.

1. Showing velocity, acceleration, and force vectors (in separate diagrams.
never different vectors on the same diagram) for

a. an object thrown vertically upward while rising, falling, and at the top of
its flight;

b. various points in a trajectory of projectile motion;

c. a car at various points in a roller coaster ride;

d. a pendueim at various points in its swing, including the end points;

e. a bob on a spring in simple harmonic motion;

f. a bob in circular motion in a horizontal plane and at various points in a
vertical plane;

g. a pendulum bob suspended from the roof of an accelerating car.

2. Making operational distinctions between gravitational and inertial mass.

3. Understanding frictional force. Many students tend to memorize the foimula
f = pN and regard this as giving the magnitude of the frictional force acting
on a stationary block under all circumstances. They begin to grasp dIc con-
cept when they are led through a sequence in which they must articulate the
insight that the frictional force increases from zero to f as the external
applied force on the block increases. Many students acquire the misappre-
hension that frictional forces alwris oppose the motion of the entire body on
which they act. Although it is true that frictional forces always oppose the
sliding of one surface over another, they do not always oppose the motion of
the entire body on which they act (witness the frictional force exerted by the
road on the wheels of an accelerating car).

4. Understanding tension in strings. Many texts introduce the term "tension" as
though it were a primitive concept with obvious meaning to everyone. Since
"tension" is actually a subtle concept requiring careful and explicit opera-
tional definition, many students become seriously confused.

3 2 )
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5. Understanding "massless" strings. Most texts introduce the "massless string"
as though it were an obvious concept that requires no special introduction or
discussion. An effective dialogue would lead stdents to consider first a sim-
ple case in which a string with appreciable mass is being accelerated (e.g., a
block being accelerated along a horizontal surface by a pull exerted on a
massive string). One would draw separate free body diagrams of both the
block and the string and establish the fact that the forces on opposite ends of
the string would not be equal in magnitude. One would then examine what
happens to the magnitude of the diffctence between the forces as the mass of
the string is made smaller and smaller relative to the mass of the block.

6. Using free-body force diagrams. Many students (in fact, a sizable majority
even in calculus-physics courses) fail to develop the capacity to draw correct
force diagrams when homework is limited to conventional end-of-chapter
textbook problems. They tend to fiddle with the algebraic manipulations
until tLey get the "right" answer in the back of the book, and they rarely
check the correctness of the force diagarns. Students also tend to follow the
space-saving pattern set in the majority of textbooks and do not draw sepa-
rate force diagrams of interacting objects. Hence many students fail to dis-
tinguish clearly between the forces exerted on a car by the road and the
forces exerted on the road by the car. Effective dialogues would lead stu-
dents to draw numerous force diagrams for situations familiar in everyday
experience. These might include:

a. one's own body and the ground while walking or running (including
speeding up and slowing down);

b. one's own body, the seat of the car, the body of the car, and the road sur-
face when the car is speeding up, slowing down, or going around a
curve;

c. one's own body sitting on a box that rests on a merry-go-round;

d. an electrically charged balloon sticking to a wall;

e. two unequal point charges attracting or repelling each other (many stu-
dents show unequal electrical forces acting on the two objects even
though they can repeat the words of Newton's third law).

7. Considering the following two rectilinear cases:

a. A ball rests on a cart; the cart is accelerated horizontally.

b. A bob hangs suspended from a string (pendulum); the upper end of the
string is accelerated horizontally. Many students performing such experi-
ments will say that both the ball and the .bob are "thrown backward."
They need help in straightening out the confusion of frames of reference
and recognizing explicitly that neither object is "thrown backward" in
the inertial frame established by the ground.
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8. Understanding centripetal force. Many students labor under the misappre-
hension that any centrally directed force is a "centripetal" force regardless of
magnitude, whereas the term "centripetal force is usually meant to apply to
the net force that imparts the acceleration v2/R. Students must be led to rec-
ognize evlicitly that the object will spiral inward if the centrally diroled
fore( is greater than the quantity mv2IR and will spiral outward if it is small-
er. Because the discussion of centripetal force usually starts with the bob on
a string moving in a horizontal plane, many students acquire the misappre-
hension that the tension in the string is invariably equal to the centripetal
force. They will, for example, say that the tension in the string is equal to the
cenuipetal force at both the top and the bottom when the bob revolves in a
vertical circle.

9. Sketching the shapes of isymmetric transverse and longitudinal wave pulses
reflected at (and transmitted through) various free and rigid boundaries.

10. Performing exercises in hypothetico-deductive reasoning.

a. Given some mechanical situation arising in xi end-of-chapter problem,
what will happen if the angle of application of this force is changed, if
this mass is increased or decreased without limit, or if the angle between
this surface and the horizontal is increased or decreased?

b. Given a DC circuit consisting of batteries and bulbs, how do the bulb
brightnesses compare in the initial configuration? What will happen to
the brightness of each remaining bulb if a given bulb is removed? What
will happen to the brightness of each bulb if a wire is connected between
two arbitrarily chosen points?

c. Given simple R and C configurations, simplc R and L configurations and
the simplest R, L, C configurations, studerits must be able to answer
some purely phenomenological questions.

11. Visualizing effects that transcend direct sense experience. At the most primi-
tive level, a large majority of students have great difficulty accepting the
proposition that the (inanimate and seemingly rigid) table exerts an upward
force on an object that rests on it.22 They need to be led to the perception
that the upward force is made possible by the springlike action associated
with deformation of the table, a deformation that is not zero even when a
sheet of paper rather than a book is being supported. Students must be led to
visualize the deformations that take place when bodies collide with each
other, very few students do so spontaneously. A long wooden or metal rod is
laid on a table, and a force is applied to one end. The rod is displaced. If
asked whether the far end of the rod moves at exactly the same instant as the
end to which the force was applied, most students say "yes." They do not
visualize the passage of the elastic wave that precedes motion of the object
as a whole. Visualizing such effects consciously and explicitly, however, is
an important prelude to the introduction of time delays and propagation
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effects in electromagnetic phenomena. It helps students comprehend the
very basic phenomenological questions which Faraday and Maxwell were
asking and prepares them for recognition of the failure of action at a distance
(Newton's third law) and the motivation behind the invention of field theory.

Conclusion

The preceding examples are meant to be illustrative and are neither prescriptive
nor exhaustive. Many such dialogues, without constituting en'ae courses, would be
very helpful to many students within our existing instructional framework.
Availability of such tutorial assistance would free teachers to deai more effectively
and successfully with the development of more sophisticated levels of knowledge
and understanding. Not only would this eihance the development of future scien-
tific and engineering professionals, it would significantly improve the science
competence of school teachers in precisely those areas of subject matter in which
we now observe their greatest deficiencies. It would thus make a significant contri-
bution to achievement of wider public understanding of science. The immediate
problem, however, is to resolve the question of cost effectiveness.
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Can Computtrs Individualize
Instruction?

Tryg A. Ager
Institute for Mathematical S.;alies in the Social Sciences, Stanford University,
Stanford, CA 94305

The Spectre of Skepticism

To understand why many have been arguing that it is impossible to establish the
educational effectiveness of computers, we must glance back on 20 years of dis-
cussion of the effectivenozs of computers in instruction.

By 1968 Bitzer, Bunderson, Suppes, Bork .:nd others had deveoped a variety of
CAI materials and compared them with traditional instruction. Theze early devel-
opers differed in their assessments, visions, and approaches to instructional uses of
computing, but their work showed that computer implementations of programmed
learning methods demonstrated modest learning gains in controlled experiments.

324
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Still, when the instructional methods were such that teachers and computers could
perform them equally well (drill and practice in arithmetic), the experiments tend-
ed toward no significant differences.1 During the same period, there war deliberate
explore:an of the computer as a sui generis interactive end graphics medium.
Happily, fundamental ideas of physics and mathematics were often the context of
these explorations. In this fug decade, three main questions were on the CAI agen-
da:

1. Are computers acceptable media for instructional methods such as drill and
practice h. elementary mathematics?

L Are computers as effective as teachers at some instructional tasks?

3. Do computers have unique instructional properties or capacities?

By 1978 scores of academics were involved in CM, and funding agencies for
materials development and instructional improvement experienced exponential
growth in proposals. These agencies had an interesting problem: deluged with pro-
posals for instructional computing, how were they to fdter the good from the bad?
There were very few physics instructors with track records in the field. Alderman's
landmark study of rnar had just come out,2 but new proposals went beyond the
programmed learning and drill. artd-practice methods that had been studied previ-
ously in controlled experiments. Proposals dealt with complete college courses by
computer, mlancomputer simulations, computer-driven interactive video, and lan-
guage instruction, to name just a few. Effectiveness was a reasonable criterion to
apply to these new instructional ideas. But the dismantling of NSF and the
Department of Education that began in 1981 prevented leading-, dge, major evalu-
ative projects on the scale of the previous PI ATO and TICCIT evaluations.
Metaanalysis and literature klviews replaced large-scale evaluations for most of the

.1980s.3 Interpretations of these studies of studies have become the arena of evalua-
tion debatean arena several times removed from the trenches where actual work
on CAI is done. Furthermore, inexpensive microcomputers democratized CAI and
more energy was put forth on innovation than on understanding issues of evalua-
tion and effectiveness.

lorically, demonstration of effectiveness has been central to vindication of
computer-assisted instruction. Research and debate about the effectiveness of CAI
is conducted on a wide scale. It is not ,ide show in either educational research or
individual disciplines. It is not over; and it is not especially free from ambiguity
and confusion. 'No strategies for vindicating CAI can be distinguished: "vindica-
tion by research" and "vindication by the revolution." The research is conventional
educational research, and its results are mixed. The revolution is the computer rev-
olution, and its results are unavoidable even if not systematic or univocal. We find
similar conflict betv. . establishment scieace and innovation in other instances of
major scientific, technical, or social change where there is pressure to revise exist-
ing evaluative criteria, descriptive categories, or theories.

Both the CAI researcher and the CAI revolutionary want to demonstrate effec-
tiveness, but they use different methods. The researcher measures quantifiable
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var, 4$ defined independently of computers and embedded in general learning
theories. Effectiveness, defined as change in achievement, is then tested in the con-
text of existing theory. Achit sement is conceptually indepefident of the uses of
computers for instruction, so controlled experiments to establish empirically the
relationship of computer use to achievement are apparently in order. As the litera-
ture shows, these experiments have been done by the score.

Tbe revolutionary usually uses pragmatic criteria and less entrenched methods.
The revolutionary is more inclined to start from the premise that computer-assisted
instruction is sui genesis and requires new categories and methods to define and
test effectiveness. For v.ampk, many write-ups present qualitative data, formative
evaluations, or anecdotal evidence as demonstrations of effectiveness. Vindications
of CAI by such methodologies are often more notable for vigor than rigor.

Clark's Critique of the Research Vindication

Richud Clark has argued that instructional methods are related to learning out-
comes independently of media.4 So if computers are media rather than methods, a
research vindication of CAI (or any other delivery medium) is impossible. Clark
contends that most attempts to vindicate CAI fall into a 50-year-old trap of confus-
ing instructional methods with media. Besides computers, he considers textbooks,
video, mechanical models, workbooks, and sometimes teachers (as opposed to
teaching) to be media. The aux of Clark's claim is that for matched studies where
media are the only experimental variables, the null hypothesis is the expected out-
come. Clark says: "Consistent evidence is found for the generalization that there
are no learning benefits to be gained from employing any specific medium to
deliver instruction,"5 and adds that "studies comparing the relative achievement
advantages of one medium over another will inevitably confound medium with
method of instruction." I will refer to this as the principle of parity of media. The
issue that faces Clark is clarification of whether the principle of parity of media is
true by defmition or a testable empirical claim. His writings indicate he believes
both, and that is not good science.

'No years later, after an exchange with Pokovich and Tennyson,6 Clark assert-
ed even more pointed!y about experiments to compare thc effectiveness of CAI
with traditional instruction: "There seems to be ample evidence in existing studies
that no theoretical reason exists to ask such a question. Whenever adequately
designed studies have asked the question, no differences in achievement have been
found that may be unambiguously attributed to 'computers."1

We have to take the principle of parity as being true in ordcr to make sense of
that claim. Unambiguous relationships between effectiveness (achievement gains)
and computer-assisted instruction cannot be established because there is always an
alternative implementation of the instruction. This is true regardless of media or
methods being considered. If we can always exchange media, then ro particular
medium is decisively a cause of achievement. So the cause of achievement must
in method, not medium. It is then a corollary that educational methods can be test-
ed for effectiveness, but educational media cannot.

fiA:,
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We an interpret some episodes in the history of CAI by taking the principle of
parity of media as an empirical, testable claim. The principle is illustrated in the
Rum of programmed learning. Griginally, the medium was printed in fill-in-the-
blanks workbooks that branched users ro different nages depencfmg on self-scored
performance. In the 1960s computers were found aa be another suitable medium.
Similwly, drill-and-practice teaching methods are effectively implemented in hand-
out sheets, workbooks, radio programs, and computer programs, each with demon-
strabk effectiveness compered so nondrill-and-practice methods. Effectiveness of
either method in one medium leads one to expect, and uo Clark's theory actually
predicts, effectiveness in another. In feel, these exPeethlions/predietinns were used
to justify uadertaking the transposition of programmed instruction and drill and
practice to other media. Further supporting this idea, one early study showed that
increased achievement from computer-based drill and practice stimulated noncom-
pater classes to do more online drill and practice, which also resulted in increased
achievement.1 The effectiveness of drill and practice, not computers per se, had
been validated. At best, computers catalyzed an improvement in instructional
methods, which caused an increase in achievement. Many similar catalytic effects
of computers are reported at this conference.

In the area of computer-assisted instruction in physics, the evolution of Alfred
Bork's work reflects the idea di t methods are independent of media. Bork explic-
itly draws on the theory of self-paced mastery learning to guide the design of com-
puter tutorials in physics. His assumption must have been that the methodology
was essentially media independent and hence would transfer to the new computer
medium. I think it is fair to say that Bork also implies that because of its interactiv-
ity, the computer medium could enhance learning more than any other available
instructional technology such as television or hand calculators. I think Clark would
say the first step is correct and the second fallacious because it assumcs that for a
given method there are more effective media. Remember that in all of this, "effec-
tiveness" means measurable changes in achievement.

Experiments to Test Clark's Theory

We only have time to do a gedanken experiment to test Clark's theory, but con-
sider the following: The Valid instructional program teaches an entire semester of
symbolic logic without schenuled lectures, textbooks, or conventional homework.9
Everything in the course is done online except the fmal examination. The instruc-
tional methodology used by Valid is composed of three main pats:

1. Interactive exposition of the concepts and principles of logic (e.g., e;plai uon
of the concept and a formal definition of 'vatic' -irgument').

2. Interactive theorem proving (i.e., students construct proofs that are checked step
by step so feedback about errors is given at the earliest possible moment).

3. Self-paced progress and on-demand instruction (i.e., students work when they
want to, for as long as they wish). Let's call this instructional methodology

327
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"method V." Method V is generic and has been applied to other subjects in the
family of axiomatic mathematics and formal systems.

Clark's theory predicts that the effectiveness of method V, which is currently
implemened on computers, is independent of media. I predict that a human imple-
mentation of method V would differ in effectiveness for reasons intrinsic to the
alternative medium, viz., intense interpersonal relationships, high error rates on the
human proof checkers, unreliable implementation of the real-time responi4veness
requirements of method V. but most of all, the almost moral certainty that each
human implementation of method V would differ more one from the other than
each computer implementation. The human implementations lack the desirable
properties of stability and replicability.

But I would not dispute that there probably are media independent methods
other than method V that are just as effective for loglc instruction. This, however,
seems to catch Clark at his own game, since his argument based on parity of media
can be applied to his own position, if transposed to a principle of the plurality of
equally effective methods. Since achievement cannot be unambiguously attributed
to method, method is not the causal factor in achievement. This leaves students as
the only active items not factored out of Clark's learning model. Could students be
the causes fat achievement?

This gedanken experiment is symptomatic of the clash between the research
and revolutionary programs to vbdicate computers. Method V requires immediate
feedback, self-directed pace, and zcro tolerance of errors in construction of proofs.
It requires time-critical and impersonal interactions with studeats that can be met
by some media but not by others. Thriefore, for method V, medium makes a differ-
ence and effectiveness of method V will vary depending on medium. Method V is
a revolutionary instructional method, borrowing here and there from mastery learn-
ing and programmed instruction, but it includes in its specification some require-
ments that were impractical 30 years ago. So the revolutionary argues that
computers genente a new class of media-specific methods, and hence the 50-year-
old conceptual distinction between media and methods no longer applies. The cate-
gories that define instructional methods need revision.

A Physics Analogy to the Parity of
Media Principle

Fureler doubts about the parity of media principle arise when we draw an anal-
ogy from high school physics. Pressure, temperature, and volume are related by the
Charles-Boyle gas law, PV = nR7'. Say a physicist, we'll call him Charles Boyle
Clark, tells us that there are various media in which volumes exist, like jugs, boxes,
tubes, and balloons, but that his isw of gases holds independently of how we
"implement" volume or what "medium" we use to enclose a volume. We can live
with that until we try to build a real-world device like an internal combustion
engine that gets 26 miles per gallon of gas. It is not clear that we can improve
mileage ("effectiveness") without taking cylinder geometry and materials

ker; g
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("media") into account in implementing the volume variable in the gas law and the
other relevant thermodynamic principles.

To argue that the geometry of cylinders is irrelevant to the design of effective
engines because cylinders are only one of any number of logically possible imple-
mentations of the volume variable, reflects some profound confusion about the
methodology of applied science (technology) as opposed to the establishment of
abstract theoretical principles. Real-world engineering is a jungle of trade-offs to
take act .Amt of interfering factors that either are absorbed into physical constants
or packed into experimental error at the abstract theoretical level. No eighth graaer
doing classical Boyle-Charles Law experiments needs to bother with Van der
Waals forces or chemical reactions of the gas with the sides of the vessel.
However, in applying that theory, the engine designer must take those things into
account.

Clark's idea that computers belong te a set of interchangeable media, depends
on a simplistic view of the relationship between pure and applied theory. The pres-
ence of complex media, which have objective and affective properties (e.g., relia-
bility and enjoyment) known to influence achievement, must be taken into account
just as the materials and shape of cylinders are important in the internal combus-
tion engine applications of thermodynamics and the ideal gas law. The practical
effectiveness of any design always depends on both the underlying theory and the
implementation.

Clark's Confounding Claims

Fmally, let's interpret parity of media as authorizing a redescription of experi-
ments, because by definition instructional methods are generic and allow multiple
alternative implementations or meAia. Interpreted this way, parity of media is a
built-in component of what we mcan by an instructional medium. Therefore the
causal impotence of computers, for example, is entailed by the meaning of the term
"media," but of no empirical significance since it is an invariant structural feature
of the descriptive categories, not the facts. This way of categorizing things results
in all interesting differences between experimental and control groups being assim-
ilated to method. In certain cases this assimilation makes sense, and in others it is
arguable. There is an example of each below. But when Clark says the assimilation
or confounding is inevitable, his view approaches the "true by definition" interpre-
tation, thereby making the empirical content of his skepticism aboa computers
vanishingly small.10

In his examination of 42 studies of the effectiveness of CAI. Clark claims the
experiments are pervasively flawed either because of media-method or media-
media confusion, both of which result from not understanding the generality of
method as opposed to the specificity of media.11

1. Media-Method Confounding. By failing to understand the general meaning of
method variables, the experimenter does not control for instructional method, so
effects attributed to media are confused w'th effects of the instructional method.
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Consider a comparison between a lecture-discussion presentation of the laws of
orbital motion and a self-paced, interactive, expluratory computer tutorial on
the same subject. Suppose the latter turns out to be more effective. We con-
found media and method if we say computers are better than people as instruc-
tional media for orbital motion. We should say that the self-paced, exploratory
method is better than lecture-discussion.

2. Media-Media Confounding. The experiment is flawed because it does not con-
trol for medium. Even if instructional method is controlled, media may con-
found. An interesting limiting case arises if the teacher is classified as a
medium. When the same person teaches the control group and is teacher and/or
developer of the CAI group, effect sizes tend to be smaller or negative com-
pared with similar experiments where the teacher differs. Why does this happen
and what does it mean? The research vindication of CAI can argue either that
there is a "John efenry" effect the teacher works harder and more conscien-
tiously in the control group, adjusting his or her performance to the level of
CAI, or there is a "Peter Principle": the Ckt design or control group adjusts to
the teacher's level of competence. Either way, disappearance of the predicted
variance is explained by reduction of the experiment to the null hypothesis by a
Pett.r Principle or a John Henry effect.

Contrarily, Clark argues that the disappearance of the variance doesn't need to
be explained away, because it is predicted by his theory where teacher simpliciter
or teacher-cum-computer are just "media" and media cannot make a difference. An
alternative hypothesis Clark doesn't discuss is that because teachers can reprogram
themselves, they can become a dominant medium. A simple way of stating this is
that teachers (qua media) can retard or advance achievement.

Summary of the Critique of Clark

Clark's skepticism about research vindications of CAI uses a principle of parity
of media with respect to method to assimilate all interesting differences to
"method" variables. By definition, computer components are classified as "media"
variables. But media variables cannot affect achievement, so computers cannot
affect achievement.

I make two criticisms:

1. The principle of parity of media seems eminently testable in extreme cases or
for highly specific instructional methods such as method V. It',; just that nobody
wants to take credit for showing that Spanish as an instructional medi, ,i, is bet-
ter than Chinese for children in Honduras, for some fixed subject matter and
instructional method.

2. More important, though, Clark's critique misconstrues the long-term process of
technological research and development. His strongest argum-nts come from
studies that use well-established instructional methods such as programmed
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learning or drill and practice as method variables in experiments to vindicate
CAI. As a developrneit strategy, it was correct for early CAI to bootstrap from
the programmed learning and drill-and-practice methods, using established
achievement levels as development targets. It is to be expected that new tech-
nology will make some contributions of its own to the repertoire of educational
methods. At rust, these new methods will be implementation- specific, like
method V. But there will be an attempt to generalize new methods and make
them less media specific. I think it is extremely interesting that there are
instructional methods that are robust over different me,dia, subject matters, and
students. It is not, however, a trivial or inevitable theoretical consequence that
this is so, but rather that the practical objectives of the development of new edu-
cational media or methods, require meeting existing achievement standards
empirically established by existing methods.

Fmally, because of the complexities of CAI development, we have to content
ourselves to work in subjects that are well understood from an instructional stand-
point and consequently for which we are asymptotically approaching the maximum
achievement gains possible for large numbers oi -agdomly selected students, who
arrive with and continuously reveal great individual differences. As Clark suggests,
we should not expect dramatic achievement gains in subjects we already teach
rather well by a variety of media-method combinations. But by the same token, it
is only reasonable to insist that we avoid spending time and money on media that
an not competitive in effectiveness.

Issues of Individualization in CAI

The purpose of this part of the paper is to discuss strategies for making CAI effec-
tive by individualizing instruction. Because this is an emerging area of CAI, I want
to assume for the sake of the argument, that for subjects where incoming ability
and achievement vary yet instructional goals are uniform, individualization is a
plausible method to reach a common learning goal by different routes or strategies.
Adaptive teaching methods and individualized test-and-branch regimens for ele-
mentary mathematics instruction indicate individualization is effective in many
cases. The question explored here is whether to extend individualization to com-
plex subjects with strong formal components at the advanced secondary and under-
graduate levels.

Why Computer-Based Instruction?

Should logic, mathematics, or physics be taught on an individualized basis
instead of more impersonally to groups? In fact, why use ^omputers in any direct
instructional role for these subjects? Computers have an itryortant place already as
tools for calculation and simulation, not to mention their usefulnesr in writing up
class assignments or preparing handouts.
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1. Access. Delivery of cuniculum by computers can increase access to subjects.
We fmd that although calculus appears to be taught to about 600,000 American
high school students, about three fourths of the nation's high schoois are not
represented among the approximately 60,000 students who take the advanced
placement calculus examineni. The underrepresentation of schools in the AP
tests is largely because most ,-,merical1 school districts are small and frequently
cannot allocate resources to teaching advanced placement courses.

2. Serving Special Needs at the Margins. CAI technologies can be designed so that
time, place, level, and rate of learning can be variables in the overall system.
Classroom instruction tends to fix all four.

3. Resource Allocation. If stable parts of a curriculum are offloaded to computer-
based instruction, possibilities for reallocation of teaching resources occur.
Resource reallocation is good if you don't have to grade 300 exercise sets on
the Boyle-Charles law every year, bad if it leaves you with nothing to do.

4. Standardization and Quality Control. Calculus is a good example. Most calcu-
lus students are taught by relatively inexperienced graduate students. Nationally
aboth 50 percent of calculus students fail. Regardless of whether these two facts
are related, clients of mathematics departments would benefit if they could
count on a quality-controlled, reasonably standardized knowledge of calculus in
their students. Similarly, the elementary physics courses se:ve clients in the uni-
versity who would enjoy similar guarantees.

5. Effectiveness and Side Effects. Even if effectiveness is merely maintained and
not dramatically improved, there are ancillary, desirable side effects of under-
taking CAI development work in new areas with new methods. Our work on
calculus and logic instruction is directly related to research in computer algebra
and theorem proving.

Why Individualized Instruction?

Individualization is a.n essential ingredient of most established CAI methodolo-
gies including dialogues, programmed learning, adaptive drill and practice, ar.d
self-paced learning. It is widely accepted that these methods can be individualized
for mr.ily subjects, but most successfully for skill- or fact-oriemed subject,

For the subjects we are considering (logic, elealenor)' calculus, elementary
physics, etc.), we have evidence that howevi r narrowly we specify nontrivial prob-
lem-solving tasks, individual student, solvc the same problem differently. We havz
additional evidence that student preferences affect achievement, and that when
time is taken into account, the same solutions to problems can exhibit remarkably
difflrent latencies. As students are given more problem-solving resources ar.d
assigned more complex problems, diffeiences among student solutions increase.
Some responsiveness to these differences on the instructional side is necessary.

'.' e, )
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Here are several examples of the kind of variance we find in dam collected
from the Valid and Excheck programs at Stanford, both of which require extensive
interactive theorem proving from studcnts.12 Most students complete all work for
the Valid program in 60 to 80 hours, but the low is about 35 hours and the high is
over 110 hours. For a given proof in logic, we found in a spot check of two
students, that one did the problems in about 60 interactions with the computer, the
other used over 350 interactions to produce a virtually identical proof. For prob-
lems with a fixed set of correct solutions, some solutions are favored, but all are
represented. In proofs of the more complicated theoems required in set theory,
there is much greater variance in length of proof. For a sample of 1,500 proofs of
75 different theorems, the average length of the shortest proof of each theorem was
3.5 steps; the average length of the longest proof of each was 54.7 steps. Further
analysis of these student proofs fails to reveal patterns of steps that would describe
strategies or predict patterns in future proofs by the same student.

The fundamental reason for individualizing instruction in mathematics and
mathematical sciences is that students solve complicated problems differently;
good instruction should be able to accommodate and be responsive to these differ-
ences. In the Valid and Excheck programs we have tried to individualize instruction
insofar as we can, corstrained on the one hand by the limitations of the computer
medium and on the other by the nature of .he subject matter.

Media Constraints

In the Valid course, which deals with elementary symbolic logic, we do not
encounte1 serious media constraints on the individualization of logic instruction,
except for the following humorous case. A student had exhausted all available
computer memory with a proof of a simple theorem that in his case had swelled to
something over 600 steps. However, in the Excheck system to teach axiorrltic set
theory, computational complexity is a practical constraint of the medium. Catain
routines depending on resolution-theorem proving have to be terminated after
exhausting a oNtain cpu allocation. (This allocation was 30 cpu seconds for the
machine on which the initial studies of student proofs was done; the current
machine will dxrease that allocation by an order of magnitude.) It wit be interest-
ing to compare student use of the resolution-based tools on a faster medium, since
students previously complained about slowness.

Method and Content Constraints

Both of these systems implement decision procedures for iragments of the theo-
retical domain they cover. But in most parts of advanced logic and mathemar ;s the
best we can hope for is partial decision procedures. Our goals have been to imple-
ment systems that are consistent (every step they _ zrtify in a proof is a valid step.)
but not complete (they cannot certify every valid step.) Turning off a resolution-

4-, I,
-,. .

1.4 i J



Ager 319

theorem prover after exhausting some cpu allocation is a media constraint. The
general inability to decide mechanically the coirectness of every proposed infer-
ence is a theoretical constraint due to the content of the courses. Within such con-
straints of the medium, students are free to construct any valid proof as a solution
to a theorem-proving problem.

Individualized Evaluation of Student
Solutions

I have already mentioned that in complex subjects there is great variance
among student solutions to nontrivial problems. Our approach, which I call "inter-
active reasoning," has been to make the computer smart enough (within the inher-
ent limitations of media and subject matter) to recognize correct answers when it
sees them. How is this done? Problems in these subjects tend to have stepwise
solutions. We check each step as it is proposed and certify or reject it, based on
whether it follows from steps already in the proof. In this way a connected, valid
segment of reasoning is built up step by step. Once a natural and convenient granu-
larity of such steps is foimd, students are free to find any correct solution to a prob-
lem. The design cost of this freedom is that essentially the entire logical and
mathematical underpinnings of the subject have to be present in the instructional
system, and there must be a representation of arguments or derivations as connect-
ed wholes, not just as isolated calculations.

A second approach, often called "intelligent tutoring," is to make the machine
smart enough &I that it can solve the problem itself and compare its internal solu-
tion to the student's. Taken together, such approaches are often called intelligent
computer-assisted instruction (ICAO. (Wengern provides a review of the field and
Kearsley14 and Sleeman and Brown15 provide recent compendia of essential ICA1
parers.) The trouble is that for the types of courses being considered here, ICA1
approaches de not, as a practical matter, now accommodate the variety of solutions
that students actually produce, and there are no well worked out logical or mathe-
matical theories of how to construct the relevant set of correct proofs for hard
problems in serious subject matters like calculus. Whereas the interactive reason-
ing approach gives the students maximal freedom to construct correct solutions,
intelligent tutoring tends to converr^ students on solutions the machine is able to
generate, which, given the state of the art, is not a significant set in any but the
most elementary logical theories that have constructive decision procedures.

A third ICAI approach, which can be called "diagnostic tutoring," would be to
have the computer figure out what student! arc up to when they need help. Anyone
who has ever tried such an approach for even a simple subject, will tell you that in
the 1980s such a dream is premature. Data from students using the Excheck set-
theory program show that detection of a strategic or tactical pattern from initial
segments of a proof is not possible bccause random choices occur in the construc-
tion of solutions to hard problems by nonexpert students.16
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We are facing these issues as we try to build a system to teach the first year of
calculus)", And our approach is interactive reasoning: we will build a system in
which consistency of mathematical inference can be maintained, but that will not
be able to solve complex calculus problems on its own or infer what a student
might be doing strategically. Interactive reasoning works because of an explicit
partnership between the student and the computer. On the other hand, calculus
(unlike logic or set theory, which are more austere subjects) supports the use of
handy subroutines such as finding critical points, finding zeroes, taking a limit at a
point, taking a derivative, and establishing continuity that fit together in standard
ways in solutions to more complex problems. Such building blocks, if they are
identified and used as such by students, could map more local structure onto
diverse student solutions, possibly allowing a cautious step in the direction of diag-
nostic tutoring.

Adjudicating Design Issues in Complex
CAl Systems

I have explained some of the factors that need to be taken into account to
design CAI systems for individualized instruction in logic or calculus, and by obvi-
ous analogies, physics or elementary mai analysis. I want to conclude by indicating
some practical difficulties in making good design decisions for these very compli-
cated researc h and development efforts.

In designing advanced CAI systems, we are constrained by the possible. In
addressing individualization issues such as those described above, we have two
complementary ways to try to increase individualintion:

1. By maximizing the capacity for students to articulate and construct connected
chains of correct reasoning within the particular theory or subject.

2. By maximally understanding student behavior.

The former requires massive efforts in subject matter refinement and imple-
mentation. The latter requires ore-cise, implementable theories of cognition and
subject-matterspecific theories of individual differences in learning. The ICAI
program would place its bets on the ability to construct acceptable student models
and individualize instruction by refeience to the characteristics of such models.
The approach we are taking at Stanford is more conservative. We place our bets on
the ability to do an acceptable implementation of the subject matter we are trying
to teach. To teacil calculus, implement calculus. To teach kinematics, implement
kinematics. To teach logic, implement logic. This gives students freedom to learn
the theory and its tools by freely operating within an honest and (insofar as possi-
ble) complete theoretical framework. Both approaches are formidable; both ought
to be tried, but not at once. Our judgment is that by focusing on subject matter
rather than cognition as the core of the system and interactive reasoning as a
method, we will be able to attain acceptable levels of effectiveness for a computer-
based instructional system for the whole of elementary calculus.
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In the first part of this paper I discussed one of Clark's skeptical arguments
about CAI evaluation at great length. I am now at a pint where if his lessons made
sense, I could apply them as follows: It is an enormously complicated problem to
state the criteria for valid inference in a subject like physics or calculus where the
notation used does not explicitly or uniformly represent the entire semantic content
of the statements it is used to make. Nobody really knows how to do this in 1988.
However, it is not too hard to find people who can recognize correct proofs in cal-
culus and reliably grade them. Grading the AP calculus test brings hundreds of
them to New Jersey each year. Since the problem of representing this knowledge is
a consequence of choosing computers as a medium, using Ciark's reasoning, I
might more profitably focus my attention on an instructional method for calculus,
leaving the media details aside, since in a properly categorized world, computers
cannot make a difference.

Research on the VALID and EXCHECK systems was partially supported by National
Science Foundation Grants EPP-74-15016-A01, SED-74-15016-A03 and SED-77-096998
and by the Fund for Improvement of Postsecondary Education Grant GOO-780-3800.
Research on the calculus instructional system is supported by NSF Grants MDR-85-50596
and MDR-87-51523.
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1.
The Effects of Microcomputer-
Based Laboratories on
Exploration of the Reflection and
Refraction of Light

John C. Park
Department of Mathenw.tics and Science Education, North Carolina State University,
Raleigh, NC 27695-7801

New technology has contributed to a new strategy for teaching concepts through
laboratory science. This strategy is the use of the microcomputer-based laboratory.
MBL applications have removed much of the drudgery that is often part of labora-
tory investigation, allowing students to focus more clearly on the scientific phe-
nomena under investigation and *.o perform original investigations.

Four questions emerge from the literature on the effect cf microcomputer-based
laboratories on scientific exploration. (1) Do students who interact with MBL
equipment and curriculum generate more experimental trials than without such
materials? (2) Does composition oi the lab groups by gender influence the number
of unique trials? (3) What is the relationship between general achievement in sci-
ence and the number of experimental trials? (4) What is the relationship between
the number of unique trials and the level of understanding of the concept?

We are conducting a study of the effects of the microcomputer-based laboratory
cn the scientific exploration of the reflection and refraction of light by seventh-
grade students. The study consists of a 2 by 2 by 3 factorial design with laboratory
mode, standardized achievement score, and lab pairings as the independent van:
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ables. The dependent variables are the number of unique experimental trials and
concept achievement score. Concept achievement score is defined as the adjusted
post-test achievement score on the reflection and refraction of light with the pretest
as the covariate.

Students from thrte middle schools were involved in the swdy. The children in
each class were stratified and paired by achievement on the science subtest of the
California Achievermnt Test (CAT). These pairings consisted of three categories:
girl-gid pairing, boy-boy pairing, and girl-boy pairing. The lab pairings were ran-
domly assigned to one of two laboratory modes stratified by pairing category and
by standardized achievement score.

Half the students participated in a laboratory activity that used an Apple Ile
microcomputer to monitor the angles of incidence, reflection, and refraction of an
infrared light source. The other half used a He-Ne laser for the light source and
musured the angles of incidence, reflection, and refraction. Both groups measured
the angles as the lighi interacted with a rotated jar half-filled with water.

Students in each =aboratory male recorded the data on prepared data sheets.
The students were asked to determine the relationship among angles of incidence,
reflection, and refraction. Observers recorded experimenting time and number of
trials. All students were briefly interviewed at the end of the exploration session.

A post-test on retlzction and refraction was given to the participants three days
after the conclusion of the laboratory activity. We are using a three-way analysis of
variance to analyze the data. We will present the analysis of the data, which was
collected in March and April 1988, during this session.

Kinesthetic Experience and
Computers in Introductory
Laboratories

Gordon J. Aithrecht II
Department of Physics, Ohio State University, Columbus, 01143210-01106 and Marton,
011 43302 5695

1.11 the last decade many papers have been published on the way students learn)
Many students learn best by doing.2 When one learns to ride a bicycle, drive a
stick-shift car, ice skate, or ski, at first mastery seems impassible. A single success-
ful trial, however, produces an immediate physiological recognition of success, and
progress thereafter is rapid. Such experience is called kinesthetic.

Students have informal remembrances of past real-life experiences, and some-
times physics teachers will try to translate between these experiences and the text-
book. In lecture demonstrations teachers supply "canned" vicarious kinesthetic
experiences. In phyeics laboratories teachers supply direct kinesthetic physics
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experiences. Of these three methods, only physics laboratories provide the active
participation, either in problem solving or in understanding theoretical concepts,
that most reliably i :ads to student intuition.

It is relatively easy to construct kinesthetic laboratory experiences involving
force. Other cznepts are more difficult, though they may seem no less fundamen-
tal to physicists. The computer makes it easier for students to experience such con-
cepts kinesthetically.

The ideas of displacement and velocity, for example, are often difficult for stu-
dents to grasp. S. ' versions of laboratory apparatus using sonic range finders
to measure distance (displacement), speed (velocity), and acceleration and to dis-
play these data on the screen of a microcomputer in real time are now available.
Such apparatus allows students to learn about graphing and gives them the sort of
kinesthetic experience of motion they need to really understand it.5

Such computer-assisted laboratory experiences are becoming freely available.
The enriched laboratory experience they provide allows students to focus on their
interaction with nature.

Physics teachers often regard the laboratory as a place u :.ere students come to
understand physical concepts and the limitations of the measurement process. It is
true that the apparent accuracy of interfaced computer measurements will subvert
this aim. But the laboratory is more than a place for measuring quantities. The use
of computer tools should be welcomed because they allow students to feel their
measurements during the measurement process. This sort of kinesthetic "instant
acculturation" in the labs frees the lecturer from ineffective "show and tell" and
allows more useful employment of the lecture hour.
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Students' Construction of
Concept Maps Using Learning
Tool

Robert B. Kozma
NCRIPTAL, University of Michigan, Ann Arbor, MI 48109

Computer-based tools are software programs that use the capabilities of the com-
puter to amplify, extend, or enhance human cognition. Their impazt has not been
empirically established, but these softwarc pazkages are designed to prov:.!e an
external representation of in cognitive processes. By acting as a mirror of the
learner's thought process, the computer may not only facilitate the learning of the
particular domain to which *- applied, but more important, it may aid the devel-
opment of general learning: Is and strategies.

To be effective, a tool for learning must closely parallel the learning process
and address both the limitations and capabilities of human cognition. The aspects
of the learning process that most inhibit learning are limitations on short-term
memory, difficulty in retrieving needed information from 13ng-term memory, and
the ineffective or inefficient use of cognitive strategies to obtain, manipulate, and
restructure information. Important capabilities that students bring to the learnin;
situation are ph,viously learned knowledge, concepts, and skills.

To compensate for limitations and build on strengths, a computer-based tool
should do one or more of the following: supplement limited short-term memory by
making large amounts of information immediately available for the learner's use;
make rt." lam, previously learned information available simultaneously with new
information; prompt the learner to structure, integrate, and interconnect new i.kas
with previous ones; provide for self-testing and practice, thus increasing the
retrievability of information; provide for the easy consolidation and restructuring
of information as the student's knowledge base grows.

Learning Tool is a Macintosh program that u.-n principles of cognitive psychol-
ogy to help students learn any subject, from philosophy to physics. There is no spe-
cific information in Learning Tool; rather, students learn by entering, organizing,
and using information.

Learning Tool operates at three coordinated levels. The "Master List" is an out-
liner, it allows the student to emer and order key concepts, such as "atom," "CICA.-

rs.
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tron," and "nucleus." Each entry automatically creates a labeled "note card" icon at
the second level, the "Concept Map." In the "Concept Map," thl students can spa-
tially organize and link the note cards to display user-defined relationships in
hypatext fashion. Thus, for example, the user can graphically show the stmcture
of the atom by linking the above terms in "made or relationships. Note cards can
also be stacked to create submaps, so "neutron," "proton," and "quark" can be
embedded in Pi: "nucleus" note card. They will automatically be indented under
this term in the "Master List." At the third level, the student can enta information
for each note card. Both text and graphic information can be entered.

Among the other tools designed to facilitate the students' use of theirnotes are
multiple-term, Boo lian search function (which, for example, permits the studcnt to
look for all the cards that contain information on "electromagnetism" and "gravi-
ty"): and the capability to create and take self-tests to practice the rthieval of fac-
tual details and conceptual relationships.
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Teaching Computational Physics

Steven E. Koonin
Department of Physics. California Institute of Technology, Pasadena, CA 91125

Modem physics research is concerned increasingly with complex systems com-
posed of many interacting components: the atoms in a solid, the stars in a galaxy,
or the values of a field in space-time that describes an elementary particle. In most
such cases, previously unknown phenomena can arise solely from the complexity
of the system. Although we might Imow the general laws that govern interactions
between the componeMs, it is difficult to predict or to understand the new phenom-
ena qualitatively. General insights in this regard are difficult to envision, and we
quickly reach the limits of the analytical pencil-and-paper approach that has served
physics so well in the past. Because numerical simulations are essential P. ' .riher
understanding, computers and computing play a central role in much of modern
physics research.

Using a computer to model physical systems is, at its best, more art than sci-
ence. Through a mix of numerical analysis, analytical modeling, and programming,
the computational physicist exploits the power of the computer to solve otherwise
intractable problems. Computational physics is a skill that can be acquired and
refined: knowing how to set up the simulation, what numerical methods to employ,
how to implement them efficiently, and when to trust the accuracy of the results.

A Neglected Diszipline

Despite its importance, computational physics has largely been neglected in the
standard university curriculum. In part this is because it requires balanced integra-
tion of three commonly disjoint disciplines: physics, numerical analysis, and com-
puter programming. Another factor is the lack of computing hardware Fuitable for
teaching. Students usually acquire what skills they have by working on a specific
thesis problem; i..s a result, thzir exposure is often far from complete.

This situation and my professional background in large-scale numerical simula-
tions motivated me to begin teaching an advanced computational physics laborato-
ry course at Caltech in the winter of 1983. My goal was to provide students with
direct experience in modeling nontrivial physical systems and to impart to them the
minimal set of techniques for dealing with the most i .-rnmon problems encoun-
tered in such work. The computer was to be viewed neither a "black box" nor as
an end in itself, but rather as a tool for getting at the physics.

A factor motivating the decision to develop a computational physics curriculum
at this time, was the ready availability of hardware that could provide each student
with an individual computing environment. Personal computers can be used easily

0 4
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and interactively through a variety of high-level languages, and they offer numeri-
cal power sufficient for illustrating many research-level calculations. Moreover, the
graphics facilities commonly found on such systems allow an easy but often
stanling insight into many problems. In short, I (and my students) could concen-
trate on the strategy of a calculation and the analysis of its results rather than on the
mechanics of using a computer.

A New Course

How, then, was I to teach the art of computational physics? It was apparent that the
traditional lecture-cum-assignment approach was not optimal, as there is no teacher
better than direct experience, and computing is a very personal activity for most
physicists. I therefore planned a cur 'um in which the computer would teach by
example and exercise. This forms die added benefit that students could work
largely on their own, at their own pace, and at times of their own choosing.

It was relatively easy to identify the broadly applicable numerical methods that
should be covered in the course, but choosing the physical situatior.s in which to
demonstrate those methods was more difficult. I attempted to satisfy simultaneous-
ly the following criteria:

1. That the physics discussed be an "interesting" extension or enrichment of the
usual quantum, statistical, or classical mechanics material.

2. That the scale of the computation be appropriate to the numerical power of the
hardware.

3. That the problem not be soluble analytically.

In the end, I found 16 such "case studies." In more than half of them, the stu-
dent compares calculated results with experiment or observations.

Developed during the 1983-1984 academic year, the curriculum consists of
eight units. The student begins each unit by reading a text that provides a heuristic
discussion of several related techniques for accomplishing a particular numerical
task. Intuitive derivations of simple, general methods are emphasized, with appro-
priate references cited for rigorous proofs or more specialized techniques. Short,
mathematically oriented exercises involving only a small amount of programming
reinforce this material.

After reading the text section, the student works through the remaining two sec-
tions of the unit: an example and a project. Each is a brief exposition of a particular
physical situation and how it is to be modeled using the numerical techniques
taught in that unit, together with a set of exercises for exploiting and understanding
the associated program. The example and the project differ only in that the students
are expected to use a "canned" program for the former and perhaps write their own
programs for the latter. The units and their accompanying examples and projects
are listed in Table 1.

,±4 4
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Table 1.

Computational Physics Curriculum

link liumcrimaidttlioski

1 Differentiation.
quadrature, finding
roots

2 Ordinary differential
equations

3 Boundary value and
eigenvalue problems

4 Special functions and
Gaursian quadratures

5 Matrix inversion and
diagonalization

6 Elliptic partial differ-
ential equations

7 Parabolic partial dif-

ferential equations

8 Monte Carlo methods

Emmy lc

Semiclassical quantization
of molecular vibrations

Order and chaos in two-
dimensinal motion

Stationary solutions of the
one-dimensional
Schrödinger equation

Born and Eikonal approxi-

mations to quantum scatter-
ing

Determining nuclear ch ige
densities

Laplace's equation in two
dimension.

The time "-pendent
Schrodinger equation

The Ising model in two
dimensions

Project

Scattering by a central
potential

Structure of white-dwarf
stars

Atomic structure in the
Hartree-Fock approximation

Partial wave solution of
quantum scattering

A schematic shell model

Steady-state hydrodynamics
in two dimensions

Self-organization in chemi-
cal reactions

Quantum Monte Carlo sim-
ulation of the hydrogen
molecule

Each of the programs I developed functions in several capacities: as an easy-to-
use demonstration of the physics; as a laboratory for exploring changes in thc
numerical algorithms or parameters; and, in the projects, as a for the stu-
dent's own program. Thus the programs not only had to work correctly, they had to
be easily readable and understandable. Simple organization, full documentation,
and a structured programming style were essential. Because muCa of each program
involves input/output (I/0) and "bookkeeping," the few important numerical sec-
tions had to be called out clearly. "Elegance" in coding and speed of execution
often had to be E2erificed for the sake of intelligibility. More signifiemt, my ambi-
tions were frequently restrained by a desire to keep the calculations and the graph-
ics displays ":imple." With some thought and care, however, I was able to work to
my satisfaction wiLhin these constraints.

The choice of language invariably invokes strong feelings among scicntists who
use computcrs. Any language is, af..er all, only a mralls of expressing the concepts
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that underlie a program. The important '..eas in the curriculum would remain rele-
ant no matter what language was used. FORTRAN is the computer language used

most widely for scientific computation. However, its I/0 is notoriously cumber-
some. More importantly, FORTRAN programs must go through the time-consum-
ing step of compilation before they can be nm. This removes the rapid feedback
that is so desirable when a student is developing a program.

I finally settled on BASIC in spite of its acknowledged deficiencies, such as
lack of local subroutine variables and its awkwardness in expressing structured
code. Those deficiencies, I felt, were more than offset by the simplicity and
widespread use of BASIC, its ready availability on the microcomputers we were
using, its powerful graphics and I/0 statements, the existence of intetpreters that
are convenient for writing and debugging BASIC programs, and the existence of
compilers for producing rapidly executing finished programs. Virtually all of the
student , are familiar with some other high-level language and so can learn BASIC
"on tk ily" while taking the course. Nevertheless, several students have elected to
write (1 ir projects in other languages and have had no problems in doing so.

I teach the course in a laboratory format for junior and senior physics majors.
All the students have taken (or are taking) the conventional courses in classical,
statistical, and 4uantum mechanics, so they are familiar with many of the physics
concepts involved. Moreover, there is enough of a "computer culture" among
Caltech undergraduates so that most of them are familiar with the hardware before
begianing the course; those who are not, become proficient after a few hours of
individual instructioo. As mentioned above, students work through the material
largely on their own, although a teaching assistant and I hold weekiy office hours
during which we are available for help and consultation. Individual half-hour inte:-
views upon cornpletion of each unit serve to monitor the students' progress and
assess their understanding. The typical student, working six or seven hours a week,
caa complete three or four units in a ten-week term, perhaps writing his or her own
code for two of the projects and using my code for the others.

Brief discussion of some of the examples and projects will serve to give a feel-
ing for the level of the material and the style in which it is presented to the stu-
dents. The complete curriculum, together with a diskette containing the BASIC
source code for the examples and projects, is published in my text Computational
Physics.

Example 7, the time-dependent SchrOdinger equation, illustrates techniques for
solving parabolic partial diffe:ential equations and also provides the student with a
laboratory for exploring the evolution of wave packets in various potential fields
(the function specifying the forces acting on the particle), a much d'scussed (but
difficult to illustrate) situation in elementary quantum mechanics. The basic prob-
lem is to solve the Schrodinger equation,

172 12-V + V(x) ty ,
h 2m x2at a
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for the complex wave function tp(x,t), which describes a quantum particle (an elec-
tron, for example) of mass m moving in a potential field V(x). Here, x is the pani-
cle's kration, t is the time, i is the unit imaginary number, and is Planck's constant
divided by 21r. Given the initial wave packet, Vx,t=0), the probl,an is to find yr for
all subsequent times.

This general problem cannot be solved by analytical meth3ds, so numerical
methods are essential. The most efficient approach is to describe the space and
time coordinates with small but firite "steps" and .eby replace the continuous
partial differential equation by a large number of algebraic equations that can be
solved on the computer.

The program I wrote for this situation allows the student to specify the potential
field by "drawing" it with the computer's cursor. The initial wave packet is then
specified, and the evolution begins. The results arc displayed as a "movie" of
hp(x,r)12 as shown in Figure 1. This quantity, the squared modulus of the complex
wave function, gives the pmbability that the particle can be found at position x at
time r. After the student stops the evolution, the potential or the initial wave packet
can be changed for another run.

Students working with this program check the accuracy of the numerical meth-
ods used, to program and explore several alternative evolution algorithms, and
investigate various potentials and wave packets. The third activity demonstrates
vividly such intrinsically quantal phenomena as tunneling and resonancecon-
cepts difficult to convey in a conventional lecture.

PIDjeCt 6 illustrates techniques for solving elliptic partial differential equations
by considering the steady-state (fime-independent) flow of a viscous fluid about an
obstaclefor example, the flow of a stream around a rock. The mathematical
description of the flow is based on continuity (fluid is neither created nor
destroyed) and the response of each bit of fluid to the pressure and viscous forces
acting on it. When the flow is tw... limensional (coordinates x and y), these two
physical principles can be embodied in the coupled nonlinear elliptic equations

[ a2 (2.] txx y) and
ax2 ay2

[ a2 [ay, avv ax,y)
ux 2 Oy 2 ay aX aX alp

I lere, the stream function that specifies the direction of flow at each point,
C is ,he vorticity of the fluid, and v is the kinematic viscosity. Specification of the
problem is completed by imposing boundary conditions on yr and C (for example,
the fluid cannot flow into the surfaces of the object).

Like the SchrOdinger equation, these equations cannot be solved analytically
but are amenable to numerical treatment using small, discrete steps. The resulting
large number of nonlinear algebraic equations can be solved by a relaxation pro-
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tit4: 3,88

Irobability (x)

Left 8.998 -1.853
Right 8.082 +2.384

Total 1.008 -22.814

time: 25.80

probability (x)

Left 8.528 -18.445

Right 8.488 +5.918,

Total 1.008 -2.562

time: 55.08

probability (x)

Left 8.416 -43.963

Right 8.584 +48.8??,

Total 1.000 +5.141
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Figure 2. Streamlines for a viscous fluid flowing around a rectangular plate
at various velocities. The direction of flow is from the left, and
each pattern is reflection-symmetric about the lower edge. Note
particularly the hydraulic "jump" above the plate, the laminar flow
at low velocity (top pattern), the increasing separation of the flow
frorrithe rear of the plate at higher velocities (middle pattern), and
the vOrtex behind the plate at the highest velocity (bottom pat-
tern). /d



336 Computational Physics and Spreadsheets

understand. As the velocity increases, the fluid takes a "jump" as it passes over the
plate, a phenomenon familiar to anyone who has rafted over river rapids. At the
highest velocities, the flow separates fro'''. the back face of the plate and a vortex
(eddy) forms behind it. Here again, the ..,:mputer is used to simulate situations for
which analytical solutions are impossible and for which intuition is difficult to
develop.

Example 5 illustrates the use of a computer in a different waythe analysis of
experimental data by least-soltares fitting. The physical situation hew is the scatter-

+1

8

iFractional error in fit

;

i I

1

. i 1

r

r

idteration 5

-1

',4hisq:+2.464E+82 for 73 DoF

1

.88

.06

rho

.84

.02

2 Qeff (fmA-1) 3 4

Plot of rho in fmA-3 for 58Ni

Sines used: 9

Emu: 1.88 fm

Qmax:4.839 fmA-1

.80

8 1 2 3 4 r (fm) 5 6 7 8 9

Figure 3. Least-squares fit to the elastic scattering of electrons fmm the
nucleus 58Ni (nickel of 58 protons and neutrons). The upper panel
shows the fractional error of the fit to the experimental cross sec-
tion at each momentum transfer (scattering angle). The vertical
lines indicate the uncertainties in each of the experimental mea-
surements; most of the points are fitted within their uncertainty.
The lower panel shows the corresponding charge density of the
nucleus deduced as a function of distance from the nuclear center,
r, measured in femtometers (fm, or 10'15 meters). The small oscil-
lations in the interior density, at left in the plot, are a "shell effect"
caused by the particular motion of a few nucleons wi chin the
nucleus.
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ing of high-energy electrons (approximately 200 million electron volts or more)
from atomic nuclei, currently a topic of high current research interest in nuclear
physics. Because the electrons interact with the nucleus through the Coulomb
force, the cross sections for such scattering arc sensitive to the distribution of elec-
trical charge (that ir the structure) of the nucleus. Indeed, the measured cross sec-
tions can be "inverted" in a model-independent way to obtain the nuclear charge
density.

My program for this problem analyzes actual experimental data to infer the
charge densities for nuclei of calcium, nickel, and lead. An iterative, nonlinear
least-squares fit procedure is used to adjust the charge density to the measured
cross sections. The density and fit to the data arc displayed as the iterations pro-
ceed; typical results are shown in Figure 3. In running and understanding this pro-
gram, the student checks the accuracy of the fits obtained, extracts information
about the nuclei from them and comparc with simple nuclear modAs, and explores
alternative fitting strategies.

Conclusion

While developing and teaching this curriculum, I have been impressed by several
unexpected advantages. To write a program for simulating a given physical situa-
tion, the student must understand the physics in way that is different from (and
complementary to) that required for an analytical approi.A. Then too computer
programs bring a flexibility and vividness of presentation that is difficult to obtain
otherwise. Moreover, the simulating of systems brings a sense of exploration and
surprise to the learning process, since an understanding of thc resulis of changing
parameters or algorithms often leads to greater insights. Finally, because complex
situations can be presented, students are exposed in detail to research-level prob-
lems at an earlier stage of their education. In these ways, I expect computer-based
education in physics to supplement, rather than supplant, the traditional mode of
lecture instruction.

Copyright 1986 International Business Machines Corporation. Reprinted with permission
from Perspectives in Computing, 6, No. 2, Fall, 1986.

1. S. E. Koonin, Computational Physics, (Menlo Park, CA: Benjamin/ Cummings, 1985).
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Mathematics by Computer

Stephen Wolfram
Center for Corrpkx Systems Research, Department of Physics, University of Illinois,
Urbana, IL 61801

I have been involved in a practical problem that is going to have important conse-
quences for the future of physics. This practical problem is the development of a
computer program called Mathematica. Mathematica is a comprehensive system
for doing mathematical computation. It runs on a variety of computers and does a
whole range of mathematics. Mathematica is useful for many kinds of users, rang-
ing from math professors or physics professors to engineers and down to college
and even high school students. Our idea in developing Mathematica is to produce a
mathematical tool that is as generic as the calculator but provides much broader
coverage of mathematics.

The most elemeatary way to think about Mathematica is as an enhancA calcu-
latora calculator tbat does not only numerical computation but also algebraic
computation and graphics. Mathematica can function much like a standari calc....la-
tor: you type in a question, you get back an answer. But Mathematica goes turther
than an ordinary calculator. You can type in questions that require answer; that are
longer than a calculator can handle. For example, Mathematica can gily, you the
Lamerical value of IL to a hundred decimal places, or the exact result for a numeri-
cal calculation as complicated as the result of 31000, (see Fig. 1).

Mathematica has a big collection of mathematical functions built into it. Even a
standard calculator has sines, cosines, and logarithms built in, but Mathematica
allows you to ask the value of a function like a Besse! function J0(10.5) or the
Reimann zeta function C(1/2 + 13i) to 40 decimal plavs, (see Fig. 2). Such spacial

Intl01:.
N[11. 1001

Out/101.
3.1415926535897932384626433832795028841971693993751058209749445\

92307816406286208998628034825342117068

Intllp.
N[3"1000,100)

Out/11/.
1.3220708194808066368904552597521443659654220327521481676649203\

477
682268285973467048995407783138506080619639 10

Figure 1. Mathematica as a calculator. it and 31000 to 100 significant digits.

'.. r. )



In(121:.
Ilesso1J (0. 10 . 51

Out(121.
-0.236648

In(13]:-

N(Zota(1/2 4. 1313,403

Out(131.

0.443004182505368189191897441332849126
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-

C 655483098321168943051369649191335505 1

Figure 2. Numerical results for the Besse! function J0(10.5) and the Riemann
zeta function c(1/2 + 13i).

functions in mathematical physics are built into Mathematica. In fact,
Mathematica has built in virtually all of the functions found in standard handbooks
of mathematical functions. Our goal was to make obsolete all the tables of mathe-
matical functions that yosi find filling up a lot of space in physics libraries.

But Mathematica does much mole than numerical computation. Mother major
kind of computation handled by Mathematica is symbolic algebraic computation.
If we type in the algebraic expression (1 + x)5, at first Mathematica just echoes
back the same expression, (see Fig. 3). But we can tell Mathernatica to perform
various mathematical operations on the expression. For example, we can tell it to
expand the expression out, or to factor it. Mathematica will recognize that the
expression of that standard form can be reduced back to the original expression.
And Mathematica can do much more complicated operations than that. It will
remember that an expression that goes on for several screens actually simplifies
back down to the original product of a few terms.

As an example of an algebraic computation, if you try to solve a simple
quadratic equation like

x2 + 2x 1=0

InI24]:.
ixpand ( (1+x) ^53

Out124].
2 1 4 5

1 + 5 x + 10 x .0 10 x + 5 x -4. x

14251:.
Factor (51

Out125].
5

(1 + x)

Figure 3. Algebraic expansion and factoring of (1 + x)5.

t
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In(34]:.
302 Is 1 ANDO

Out(341.
2

-1 + 2 x + x 0

Solvoltot]

Out(351.

( ->
-2 + 2 Sqrt (2)

2

-2 - 2 Sqrt (2)
), (x -> ))

2

Figure 4. Algebraic solution of x2 + 2x z 0.

for x, you will get a symbolic result of the solution of this equadon in terms of the
symbolic parameter x, (see Fig. 4). If you ask Mathematica to solve an equation
lilce

x5 + 3x + 1 = 0

for which there is no analytical solution, Mathematica will give you the symbolic
representation of the results that cannot be found. In addition, Mathematica can
give you the numerical result. Even though it may not be mathematically possible
Ic abtain a result in algebraic form, Mathematica will give you a numerical result
in terms of complex numbers, (see Fig. 5).

in(313:-
x45 + 3x + 1 so. 0

Out(31).
5

1 + 3 x + x 0

in132]:-
Solve( ,x)

Outi32].
5

Urcilu1es(Root3(3 x + x -1, x)))

ingap.

Out(333.

((x -> -0.839072 - 0.942852 1), (x -> -0.839072 + 0.943852 I),

ix -> -0.331989), (x -> 1.00507 - 0.937259 I),

(x -> 1.00507 + 0.937259 I))

Figure 5. Numerical solution of x5 + 3x + 1 . 0.
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Int41]:.
Integrate (s/ (1-303) el

Ou 1(41).

1 + 2 x
- (Sqrt [31 ArcTan ( 1) 2

Sqrt [3] Log (1 - x) Log (1 , x + x )

+

3 3 6

In(421:.
D(, xl

Out(42).
1 2 1 + 2 x

+

3 11 - x) 2 2
(1 + 2 x) 6 (1 + x + x )

3 (1 + )

IN431:.
simplify(%)

Out(43].
x

3
1 - x

3

.,liigure 6. Analytical solution of fx(1-x3)-1 dx and subsequent differentiation
of the answer.

Mother thing Mathematica can do is symbolic integration. Lct's start oti with a
very simple one. If you ask Mathematica to integrate xm with respect to x, i.e. you
get the result

But Mathematica is capable of more complicated integrals. If you ask
Mathematica to integrate

fewz elf_
M

it will produce an expression involving arc tangents and some logirithms, and so

I5---- d.l - x3

on. We can check the result by asking Mat hematica to di :erentiate. (Sec Figure 6).
In addition to numeri al and algebraic calculations, Mathematica is capable of

sophisticated graphics. Mathematica does graphics by using a "postscript page
description language." This is the kind of graphics control language that i med, for
example, by the Apple Laserwriter, and is being incrnsingly used on many differ-
ent kinds of computers. Usini, his language, Mathematica allows you to take a

r,
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picture and actuaily see thc Postscript form of the pictIrc. This Postscript form lics
behind tLe original picture that Mathematica produced. Postscript is a much more
obscult language than Mathematica, but if you know Postscript well er lugh, you
can edit the Postscript that Mathematica actually produced. For exah,ple, when
you originally plot a curve you can tell Mathematica to make it bluc, but by editing
the Postscript, you can change the color of thc curve to rcd.

An advantage of Postscript is that it prwides a vcry portablc des 'ption of thc
graphics. You can, for example, take a graphical imagc that you produce in
Mathematica and paste it into a document that you're making up with Pagcmaker
or any other desktop publishing system. The graphics that you produce will be ren-
dered in the highest resolution that's available on the kind of priih r that you havc.

Mathematica will also allow you to do three-dimensional graphics. You can ask
it to plot the sin (xy) as a function of x and y, with x running from 0 to 3 and y run-
ning from 0 to 3. Thc rcsult is shown in Figurc 7. If you want tr you can, for
example, ask Mathematica to show you thc plot as it would apy : you simulat-
ed shining a light onto the surfacc from onc sidc, (see Figure 8). `Lou can also alter
the viewpoint, or display thc surfacc with different paramctcrs.

That's a capsule summary of Mathematica's capabilities in numerical computa-
tion, algebraic computation, and graphics. I would likc to go on to describe how to
program Maihematica, and h..Av to create documcnts and things likc live tcxtbooks
that make usc of Mathematica.

Mathematica is a rathcr complctc aid powcrful programming language that
allows you to build on top of thc largc numberabout 700built-in functions.
You can build in your owr functions for a particular appfication using any of sever-
al different styles of programming. One such style of programming is writing a
function in a stardard structured programming fashion, as you would in a languagc
like C or Pascal. Te- comewhat easier to program in Mathematica than it would bc
to program direct, C or Pascal because Mathematica is an interactive system.
Mathematica .1lows you to see cxactly what your program does as sonn as you've
typed in pieces of it.

Because Mathematica is a symbolic system you don't have to worry about crc-
ating all the kinds of data structures that you might need. Mathematica's general-
expression data structurcs wi'l hold anything that you havc.

Another stylc of programming is perhaps morc interesti..g. Thc idea of tl- is sec-
ond stylc is to use transformation rulcs to takc tcxtbook formulas and transrribc
them almost directly into Mathematica. This is thc way that Mathematica gets
taught lots of mathcmatical information: you just takc tables of rulcs likc those for
logarithm functions and cntcr them into Mathematica. At tcrward Mathematica will
automatically use thcm.

Anothcr stylc of programming ir Mathematica ir to add to Mat hematica's
knowledge about graphics. For examplc, to teach Mathematica about poly hcdras,
you begin by mading dcfinitions of polyhedra into thc file.

Let's see what happeus if wc want to show a tetrahedron as a three-dimensional
graphical object. Mathematica takcs the symbolic description of the graphics and
actually rcndcrs it as a three-dimensional object, (see Figure 9).
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Inpj..

Plot3D1 Sin ( x yj , (x, 0, . , f y, 0, 31 j

Oufp/.
-Su: faceGraphIcs-

Figure 7. A 3-dimensional plot of sin (xy).

In[6] -
Show[%, Lighting->True]

Out[6].
-Sur faceGraph 1,:s

Figure 8. A 3-dimensional plot of sin (xy) with simulated illumination.
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In (50):-
Show (Graphics3D (Tetrahedron() j j

Out150).

-Graphics 3D-

Figure 9. A 3-dimensional plot of a tetrahedron.

In ( 52). -

Show (Graphics3D (Stellate (Dodecahedron [1 j 1 ]

Ou1(52j-
-Graph ics3D-

Figure 10. A 3-dimensional plot of a stellated dodecahedron.

i". .... 4...b
.... , WI
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If you ask Mathematica to render even more complicated graphical objects, it
will follow the same prom'. z. Say, for ex rnple, that you ask Mathematica to
show you a stellated dodecahedron. It will take the symbolic description of the
dodecahedron, apply the operation of stellation, and thcn show thc results, (sec
Figure 10). Because Mathematica uses Postscript graphics, you can expand the
results to any size you want. In fact, you can even drag it out to eight feet widc,
print it out, and glue it together to make a poster.

The Mathematica program is brokcn into two pieces. The first piece is a kernel
that actually does computations. This kernel runs exactly the samc on many differ-
ent kinds of computers. The kernel of Mathematica exists right now for the
Macintosh and for work stations that run similar types of graphicsIBM RTs, var-
ious kinds of super computers, and other such things. Most of the operations that
I've shown you today makc use of the kernel of Mathematica. Thc kerne/ under-
stands input expressions and produces either output expressions or Postscript
graphics.

The second piece of '._ Mathematica program, the front cnd of the program, is
responsible for interaction with the user. This piece takes advantage of whatever
user capabilities exist on a particular kind of computcr. It is possible for you to run
the front end of the program on a Macintosh, and the kernel on a remote computer.
In such a case, the calculations that we've been doing hcrc would look essentially
the same. However, we would see the results comc back a bit morc quickly.

You can usc the front cnd of Mathematica to prepare documents bascd on
Mathematica. You can, for exampll, makc the examples we've illustrated today
into a sectica of a book. When you type in the word "polyhedia," you will find
under a mcnu czlled "styles" a list of possible styles in which you can show that
text. You can type in information about polyhedra to annotate the work that you're
doing.

You can also use Mathematica to prcparc your own tcxtbooks. On a machine
like the Macintosh, you can use the front end of Maihematica as something that
acts as a live textbook. You can provide texts to be read on the scrccn, imbcd
graphics into that text, and even input commands that can be executed to do coin-
putatipns.

There are a number of cfforts undcrway to writc textbooks in the kind of live
form that Mathemattca makes possible. Such efforts typically accompany a printed
textbook with a Mathematica notcbook. One of the morc ambitious projects along
these lines is a calculus book to be published by Addison-Wesley.

One thing you can do in a Mathematica textbook that you can't do in an ordi-
nary textbook is takc the formulas in the book, makc changes to the examplAs that
are given, and then reevaluate them and sec what the rcsult!,.. would be. This capa-
bility gives you a way to explore what the formula in the book really means.

You can also use Mathematica to produce animation in your texttook. First you
tell Mathematic- to zompute a function that could be a coDection of sine curves in
two dimensions. Then you tell it to produce a sequence of these picturcs. By run-
ning through thc wholc sequence of pictures, you'll producc a sort of animated
movie, and after it's read into memory it will run reaf.onably quickly. The actual
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code necessary to generate such a sequence of frames is often quite short--only
about 20 lines.

In the past we have distributed Mathemasica by giving it awly, but giving it
away in a slightly unusual fashion. Our favorite method is to bundle it with hard-
ware that comp ,ter manufacturers produce. We like Mathematica to be included as
part of the standard system software that comes with the machine. This is the way
we nave distributed Mathematica on the NEXT Computer, and Mathematica will
also be bundled as part of the standard system software on some other computers
that are coming out later this year

For other machines Matheman :a is typically being sold by the hardware manu-
facturers who produce those machines. Mathematica is also being sold by IBM for
the RT and by Sony Graphics.

To find out more about Mat hematica, I refer you to my book, Mathematica,1
which provides a complete documenta:l.m and description of what Mathematica
does.

I. Stephen Wolfram, Mathematica: A System for Doing Mathematics by Computer
(Redwood City, CA: Addison-Wesley Publishing Company, Inc., 1988) 749 pp.

Concurrent Supercomputers in
Science

Geoffrey C. Fox and David Walker
Caltech Concurrent Computation Program, California Institute of Technology, Pasadena,
CA 91125

The importance of supercomputing is illustrated by the establishment of the five
NSF centers at Cornell, Illinois, Pittsburgh, Princeton, and San Diego. Many arii-
,cles, government reports, and two recent books1 have described the rat1onale and
use of these centers, and we do not intend to repeat that discussion here. Rather we
would like to look to the future and describe the npture and performance of the
computers that will be at such centers around the year 2000.

In the next section, we will review the twin driving forces from the technologi-
cal (computer science) and scientific (computational science) sides. We also review
trends in supercomputers and why we need parallel processing. Then we describe
why parallel computing works, with general principles drawn from using prototype
machines over tbe last five years. In the final section we use some computational
science activities at Caltech to illustrate the impact of concurrent supercomputers
on science.

Our recent book: gi . es more information on most of this material, and there are
several excellent reviews of parallel and high performance computer
arch i tectures.3
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The Technological and Scientific
Motivation

Parallel supercomputing is driven by a confluence of two complementary forccs.
First, many computational ficlds need hugc increases in computer performance to
perform realistic calculations. Second, it is technically possible to build much
faster concurrent computers. The first point can be illustrated by computations in
scientific fields such as aerodynamics (design of new aircraft), astrophysics (evolu-
tion of galaxies, stellar and black .)le dynamics), biology (modeling new genetic
°impounds, mapping genome, neural networks), computer science (simulation of

chips/circuits), chemistry (predication of reaction rates), engincLring (structural
analysis, combustion calculations), geology (seismic exploration, modeling earth),
high-energy physics (proton properties), material science (simulation of new mate-
rials), meterology (accurate weather rrediction), nuclear physics (weapon simula-
tion), plasma physics (fusion reaction simulation). These fields are both
academically and comm..rcially interesting. There are also other major fields of
interest to industry and the milkary: business (transaction analysis, spreadsheets),
film industry (graphics), robotics (machine/person), space (real time control of sen-
sors), signal processing (analysis of data), defenF^ (control nation's defense, codes
breaking). In all of these cases, we anticipate much higher performance supercom-
puters will lead to major progress.4

Advances in computer technology offer two things: (1) a disappointment.
Sequential (Von Neuman) machines are approaching fundamental performance
limits due to the speed of light and heat dissipation constraints. We can expect per-
haps a factor of ten increase from component improvement by the year 2000; (2)
an opportunity. Advances in VLSI allow parallel computation to give one at least
another factor of 100 in performance.

The concept of parallel processing is well-known. Large problems are solved m
the real world by joining many individuals together into teams (villages, nations)
to work on a single task. This task is divided into parts, with each part assigned to
a single person. This analogy is explored in our book and article, where we con-
trast parallel computing with the use of a team of masons on a large construction
project. Here we will content our.;thes with noting that a parallel computer cur-
rently consists of up to 1,024 imiividual compu gore for specialized applica-
tions such as with the connection mchineS) working together to solve some
problem. Such a 1,024-node r; cu B E hypercube was used by a group from SANDIA to
illustrate speedups of over a thousand on problems quite typical of major scientific
computations.6 We can call this a "village of computers." In the next 15 years, we
Lan expect up to 105 such complete computers in a single machinea "city of
computers." There are many choices for the way the computers communicate with
each other and coordinate work.7 This is computer architecture and analogous to
the "government or management of the village." Caltech pioneered the develop-
ment of one particular parallel computer, the multicomputer or hypercubc, where
individual computers communicat. by sending and receiving messages.
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The performance in sequential and paiallel computers is illustruted in Figure I,
which was adapted by Fox and Messina from an earlier graph by Buzbee. We see

-ntial machines leveling off at around a gigaflop performance (109 floating
uperstions per serond), corresponding to a one nanosecond clock cycle time.

Parallel machines are exr-ted to reach a performance of about 1,000-10,000
times this by the year 2000. This trend in supercomputing is shown in Figure 2,
which emphasizes that we have chosen to define a supercomputer by a cost of $20
million. Such a definition is necessary because once you admit parallel machines, a
given design can be made with more or less nodes (individi computers) at more
or less cost.

RR')
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SUPERCOMPUTERS TODAY and TOMORROW

- Time -

Cost 1986 1991 2000

PC $2K 0.0001
(IBM PC)

0.01 1

Workstation $20K 0.001
(1 megaflop)

OA 10

Departmental
Machine

$200K 0.01

(10 megaflops

1 100

University
Mainframe

$2M 0.1
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1024 mdes)
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/
1
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(Today's Supercomputers) achievable in y,ar 2000
Approximate limiting Unit = 1 gigaflop or
speed for a sequential 109 scientific
computer. (1 nanosecond calculations/sec

cycle time).
= 103 meaaflops

-3 '
= 10 teraflopsThis defines a

Supercomputer.
Best you can do
for S2OM

Figure 2. Computers of today and tomorrow ranging in power from the C

up to top-of-the-line supercomputers. Our working definition of a
supercomputer is the best machine that can be purchased for $20
million.

A single board of the NCUBP. hypercube contains 64 individual computers, each
with a performance that is about twice a PC/AT and each with half a megabyte of
memory. One can also buy similar systems built around the transputer chip from
INMOS. Such nodes cost around $2,000 each and use ten chips in allthe NCUBE
node has six one-megabit memory chips and one custom VLSI chip with 11 com-
munication channels and arithmetic and floating point units.

(1 /I -1
t) 0.1
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Year 1980 1988 2000

Transistors per 5 x 104 -10- 5 x 105 -100- 5 x 107

complex chip

Examples: Intel 8086 80386
Motorola 68000 68030

Figure 3. Transistor budget extrapolated to the year 2000.

In the next 10 to 15 years, we can expect to see a factor of increase of 100 in
the number of transistors containc . in a chip of givezt size. As emphasiLk.... by
Gordon Moore from INTEL (priv ite communication) one can expect a transistor
"budget" of $ fifty million per c' ) by the year 2000.

The performance increase piojected in figures 1 and 2 assurrus that one can
combine this factor of 100 with another order of magnitude coming from architec-
tic& improvemcnts, e.g., RISC, and decreasing clock cycle time.

A chir with fifty million transistors has far too much capability to produce just
a single sequential computer. It requires some 10 to 50 individual nodesper chip to
use the transistor budget. Thus if we assume that computer circuitry has an approx-
imate fin.. cost per unit area, then we can contrast personal computing cconomics,
which dominates in the 1980s, with parallel computing cconomics, which will
dominate the 1990s. The 1980s saw the increase in transistor density converted to

#
#

0
0

256 Grid-Points

4) is unknown

4) is known

° Update
° 0 Stencil

Figure 4. A finite difference grid decomposed among the nodes of a concur-
rent procrssor. Each processor is responsible for a 16x16 subgrid.
Laplac( 's equation is to be solved for 4) using a simple relaxation
technique (equation 1). The five-point update stencil is also
shown.
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Figure 5. The role of processor 0 (in the bottom left corner). The update
stencil equation 1 is applied to each point at which is unknown.
In order to update the grid points on the upper and righthand
boundaries, processor 0 must communicate with the processors
above and to the right of it.

smaller, cheaper machines at approximately unchanged performance levels, where-
as in the 1990s the increase of transistor density will be converted to increased per-
formance for machines of fixed physical size (cost).

Why Does Parallel Computing Work?

The requirements for the success of parallel processing are quite simple. Crudely,
one can say that the problem must be large.8 To understand this, note that all suc-
cessful parallel machines have obtained their parallelism from "data parallelism"
or "domain decomposition." We can consider a problem as an algorithm applied to
a data set. We obtain concurrency by dividing the data between the nodes and
applying the given algorithm concurrently to the part of the data for which each
node is responsible. This is illustrated in Figures 4 and 5, which show a 16-node
concurrent computer used to solve Laplace's equation in two dimensions.

The sample problem has 256 grid points in a 16x16 mesh at which the potential
(p(ij) is to be determined. As shown in Figure 4, we suppose that a simple iteration
(relaxation) algorithm is to be used to solve this problem. This is not the best way
of solving this particular algorithm. However, more sophisticated ite' 7e tech-
niques are probably the best approach to large three-dimensional finite-duference
or finite-element calculations. Thus, although the simple example in Figure 4 is not

Li t) '0
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"real" or interesting itself, it does illustrate important issues. The computational
solution consists of a simple algorithm,

= 1/4 [00+1 j) + tp(i-1 j) +0(4+1)+0(4-1)) (1)

applied to each point of the data set. As stated above, in general we :le, concurren-
cy by applying Eq. (1) simultaneously in different pans of the underlying data
domain. We achieve concurrency by leaving the algorithm unchanged and execut-
l sequentially within each node. Rather, we divide up the underlying data set. One
attractive feature of this method is that it can be extended to very large machines.
A 100 x 100 x 11') mcsh with 106 points is not an otypical problem. Nowadays, wc
divide this domain into up to 1,024 partsclearly such a problem can bk.. divided
into many more parts, and use future machincs with very many nodes.

Returning to the "toy" example in Figure 4, we associate a 4x4 subdomain wi; h
each processor. Let us examine what any one node is doing; this is illustrated in
Figure 5. We see that, in this case, an individual processor is solving the "same"
problem (i.e., Laplace's equation with an iterative algorithm) as a sequential com-
puter. There arc two important differences.

I. The concurrent algorithm involves different geometrythe code should not
address the full domain but rather a subset of it.

2. The boundary conditions arc changed.

Referring to Figure 5, one finds conventional bow ry conditions, 0 is known,
on the left and bottom edges of the square subdomain. However, on the top and
right edges, one finds the unusual constraint, "Please communicate with your
neighboring nodes to update points on the edge."

For this class or problem, the hypercube and sequential codes can be quite simi-
lar; they differ "only" in the geometry and boundary value modules. We have
found it relatively easy to develop codes that run either on concurrent or sequential
machines depending on input data. Typically, we have developed such code from
scratch and not modified existing sequential code; because existing sequential Lode
is not usually structured in an appropriately modular fashion to allow direct ,:on-
vcrsiun to concurrent form.

Figure 5 and the novel boundary condition cited above make it clear that com-
munication is associated with the edge of the region stored in each node. We can
quantify the effect of this on the performance of a hypercube by introducing two
parameters, tcalc and tcomm, to describe the hypercube hardware.

t.k.: The typical time required to perform a generic calculation. For scientific prob-
lems, this can he taken as a floating point calculation a = b * c or a = b + c .

icomm: The typical time taken to communicate a single word between two nodes
connected in the hardware topology.

tcaic and icomm arc not precisely defined and depend on many parameters, such as
size of message length for tcomm and use of memory or registers for tcalc. The
overhead due to communication depends on the ratio r given by

Rik
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cann
(2)

calc

where we have quoted the value for our initial cosmic cube and Mark II hyper-
cubes built at Caltech. For problems similar to those in Figure 5, we have imple-
mented code and measured the performance of the hypercube. We can express the
observed speedup S as

(3)

where the problem runs S times faster than a single node on a hypercubc with N
nodes.fc is the fractional concurrent overhead, which on this problem class is due
to communication. Because the latter is an edge effect, one finds that

=
n talk (4)

where one stores n grid points in each node. n = 16 in the example of Figure 4 and
5. The ratio of edge to arca in two dimensions is 4 n In. We see thatfc will be 50.1
in this example, i.e., the speedup will be 590 percent of optimal, as long as one
stores at least 100 grid points in each node. This is an example of how one can
quantify the importance of the problem being large. On a machine with N nodes,
the hypercube performs -yell on two-dimensional problems with at least 100 grid
points in each node.

One can generalize equation 4 by introducing the fractional system dimension
d associated with any problem.9 In terms of grain size n and problem dimension d,

constant learn
(5)

n - calc

for a concurrent computer with

d c = dimension of (the topology of) the computer d. (6)

For the hypercubc, dc = log2N is large and equation 6 is satisfied for most prob-
lems. This explains why a rich topology allows the concurrent computer to per-
feim well. Some experimental results verifying equation 5 are summarized in
Figure 6. We might have thought that one obtained smallfc only for local (nearest
neighbor) problems such as that shown in Figure 4. This is not true as shown in
Figure 7 which points out that fc decreases as one incre:ses the "range" of the
algorithm. Indeed, long-range force problems have some of the lowest overhead
known for parallel machines. What counts is not the amount of communication
(minimized by a local algorithm) but the ratio of communication to calculation.
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Figure 6. Experimentally measured overhead fc for the multiplication of
two MxM matrices on a hypercube. The number of matrix ele-
ments per node n is given by n . (M2}/N. For this problem the
system dimension d is 2. The dashed lines show the asymptotic
behavior for large n. Note that fc is independent of N for a square
decomposition.

Flom equation 5, we see that the overheadfc depends only on the grain size and
that the speedup S is linear with N for extrapolation at constant grain size. This is
contrasted in Figure 8 with an extrapolation of a fixed problem to machines with
an increasing number N of nodes. In the latter case, n ec I/N decreases and the
importance of control and communication overheads increase; the speedup when
plotted against N eventually levels off. It is our impression that one typically builds
larger machines to solve larger problems and that the approximately fixed grain-
size extrapolation, that is, S linear with N, is most appropriate.

In many problems, there are other degradations in the performance of current
computers. For example, load imbalance is often a significant issue.10 One needs
to parcel out work to the nodes so that each has approximately the same amount of
computation. This was trivially achieved in Figure 4 by ensuring that each node
processes an equal number of grid points. We have shown that one can view load
balancing as an optimization problem and apply a variety of techniques, of which
simulated annealing11 and neural networks12 are the most ai:ractive. These meth-
ods are quite interesting because they involve a deep analogy between general
problems and a physics system.

rt rt
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increases (see psnel d), fc decreases, until when the stencil covers
the full domain of the problem (panel e), fc is proportional to 1/n.
This corresponds to a long-range force problem.

Uses of Concurrent Supercomputers

O. Jrview

At Caltech, we have set up the Caltech Concurrcnt Supercomputer Facility
(CCSF) lzd by Dr. Paul Messina. This currently includes high-performance hyper-
cubes from JPL (internal), NC-JIM, INTEL, and AMETEK, as well as a half share in a
16K node connection machine CM-2 from Thinking Machines. We expect to keep

2 r:
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this facility up-to-date with new parallel machines as they become available. We
have studied the use of such machines in various computational science and engi-
neering fields and use local Caltech examples to highlight current and future uses
of concurrent supemomputers.

Let us start with general remarks. Currcnt large computations consist at best of
some 1,000 hours on a CRAY/XMP, perhaps running for well-vectorized code at
100 megaflops. Taking a "year" as 5,000 hours, we can state that large computa-
tions -4 an integrated level of 20 megaflop ycars while more typically one might
use one megaflop year. Even the latter would require a VAX11/780 dedicated foi
five years, and this machine has only just bwome obsolete. However, we sheuld
soon sec gigaflop yea-s as possible for large problems, while by the year 2,000, a
teraflop year on a single problem seems quite possible. The impact of such huge
increases in performance is not tasy to predict, but we kiow that the impact will be
large. We new to use present machines to learn how to harnes; the power of those
in the future. In many fields current supercomputers arc allowfi SCialtistS to solve
the "real" problem for the first time, e.g., to study true three-dii inal cases
rather than model two-dimensional test cases possible in the past.

We will now look at a few examples.
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AstronomiePI Data Analysis

At Ca ltech, Tom Prince's group is using the NOUSE to analyze radio astronomy
data to look for pulsars.13 Simgar uses are possible in optical astronomy with the
advent of new detection technology with direct photon counting. We can also
expect optical interferometers involving satellites, arid perhaps the new Keck tele-
scope needs. At a rough estimate, the current Mount Palomar 200-inch telescope
needs 0.1 gigaflop for real-time processing, and the Keck telescope needs perhaps
10 gigaflops. We will need to develop novel (perhaps neural-net) parallel-image-
clean-up and feature-extraction algorithms to exploit the new telescopes, and we
will need to use novel architecture computers to perform the analysis.

Cortex Simulations

Caltech has just started a new Ph.D. program called Computation and Neural
Systems (CNS) to study the issnes involving biology, computer science and
pnysics. Central to this research is the three-way interplay among computer simu-
1ation experimentation, and theoretical neural network in deepening our nder-
standing of the brain. We have only just started cortex simulations which are
naturally suited to parallel simulatIons.14 It is simply not known how large a simu-
lation, and with what accuracy in neural modeling, is needed to reproduce essential
:unctions of the cortex.

Vision

A more direct use of parallel ^amputers in CNS is to implement high perfor-
mance vision.15 Real time vision iequires 30 pictures/second, and teraflop perfor-
mance should allow an excellent vision system with arr und 106 pixels. Of course
there are many unsolved issues in vision, but the cruLial point is that we can expect
computers with the necessary performance; this should give researchers a major
motivation to fmd effective algorithms.

Quantum Chemical Reactions

Kuppermann has been investigating we theoretical simulation of chemical reac-
tions invok ing three or four atoms.16 Even ,Alisions betwetn large proteins and
enzymes only involve this number of active atoms. A typical problem is the chemi-
cal laser shown in Figure 9. Kuppermann's group is using a hyperspherical coordi-
nate method involving the solution of a multichannel Schrödinger equation
preceded by a finite element determination of the eigenfunctions. The current
gigaflop computers allow the study of reactions like 0 + //2 .) 0// + II and OH +
112 .) 1120 + //, while the more complex states in F + 112 )F11 + 11 could need
teraflop performance.

I em 1
a ; i
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Figure 9. The reactions involved in the fluorine-based chemical laser are
typical of those requiring computer performance approaching the
teraflop range.

Geophysics

The hypercube has been used as a routine tool by the Caltech geophysics group
for many years,17 and Clayton is proposing to develop on interactive system
around the hypercube for the interpretation of oil exploration data. Shell has been
using the NCUBE hypercube for some time for some aspects of seismic data analy-
sis.

Oil reservoir simulations are crucial in secondary and tertiaryextractions from
reservoirs, and these finite element computations are well suited to parallel
mines. Hager has been simulating die long-term plate movement and convec-
tion within the earth over time periods of 0(107) years with such fmite element
methods . - In each case megaflop performance allows some two-dimensional sim-
ulations, while gigaflop machines will lead to some of the first good three-dimen-
sio al computations.

High Energy Physics

We have used the hyr- ...ube and perhaps 10,000 hours of hypercube computer
time to produce l6 pnbl..ed papers on lattice gauge theory calculations, i.e., to
predict properties of fundamental particles. Thew are Monte Carlo calculations in
four dimensions and so are particularly time consuming.19 Currently a
20x20x20x20 lattice needs on the order of 1000 CRAY/XMP hours, i.e., corre-
sponds to 0.02 gigaflop years. More reasonably sized systems, such as 1004, clear-
ly need teraflop performance. New string theories linking all forces will be even
more computatior.:Oly demandinr. Further, we have little idea how to calculate
scattering amplLudes.

Space Science

Caltech's Jet Propulsion Laboratory (JPL) is known for its unmanned probes of
the solar system. An interesting project planned is the Mars Rover, which will
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Figure 10. An imaginary missile launch scenario decomposed for a concur-
rent computer with four nodes. These types of target-tracking
problems are we!: suited to concurrent supercomputers.

place a robot on Mars. This will need a small fault-wleram on-board controller
with gigaflop performance, and the same technology describe4i earlier as giving us
a teraflop "mainframe" should allow this goal.

Mother major computationally ipt- sive task at WI. involves satellite dart pro-
cessing. Fields lilce synthetic apenure radar and spectrometry need gigaflop com-
puters for real-time analysis. This estimate ignores time needed for difficult feature
extraction, which is currently in its infarry, due partly to the lack of high-perfor-
mance general-purpose computers.

Defense of the Nation

To defend against the threin sketched in Figure 10, it has been estimated that
one must track and aim countermeures against some 2,000 missiles in boost and
100,000 objects in mid course. This is a large problem and quite well suited to con-
currern supercomputers.20 So we will have the computer power to address the
strategic defense initiauve! However, will the software work in practice? Who
knows? We ceaainly don't, but simulation of such battle scenarios is a major com-
putational task probably requiring much greater performance to cover the many
possible scenarios.

Conclusions

Highly parallel supercomputers built from 1,000 to 100,000 individual nodes will
.arrely be the standard in the next decade. They offer a challenge to the user but the
opportunity for a revolution in the computational approakh to science. The ques-

f
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tion is not "Will they work?" or "Will such systzms be built?" but rather "How can
we use them?"
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Wondering about Physics...Using
Computers and Spreadsheet
Software in Physics Instruction

Dewey I. Dykstra, Jr.
Department of Physics. Boise State University, Boise, ID 83725

This paper duls with two issues in the use of eomputers in physics instruction.
The first issue is whether the use of computers can, in fact, be justified in physics
instruction and, if it ear% under what conditions. The second issue is the use of
spreadsheet software as a positive example of conclusions reached from the fust
issue. The first part of the paper wrestles with the justifiability issue and proposes
some conclusions. The second part presents the appliciation of spreadsheet software
to physics instruction as an exemplar. The th part presents examples of an
approach to using spreadsheets in physics classes that takes advantage of the
instructional possibilities of the software.

Computers Are Not an Inherently Superior
Instructional Meeium

In a report sumn..w; ing the findings of over 150 studies of the efficiency and/or
efficacy of computer-based instruction Ted Shlechter claims that

Consistent empirical evidence does not exist to support or de.ly claimed
advantagc.) of CBI (computer-based instruction) over other instructional media
for (a) reducing training time; (b) reducing life-cycle costs; (c) facilitating stu-
dents' mastery of instructional materials; (d) accommodating individual learn-
ing differences; and (e) motivating students' learning. The lack of empirical
support for these issues is not totally explained by problematic courseware.

Problematic research procedures were also found throughout the CBI litera-
ture. Most noticeable of these research problems were (a) confoundings due to
differences in instructional content; (b) making comparisons with inappropriate
media; (c) confoundings due to "program novelty effects"; and (d) fmdings that
were not replicated.t

In a review of research on learning from media, Dick CF,rk suggests that

The best current evident e is that media are mere vehicles that deliver
instruction but do not influence steJent aVevement any more than the truck
that delivers our groceries causes changes in our nutrition. Basically, el, choice
of vehicle might influence the cost or extern of distributing instruction, but only
the content of the vehi;le can influence achievement.2
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Ted Shlechter and Dick Clark are respected for their work in the field of
instructional technology: Schlechter, because of his extensive recent work summa-
rizing research in the effectiveness of CBI recently, and Clark bwause of his sig-
nificant work in the field for decades. In his review, Clark says that those reports
that support claim to the superiority of computer-based instruction attribute to such
instruction effects that can just as easily be explained by the confounding factor of
the instructional approach. The computer treatments in the studies he cites arc not
just computer deliveries of the same instruction received in a competing treatment.
The computer-based treatments often personalize instruction, which is not done in
the other treatment. This mastery-based approach can be shown to produce a sig-
nificant effect independent of the use of computers.3 Because the effect observed
in the studies of computer-based instruction versus other media is no larger than
that which can be induced by a mastery-based approach, one cannot solely
attribute the observed effec the computer-based training. Orlansky and String
have pointed out that programmed instruction on the computer cannot be demon-
strated to be any more efficient or effective than the same instruction from a pro-
grammed instruction book of the sort popular in the late 1960s.4

So, where does this leave us? Are we being swept away by another fad based
or an expensive high tech toy? Are we wasting time and money? Why do we con-
tinue to use computers in instruction? What iessons can we learn from these sum-
maries of the research?

The statements above, stopped me cold for a while. For me, responsible
answers to the questions did not come easily. I was afraid that I might, in fact, be
advocating the use of a fun toy, a fad. Yet at the time I was first exposed to these
summaries of the research, many people for whom I have great respect were also
advocating the use of computers to deliver instruction.

Why Should We Use Computers in
Instruction?

In the light of the above, here are some thoughts that justify the exrense of
comput3rs for instruction. These justifications are also the criteria that should be
used for the design, selection, or evaluation of computer-based instruction.

It is not hard for us to believe that no medium for the delivery of instruction is
inherently superior to another. We have all seen plenty of badly botched attempts at
instruction. As Clark points out, how one uses the medium is more important than
which medium is used. From this, it is easy to conclude that continued efforts at
"horse race" experiments comparing computers with other media are largely a
waste of time. But this does not justify the use of computers over other media for
instruction.

Instruction that we do attempt, via the computer (or any other medium), should
include as much of a mastery-based approach as possible. This means that if we
are dealing with typical computer-assisted instruction (CAI), then the software
should pretest the students on each objective. If a student pams the pretest suc-
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cessfully, that person should be moved on to the next objective. Those objectives
that a student does not meet initially should be brought up and tested again in some
way, until the objective is met. If the software you are evaluating or developing
does not use this strategy, then you could probably do just as well, and do it less
expensively, with some other medium. But just including mastery-based approach-
es still does not, by itself, justify the use of the computer as more effective or effi-
cient.

The fact that the investigators so frequently fail to make the experiments "fair"
sticks in the mind. Why have these people spoiled their own experiments? It must
be easier, in fact, maybe more natural, to include things like a mastery-based
approach when designing computer-based instruction, because the mode of interac-
tion is usually one-on-one in the typical CAI. It is so natural and so easy, in fact,
that it is hard not to use this approach. The resulting experiments were unfair
because they did rot hold all things the same, other than the medium being used.

Let Us Take This "Unfairness of the Tests'
One Step Further

What if there are learning objectives that can be accomplished with a computcr
that no other medium can accomplish? Can one do a "fair" experiment to compare
media in this context? Obviously not! What if these learning objectives are impor-
tant for students to dcquire? Clearly, our only choice is to use the computer to help
them achieve that objective. Now, finally, we have a reason why computers should
be used in instruction: to accomplish something that can be done only with a com-
puter.

This may seem to be an extrenn position, but there are a number of examples
where this criterion is easily met.

Course Logistics. In cases where an instructor cannot be spread thin enough to
nrdle all of the courses needed by students, CBI can handle much of a course,
including monitoring progress and managing grades, etc., freeing the professor for
other duties, most importantly the out-of-the-ordinary needs of students in the
computer-based cou se that can be handled only by human intelligence.

Learning Objectives. The work with the ultrasonic motion transducer by Bob
Tinker of the Technical Educatinn Resource Center and Ron Thornton of Tufts
University is an example in which the computer makes possible an understanding
of graphs of motion not possible before.5 It seems that the ability to plot graphs of
student-controlled motion in real time is instrumental in learning results from this
technology. No other technology available can generate graphs of student-con-
trolled motion in real time.

There is one more reason justifying the use of computers in physics instruction:
to support the development of skills and gum litative habits of mind that are a part
of the physicist's way of understanding the world. An essential feature of the
physicist's attitudes about the world is that the outcome of an experiment should be
predictable in some quantitative fashion. If something happens that we would not
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have predicttd, we work at it until we can quantitatively describe the outcome.
Computers bring large amounts of computing power into the hands of the physi-
cist. If physicists-in-training do not come to view the computer and computing
software as second nature in their efforts to understand the physical world, then
we, the teachers, are derelict in our duties. Those students who are not studying to
be physicists are likely in need of similar computational skills. If they are taking a
physics course as part of the requirements for graduation, but are not majoring in a
quantitative field, then one L.ontribution that their experience in physics can make
is for them to see, if only briefly, through the quantitative "eyes" of the physicist;
this is made possible by accessible, easy-to-use computers and software.
Obviously, the only way to develop the requisite skills is to use the computer.

Using Spreadsheet Software in
Physics Instruction

Rather than explain in detail what spreadsheet software is, I urge you to gain
access to one of the packages mentioned below and work through some tutorial
material for it, and then try some physics investigations of the sort described below
or in the literature. Spreadsheets cannot be fully understood from static displays on
paper.

For the sake of completeness, I shall describe spreadsheet software. Briefly,
spreadsheet software displays on the screen, rows and columns of information
stored in cells. Into each cell one can enter a label (text material), a number, or a
formula. A cell containing a formula will display the value that is the nsult of the
calculation indicate.: by the formula. The formula can include references to the val-
ues displayed in other cells. Changing the vahe displayed in a cell in some way
will result in a change in the value displayed by any other cell that refers to the
original cell in its formula. Most spreadsheet packages can now graph data gener-
ated in the spreadsheet portion of the package. This paper assumes that spreadsheet
software appropriate for physics instnction includes features that will graph the
Jata in the spreadsheet. This feature is highly '...sirable and will be assumed to be a
part of the software package whenever the term "spreadsheet" is used in this paper.

tif fill Properties Of Spreadsheet Software

1. Ubiquity. Spreadsl. ;et software adequate for the investigation of physical mod-
cis or computational chores in much of the physics curriculum is available on
most of the common microcomputers. A nonexhaustive list includes Apple Il
(SuperCalc), Commodore (Power Plan), Macintosh (Excel, Quattro), and MS
DOS (Lotus1-2-3, Quattro).

2. Similarity. Because the features of spreadsheet software are basically common
to all of the software packages, we can speak in the same general terms to each
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other about the teaching of physics in this context without being lost in the
details of differences in programming languages. Because of marketing compe-
tition, many of the producers of this software have worked out schemes for
porting files from one software package to another.

3. Gentility. To become as popular as it has, the software must have a powerful but
friendly interface with the user. The user can easily edit input. Output format-
ting is already arranged for. Calculations are easy to input and propagate
through the rows and columns. Spreadsheets have the power to carry out lots of
calculations quickly and most can itera:e calculations. Tools called "macros"
customize files to facilitate initial student use. The numbers generated can be
easily displayed in graphical form.

The appeal to undergraduates of spreausheets for physics calculations is vividly
illustrated by an anecdote told by a colleague at a well-known university. This
physics professor, an Apple user and, originally, a nonMS DOS user, gave assign-
ments that he thought would require his students to write short programs in BASIC
or Pascal. The students found that their campus had microcomputer labs that gave
them access to Lotus Symphony (a spreadsheet package) on MS DOS machines.
The students chose to use Symphony over a traditional programming language. The
professor has become a Symphony expert to assist his students, although he uses
Excel with the Macintosh for his own work.

With spreadsheet software there is little mental overhead required for making
things happen. One's working memory is not filled with the mechanics of operat-
ing the spreadsheet software. 7oth students and instructors can concentrate on
learning and reasoning about the physical world without being unduly distracted
by the mechanism of the software. Because one is only ad ling the "physics" to a
well-developed software package, when things go awry, it is usually with the
physics that has been entered and not with sow; obscure misunderstanding by the
student about programming thus both instructor and student can focus on the
physics. The features of the software make it possible to ease students into using it.
Starting with spreadsheets that are almost completely built, with each subsequent
investigation the student is asked to do one more thing, until the student is building
the whole spreadsheet. We can realistically expect that students eventually build
their own spreadsheets. At the Air Force Academy, for example, spreadsheet inves-
tigations have become an integral part of some physics classes.6 With the students
exploring physics using spreadsheets, it is easy to imagine them coming to view
spreadsheets as an obvious tool for this purpose.

How many studer,s have resisted taking or really learning physics because of
the fear or sheer burien of the mechanics of computation? What might we have
lost from the physics community because we never received the benefit of their
imaginations? How many might we bring into the fold if we reduce the barriers to
experiences in which students can see the excitement of matching nature quantita-
tively?
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Spreadsheets provide a low-threshold entry into explorations of physical phe-
nomena which students do not yet possess mathematic91 tools to handle analytical-
ly in closed form. For that matter, students can handle situations for which there is
no closed analytic form. What has held us back from these types of situations
before is that the numerical methods involved were too tedious computationally.
We can now get something for our students not possible before. Instead of being
limited to free fall in a vacuum, suidents can include the effects of air drag. Many
of today's real problems are being solved numerically on computers. Computations
using spreadsheets can introduce students to the basic processes involved in the
computations from the beginning. What better introduction to computational
physics than to wquire the habit of applying basic principles of physics and com-
putational power to model what might happen in a given situation? Isn't this the
essence of computational physics?

One additional idea deserves mention. While I have already indicated some of
the advantages of spreadsheets over programming languages for learning physics,
one other important reason in favor of spreadsheets exists: spreadsheet software is
the most efficient or effective way to accomplish many tasks, and every well-
trained professional should be able to use it. The only valid reason for writing a
program to do such things as developing budgets for projccts or keeping grades, is
to learn the language. Writing a program to do these jobs will never be the most
efficient or effective way to accomplish these tasks. This is not to say that pro-
gramming languages have no place, but they get in the way of introductory stu-
dents' learning physics. They can and should be used later to do the things that
programming languages can do well.

Using Spreadsheets to Find Out
about Physics

At the intrcluctory level it is best to focus instruction on helping students under-
stand the basic points of view in physics. Students come to class with a set of
working beliefs that do not reflect scientists' view of the world, a: d our task is to
change these beliefs. This is not an easy task. Just telling them the "truth" as physi-
cists see it, is not enough to change students' beliefs. We have to help them con-
struct new ideas about the world for themselves. Activities aimed at getting the
right amwer generally do not accomplish this.

Since the technology available to students in the past did not support much
more than "single-answer" problem-solving, most of us have developed skills gen-
erating this sort of problem. Spreadsheets and microcomputers make much more
possible. We have to shift gears to dream up activities that go beyond the confines
of the old technologies. If we do not ask the computer to give us more than we
were getting from the old technologies, then we are wasting our time and money.

The following are examples that contrast the single-answer approach to design-
ing spreadsheet-based assignments to a more expansive investigation approach.

Alt
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Al 8 I C D
1 Clocks on Other Planets
I
3 0.99 length of earth pendulum (m)
4

S Period Correct
6 (earth clock Length

for Planet7 Planet "g" on planet)
s (m/s^2) (s) (m)
9 Earth 9.8 2.00 0.99

10 Moon 1.6 4.94 0.16
11 Mars 3.8 3.21 0.39
12 Jupiter 25 1.25 2.53
13 Sun 270 0.38 27.36

Figure 1. Single-answer approach: SHM spreadsheet.

Physics of Simple Harmonic Motion (SHM)

Singk-Answer Approach. Teachers can write an interesting handout that leads
the students to set up a spreadsheet to calculate the period of a pendulum on vari-
ous planets. Students might put the problem in the context of colonists from earth
going to another planet. Should they take along the family heirloom grandfather
clock? In one column they might list g on various planets, and in another column
calculate the corresponding ideal simple-pendulum period for a pendulum that
gives the right period on earth. They might calculate in a third column the correct
length for the pioper period on each planet.

Investigation Appmach. Starting with the same motivation, teachets can t we
skdents set up a spreadsheet that calculates the time to various positions (starting
with the initial position) and velocity, calculating from Lhe forces involved to the
resulting accelerations, to velocity, and to time at each position. Then students can
explore to find the best length by having the length of the pendulum as an input
along with g on the pima in question.

This approach offers several unique experiences to students: How often are stu-
dents asked to work out the time as a ftmction of position? How often are students
asked to calculate the physics of pendulums from first principles instead of derived
equations? Because the calculations in this version are not limited to small angles,
one can have the students explore the discrepancies between the spreadsheet calcu-
lation and the ideal equation. Sir e the calculations average over discrete intervals,
one can also have students exp!-,re the effects of adjusting interval sizes. When
they have fmished this investigat in, they might wite a short report summarizing
their findings. This will help them bring their ideas into focus and give the instruc-
tor an insight into their understandings.

This spreadsheet calculates the time to position from first principles and also
displays the SHM small-angle approximation value, both allowing the student to
vary the pendulum length. (In this figure and all subsequent spreadsheet images,
nymbers in bold that also have labels in bold are inputs that can be changed, forc-
ing the spreadsheet to recalculate other values that it displays.)

C. r1
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C D j E F' G H
TWO SECOND PEND ADM

1.0 Mau az)
4

5 Acceleration, Aue to traVi (111/S42)

6 Earth 1 Marsf Jupiter Sun
7 9.8 _. 3.81 25 270
8
9 ideal SHM

10 9.9 acceleration due to gravity (ru/s^2) 1/2 period
(s)11 0.9 Trial kn it (m):. {12 0.952

13 theta theta Force alpha omega time
14 (') (radians) (N) (r14/s^2) (rad/s) (v)
15 5 0.087 -0.85 -0.95 0.00 0.000
16 45 0.079 -0.77 -0.85 -0.13 0.139
17 4 0.070 -0.68, -0.76 -0.17 0.198
18 35 0.061 -0.60 -0.66 -0.21 '0244
19 3 0.052 -051 -0.57 -0.23 0.284
20 25 0.044 -0.43 -0.47 -0.25 0.320
21 2 0.035 -0.34 -0.38 -0.26 0.354
2 15 0.026 -0.26 -0.29 -0.27 0.387

23 1 0.017 -0.17 -0.19 -0.28 0.418
24 05 0.009 -0.09 -0.10 -0.29 0.449
25 0 0.000 0.00 0.00 -0.29 0.479
26 -0.5 -0.009 0.09 0.10 -0.29 -0510
27 -1 -0.017 0.17 0.19 -0.28 0.540
28 -1.5 -0.026 0.26 0.29 -0.27 0372
29 -2 -0.035 0.34 0.38 -0.26 0.604
30 -2.5 -0.044 0.43 0.47 -0.25 0.638
31 -3 -0.052 051 0.57 -0.23 0.674
32 -3.5 -0.061 0.60 0.66 -0.21 0.715
33 -4 -0.070 0.68 0.76 -0.17 0.761

34 -4.5 -0.079 0.77 0.85 -0.13 0.819
35 -5 -0.087 0.85 0.95 0 00 0594

Figure 2. Investigation approach: SHM spreadsheet.

Relativistic Electrons in a Linear Accelerator

Single-Answer Approach. Teachers can intriduce the idea that the electrons go
so fast in the Stanford linear accelerator that the two-mile-long accelerator is
Lorentz contracted to a length of two feet. Students can build a spreadsheet that
has in onA column a list of possible Lorentz-contracted lengths an;. in the next col-
umn the speed that the electrons would have to go for the accelerator to be con-
tracted to those lengths.

Investigation Approach. Using the same introduction, teachers can have stu-
dents set up a sp Adsheet that simulates an electron accelerator. The input should
be the accelerating voltage. From the acceleratmg voltage they can generate
columns to calculate the kinetic energy of the eloxxon, the electron speed, the rela-
tivistic length of the accelerator, the relativistic mass of the accelerated electron,
and the ratio of the relativistic mass to the :est mass of the accelerated electron at
each 100-meter interval for the full 3,200-meter length of the accelerator. They can
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----k-r- 8 I C
: LOREN7Z CONTRACTION
2

3
4

5
6 Lorentz

Contracted Required
Length Velodly

9 (m) (m/s)
10 3200 0.00000E+03
11 3000 1.01396E+08
12 2000 2.34187E+fe
13 1000 2.84975E+08
14 500 2.96315E+08
15 100 2.99853E+08
16 50 2.999637,08
17 10 2.99999L+08
18 5 3.00000E+08
19 2 3.000013E+08

Figure 3. Single-answer approach: Lorentz-contraction spreadsheet.
A 1 11 1 C fD

I LINEAR ELECTRON ACCELERATOR
2

3 7 I : acteleratin volts e (kWal) 9E+16 7^2 9E-31 Ir. ci
a

5
6 Dist E v Rd. L. Rd. m
7 (m) ID (m/s) (m) (k ) ratio
8 100 1.20E-11 2.9999E+08 21.84 1.33E-28 147
9 200 2.40E-11 3.0003E+08 10.92 2.67E-28 293

10 3," 1 3.60E-11 3.0000E+08 7.28 4.00E-28 440
11 400 4.80E-11 3.000CE+08 5.46 534E-28 586
12 500 6.00E-II 3.0003E+08 4.37 6 67E-28 733
13 600 7.20E-11 3.0000E+08 3.64 8.01E-28 879
14 700 8.40E-11 3.0000E+0b 3.12 9.34E-28 1026
15 800 9.60E-11 3.0003E+08 2.73 1.07E-27 1172
16 900 1.0 '", 3.0003E+08 2.43 1.20E-27 131°
17 1000 1.20, 60 3.0003E+08 2.18 1.33E-27 1465
III 1100 1.32E-10 3.0000E+08 1.99 1.47E-27 1612
19 1200 1 14E-10 3.0003E+08 1.8:c 1.60E-27 1758
20 1300 1.56E-10 3.0003E+08 1.66 1.74E-27 1905
21 1400 1.68E-10 3.0003E+08 1.56 1.87E-27 2051
22 1500 1.80E-10 3.0003E+08 1.46 2.00E-27 2198
23 1600 1.92E-10 3.0003E+08 1.36 2.14E-27 234
24 171A1 2.04E-10 3.0003E+08 1.28 2.27E-27 2491
25 1800 2.16E-10 3.0003E+08 1.21 2.40E-27 37
26 1900 2.28E-10 3.0003E+08 1.15 2.54E-27 2784
27 2000 2.40E-10 3.0000E+08 1.09 2.67E-27 2930
28 2100 252E-10 3.0000+0e 1.04 2.E0E-27 3077
29 2200 2.64E-10 3.0000E+08 0.99 2.94E-27 3223
30 2300 2.76E-10 3.0000E+08 0.95 3.07E-27 3370
31 2400 2.88E-10 3.0003E+08 0.91 3.20E-27 3516
32 2500 3.00E-10 3.0003E+08 0.87 3.34E-27 3663
33 2600 3.12E-10 3.0003E+08 0.84

0.81
0.78

3.47E-27
3.60E-27
3.74E-27

El
4103

34 2700 3.24E-10 3.0000E+08
33 2800 3.36E-10 3.0003E+08
36 2900 3.48E-10 3.0000E+08 0.75 3.87E-27 4249'
37 3000 3.60E-10 3.0003E+08 0.73 4.00E-27 43%
38 3100 3.72E-10 3.0000E+08 0.70 4.14E-27 4512
39 3200 3.84E-10 3.0003E+08 0.68 4.27E-27 4689

Figure 4. Investigation approach: electron accetatstor spreadsheet.
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A I I C
1 DOPPLER SHIFT

source frerritcy OW
4

Source
7 Velocity Frequency
5 (rn/s) (Hz)
9 1 2991
10 2 2982
11 5 2955
12 10 2909
13 20 2918
14 50 2545
15 100 2091

16 200 1182

Figure 5. Single-answer approach: Doppler shift spreadsh-.

experiment with accelerating voltages until at the end of i le accelerator, its rela-
tivistic length is about 2/3 meter.

After they have built the simulator in spreadsheet form, students shouid write a
short report describing such things as (1) how the velocity at the end of the first
100 meters empires with that at dr end for the voltage that they have found and
at several different fractions of tha voltage, and (2) how the relativistic mass and
the rest mass compare at the end of the track.

Graphs of dm various calculated quantities versus distance along the track for
different accelerating voltages can be quite instimtive.

Doppler Shift

Single-Answer Approach. Referring to ambulance sirens and car horns, teachers
can aslc students to calculate the shifted frequency for various source velocities. If
they have the !MCC frequency as an input; in column one they can list a range of
velocities and iii column two calculate the shifted frequency.

Investigatir.. Approach. Referring to the same phenomenon, teachers cm lead
students to calculate the frequency as a function of time as the source passes by.
Students should assume that the observer is offset from the linear path of the
source, which moves with constant velocity. Thinking of the angular position of
the source along its path with iespect to the observer, students can calculate the
observed frequency from the component of the velocity toward the observer. From
angular position they can calculate linear position along the path of motion and
from that, time at position. Only one more step remains: to calculate the propaga-
tion time for the sound from the point of emission. Finally, students must consider
frequency versus time of arrival of the sound at the observer. With source velocity,
offset distance, and source frequency as input variables, students can explore the
nature of the changes in frequency as th, source goes by. Some very interesting
results can occur when the source is faster than the sound. Graphs of this situation

wk./
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A1 11 1 C D E F G
DOPPLER SHIFT

101)\source velodty (m/s) 0.0175 ° to rad amy
4 10 offset hid
5 200 sauce frequency (liz)
6 330 sound velocity (m1s)
7

_

8 Sound &and
9 Tune at Approach Travel Arrival Observed

10 Angle Position Position velocity Tame Time freq
II (') (m) (s) (m/s) (s) (5) (Hz)
12 80 56.71 0.000 98.48 0.175 S175 259.7
13 70 27.47 0.292 93.97 0.009 0.381 257.0
14 60 17.32 0.394 86.W 0.061 0.455 252.5
15 50 11.92 0.448 76.W 0.047 0.495 246.4
16 40 8.39 0.483 6428 0.040 0.523 239.0
17 30 5.77 0.509 50.00 0.035 0.544 230.3
18 20 3.64 0531 3420 0.032 0.563 220.7
19 10 1.76 0.549 1736 Mir 0.580 210.5
20 0 0.00 0.557 0.00 0.030 0.597 200.0
21 -10 -1.76 0385 -1736 0.031 0.616 189.5
22 -20 -3.64 0.604 -34.20 0.032 0.636 179.3
23 30 -5.77 0.625 -50.00 0.035 0.660 169.7
24 -40 -8.39 0.651 -6428 0.010 0.691 161.0
25 -50 -11.92 0.686 -76.60 0.047 0.733 153.6
26 -60 -1732 0740 -86.60 0.061 0.801 147.5
27 -70 -27.47 0.842 -93.97 0.089 0.930 143.0

-56.71 1.134 -9848 0.175 1.309 140.3

Figure 6. Investigation approach: Doppler shift spreadsheet.

can be quite surprising. When students have explored, teachers can have them
report their findings in a short recert.

Falling in Air

Single-Answer Approack Teachers can ask students to calculate distance fallen
as a fimction of time for a sphere falling through the air. Students can look in the
text for the equation for distance fallen as a function of time for the critical param-
eter,.

Investigation Approach. Teachers can suggest a simulation of the Leaning
Tower of Pisa thought experiment posed by Galileo. If the teacher cal, provide the
height of the tower and drag factor and explain how the diag can be calculated, stu-
dents can generate a spreadsheet that allows the comparison of the distance fallen
versus time for a lead sphere, a wooden sphere, and a sphae in the absence of air.
Students should gmerate separate columns for the drag force on each sphere and
the ratio of the drag force to the weight of each object. Then they can generate
graphs of these quantities.

When they have finished the Leaning Tower of Pisa spreadsheet, students
should write a short report discussing the sizes of the drag force on the two objects
and the reason why th good sphere gets to the ground later than the lead sphere.
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A BIC V EIFI G H1 JK L M
1 47.8 Ht of Tower in m Tower of Pisa Data
2 2E-3 c in air Earth
3 No Air lead ball oak ball

9.81 431
a

tn0391
v h a

.ninvh chNTairil.cer
(N) (N)

F_InFcW

Weight Weight
oak

di.t
6 No. Time (s) (m) (m/s^2) (m/s) (m) (m/s^2) (rn/s) ( m) lead oak lead
7 0 0.00E+00 47.80 9.81 0.00 47.80 9.81 0.00 47.80 0.000 0.000 0.000 0.000
8 I 3.33E-02 47.79 9.81 0.33 47.79 9.81 0.33 47.79 0.000 0.000 0 000 0.000
9 2 6.67E-02 47.78 9.81 0.65 47.78 9.81 0.65 47.78 0.000 0.000 0.000 0.000

10 3 1.00E-01 47.75 5.81 0.98 47.75 9.81 0.98 47.75 0.001 0.001 0.000 0.000
11 4 1.33E-01 47.71 9.81 1.31 47.71 9.80 1.31 47.71 0.002 0.002 0.000 0.001
12 5 1.67E-01 47.66 9.81 1.63 47.66 9.80 1.63 47.66 0.004 0.001 0 000 0 001
13 6 2.00E-01 47.60 9.81 1.96 47.60 9.79 1.96 47.60 0.006 0.006 0.000 0.002
14 7 2.33E-01 47.53 9.81 2.29 47.53 9.79 2.29 47.53 0.009 0.009 0.000 0 002
15 8 2.67E-01 47.45 9.81 2.62 47.45 9 78 2.61 47.45 0.011 0.011 0.000 0 003
16 9 3.00E-01 47.36 9.81 2.94 47.36 9.77 2.94 47.36 0.015 0.015 0.000 0 004
17 10 3.33E-01 47.26 9.81 3.27 47.26 9.76 3.26 47.26 0.018 0.018 0.000 0 005
18 II 3.67E-01 47.14 9.80 3.60 47.14 9.75 359 47.14 0.022 0.022 0001 0 006
19 12 4.00E-01 47.02 9.80 3.92 47.02 9.74 3.91 47.02 0 027 0.027 0.001 0 00i
20 13 4.33E-01 46.88 9.80 4.25 46.88 9.73 4.24 46.88 0.031 0 031 0 001 0 008
21 14 4.67E-01 46.73 9.80 458 46.73 9.72 4.56 46.73 0.03/ 0.036 0.001 0 Old
22 15 5.00E-01 46.57 9.80 4.90 46.57 9.70 4.89 46.58 0.042 0 042 0 001 0 011
23 16 5.33E-01 46.40 9.80 5.23 46.41 9.69 5.21 46.41 0.048. 0.048 0.001 0 013
24 17 5.67E-01 46.22 9.80 5.56 46.23 9.67 553 45.23 0.055 0.054 0.001 0 014
25 18 6.00E-01 46.03 9.80 5.88 461)3 9.65 5.85 46.04 0.062 0.061 0-001 0.01f
26 19 6.33E-01 45.83 9 79 6.21 45.83 9 64 6.17 45.84 0.069 0.068 0.002 0018
27 20 6.67E-01 45.62 9.79 6.54 45.62' 9.62 6.49 45.63 0.077 0.076 0 002 0.020
28 21 7.00E-01 45.40 9.79 6 86 45.40 9.60 6 81 45.41 0.085 0.083 0 002 0 022'

22 7.33E-01 45.16 9.79 7.19 45.16 9.58 7.13 45.17 0.093 0.092 0.002 0 024
23 7.67E-01 44.92 9.79 751 44.92 955 7.45 44.93 0.102 0.100 0 002 0 026'

31 24 8.00E-01 44.66 9.78 7.84 44 66 953 7.77 44.68 0.111 0.109 0 003 0 028
32 25 8.33E-01- 44.39 9.78 8.17 44.40 951 0.09 44.41 0.121 0.118 0003 0 (11
33 26 8.67E-01 44.12 9.78 8.49 44.12 9 48 8.40 44 14 0 131 0 128 0003 0 033
34 27 9.00E-01 43.83 9 78 8 82 43 83 9 46 8 72 43.85 0 141 0.138 0.003 0 036

Figure 7. Investigation approach: Fall with drag force spreadsheet.

Propagation of Errors in Lab

An additional use of spreadsheets is to illustrate the consequences of variations
in measured values that are inputs to a calculation in lab. The teacher sets up a
spreadsheet that does the calculation of some derived value from measurements
actually made in the lab. The teacher can have students explore changes in the
value due to variations in the inputs. He/she could even use the absolute or per-
centage variation in the measured values as inputs to the spreadsheet. The teacher
could have students compare the results from the spreadsheet with the results of
the formulas taught to estimate the propagation of error in lab calculations.
Additional ideas for use of spreadsheets in the lab can be found in a recent book by
Ouchi.7

Clearly, the examples of the investigative approach shown here are a departure
from the typical physics problems that we have all created in the past. Creating
these investigations can lead to interesting surprises, even for relatively jaded
physics professors. To aid in these efforts, here are some guidelines for creating
investigations in physics using spreadsheets.

0 3 7
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Guidelines for Developing Physics
Spreadsheet Investigations

1. It often helps to think of the spreadsheet task as a simulator, not a calculator. As
with the SHM and relativistic electron examples above, teachers should try to
make the desked result an input. Students should try various values and let the
Spreadsheet calculate the response of the system.

2. An element of whimsy is useful. Sections on the Doppler shift in textbooks
refer b the frequency change as a source goes by an observer; yet they calculate
thz difference only between the source frequency and the observed frequency,
something not directly observable. What does the actual change in pitch look
like on a graph?

3. Students should break down calculations into terms or fmtors that are calculat-
ed in separate columns or rows. The net result can be calculated in another col-
umn or row. This makes visible the inteQlay of contributions of various terms
or factory that previously have gone unseen. The reduction in complexity of an
equation in any given cell will reduce the frustrations that result from the
strange hierarchy spreadsheets often use to evaluate the expression in the cell.
The confusion everyone has with multiple layers of parentheses in long, single-
line equations is also reduced.

4. For introductory students, kachers should keep the focus in spreadsheet investi-
gations on exploring the physics in spreadsheet investigations. Teachers should
give students useful calculational techniques, but avoid giving several to calcu-
late the same or similar things. The spreadsheet should be a tool to uncover new
ideas, not another layer of complexity to learn. Introducing the official names of
these techniques is not necessary. Later, when students have become comfort-
able with the idea of using the spreadsheet to explore physics, teachers can
introduce them to the methods of computational physics by giving them a topic
to explore that their normal method fails to handle. Teachers can then suggest a
method that works and give names to both this new method and the old one as
the class explores strong and weak points of each.

Dykstra and Fuller have a number of additional examples of investigations that
make use of these guidelines and can be used in introductory physics cligsses.8

This investigative approach to using spreadsheets in physics instruction has
several good points. The focus can be maintained on the physics with less obscur-
ing approximation and more emphasis on basic relationships. If students wquire
the habits portrayed here, they will approach future problems by starting with first
principles and let the simulation play out its course to discover what will happen.
This is not a bad method. Once the students have learned this calculational habit of
mind, we can subtly introduce the methods of computational physics where appro-
priate. A recent book by Orvis contains a number of calculation methods in science
gnd engineering for spreadsheets.9

Finally, I add a WORD OF CAUTION. Teachers should not let the technology
seduce than into throwing too much at students at one time. Very little learning
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goes on unless students have a stable platform from which to learn. If too much
distraction comes from the mechanics of using the technology or it is unpredictable
or unreliable for any reason, then they do not have a stable platform. After all, the
most important thing is for students to come to a good understanding of physics.
Computers are not the fundamental issue. They should hold only the status of tools
to develop an understanding of physics. We must guard against training our stu-
dents to use today's computers and software to learn physics. Instead we should
help su..:ents to understand physics and to use technology (the computer, in partic-
ular) as a tool with which to think.
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Introducing Computation to
Physics Students

William J. Thompson
Department cti Physics and Astronomy, University of North Carohna, Chapel Hill,
NC 27599-3255

Computation is now so much a part of physicists' work that it is important for
physics students to become familiar with computing early in their training. We
haven't made computing instruction straightforward for our students; we often pre-
sent a haphazard potpourri of computing topics that we were involved in as gradu-
ate students or that are drawn from our cutrent research. It is unusual to give much
thought to the pedagogical merits of the materials used or to their order of presen-



,

376 Computational Physics and Spreadsheets

tation. We also seldom consider the balance between physics, mathematics, numer-
ical analysis, and programming. How can we rem, .y this deficiency in the physics
curriculum and provide relevant training? Computational physics is a discipline
that melds physics, numerical analysis, and computer programming. Unfortunately,
there are few published materials that integrate these disciplines in a balanced way.
If you wish to develop an introductory computational physics course, I recommend
the following:

1. Be prepared. Your training is in physics; don't wing it on .e progrmming.

2. Provide convenient and reliable access to computers for both teachers and stu-
dents.

3. Do a liUle computing well, rather than attempt much and fail.

The course developed at the University of North Carolina at Chapel Hill over
the past decade provides understanding of basic numerical methods in the physical
sciences, teaches efficient programming styles, and gives practice with real-world
problems within students' comprehension. Students who take this course, which is
required for undergraduate physics majors, improve their understanding of how
mathematics integrates with physics and of how theoretical physics relates to data.

A Multicourse Menu

What should be the prerequisites for students taking an introductory computational
physics coarse? The level of the physics and mathematics included in our course is
that of college sophomores and juniors for whom the numerics required to under-
stand physics is becoming sufficiently complicated and laborious so that st.dents
are motivated to learn how to compute. Some of the topics are also suitable for
seniors and beginning graduate students, because of the mathematical expertise
required. Previous exposure to computer use through "computer literacy" courses
and some introductory programming experience are desirable prerequisites so that
students approach the novel technology without trepidation.

The wience must be well integrated into the course, and this is not a trivial
problem. A big hindrance to starting a computational physics course is the scarcity
of resource materials integrating physics, numerical analysis, and programming.
Therefore I have developed a broad menu of topics from which teachers can orga-
nize appropriate courses (Table 1). A variety of topics suitable for the course goals
and level of student experience is shown in the menu. The order down the menu is
roughly the order in which physics students acquire mathematics and physics
sophistication, and in which the numerical analysis and programming skills
required also generally increase. In the course menu, the variety of topics and the
range of physical sciences covered, provide enough materials for at least two
semesters, although our course usually runs for one semester.

How do the three columns in the menu interrelate for teaching computational
physics? In applied mathematics we develop elements of mathematics underpin-
ning the numerical analysis required in computational physics. I don't assume that
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Table 1

Menu for Introducing Computation to Physics Students

Applicable Math

Complex numbers and
exponentials

Power series expansions

Numerical derivatives and
integrals

Curve fining

Least squares principle

Monte Carlosimulation

Fourier expansions

First-order differential equa-

tions

Second-order differential

equations

Application/Development

Complex plane; basis of
FFT; phase angles and
vibrations

Practical uses of expansions;

binomial approximation

Richardson extrapolation;
rotmdoff and truncation;
trapezoid and Simpson rules

Cubic-spline fits

Random number generation;
Monte Carlo integration

Discrete transforms, series,
integrals; windows; FFT

Logs and decibels; logistic-
growth curve

Catenaries; resonance; solv-

ing stiff DEs

Computing Lab Examples

Conversion between polar
and Cartesians

Realistic convergence;

numerical noise

Electric potentials; comput-
er graphics

Interpolation

Radiocarbon dating

Round off; entropy;

radioactivity

Fourier analysis of EEG

World-record sprints; war
games

Ammonia resonance;

Kepler orbits

these topics have been covered in mathematics courses because such an expecta-
tion is contrary to my experience and because the physics zontext provides a differ-
ent viewpoint. Practicing physicists are often tempted to forego the mathematical
and numerical analysis developments and to get to the heart of the physics by using
numerical recipes. Having seen many woeful examples in research, I am convinced
that early tzaining that fails to develop an understanding of the analysis and an
intuitive awareness of the limitations of recipes is inappropriate. There is a tenden-
cy for computational physics courses to overreach the student's conceptual level
and to confuse an ability to program calculations with the maturity to understand
results.

Physicists often stress high-level and theoretical physics when selecting course
topics in computational physics because we still have the notion that computers are
research instruments rather than tools in a technological society. Few students in
undergraduate physics courses will become research physicists, so let's provide
appropriate learning experiences.

Matching materials to the students' level can be straightforward. For example,
at the introductory level, the conversion between plane polar and Cartesian coordi-
nates has applications to the complex plane and to graphics, but the programming
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is tricky because of the quadrant ambiguity in going from Cartesian to polar coor-
dinates. At the intermediate level, least squares is not only useful for fitting data
but is the basis of Fourier expansions. At a more advanced level, efficient algo-
rithms for numerical solution of differential equations have many applications.

Many of the developments and computing projects in the menu relate to data
analysis. Examples are spline fitting and least-squares fits of radiocarbon data from
Egyptian antiquities. Such an emphasis is worthwhile in an introduction to compu-
tation in physics for several reasons:

1. It is useful for students to understand computer-based data-analysis methods
that they should be starting to apply in experimental labs.

2. Data analysis is a primary activity of both pure and applied physics, so it is
important to illustrate completely new data-manipulation modalities that com-
puting speed and logical complexity make possible. Examples are cubic splines
and the FFT, both of which would be tricky and laborious if attempted without
computers.

3. Analysis of data provides many opportunities to connect formalism, numerics,
and physics. For example, the Fourier transform of an ammonia inversion spec-
trum between frequency and time domains helps develop the concept of com-
plementarit before it is encountered in quantum mechanics.

One way to introduce computation in an undergraduate physics curriculum is to
include it in a laboratory course, perhaps by paring away some of those nineteenth-
century mechanics and electromagnetism experiments that are of doubtful peda-
gogical value in the late twentieth century.

Computing, Proramming, and Coding

Since one goal of o ir course is to teach clear programming methods, it is important
for instructors to mantn a chni disunction among computing, programming, and
coding. For physics these should feirm a nested heirarchy. The overall activity is
computing, which begins with physical, maLhemutical, and numerical analysis of a
problem, from which an algorithm for its solution is developed. Then comes the
programming needed to specify this algorithm for computer calculation. What out-
put should the program produce, and what input is needed to do this? To link input
to output requires a programming language to implement this program plan.
Finally comes coding, which includes documenting and testing the progrc4m.

One aim of an introductory ccmputing course should be to train students so that
they will not attempt to jump straight from the physics to the coding: "Think for a
minute, code for an hour, debug for a day." If we emphasize appropriate numerical
analysis, alprithms, and program specification, the coding steps of building and
testing become more direct and less painful. Program organizational aids, such as
pseudocode outlines and templata, modularity through subroutines or procedures,
and consistent code layout and documentation, are all-important.
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How much should an introduction to computation in physics rely on software
packages and how much sweatware should the student expend? I suggest that the
balance should depend on the depth of the course, whh once-over-lightly courses
being package oriented, and courses primarily for hard-core physics majors
emphasizing quite detailed program writing. For computer graphics, I am con-
vinced that those who will later make serious use of graphics should go through the
effort of understanding a simple graphics program, even if they don't write it them-
selves. My example is usually printer-character graphics in a display matrix, allow-
ing only very low resolution but conceptually the same as bit-: tap graphics. We
provide a simple source program, then suggest improvements for increased ele-
gance. Matrix-manipulation algorithms and packageure topics I have not attempt-
ed, because the best algorithms (especially for matm inversion and eigenvalues)
are usually beyond the mathematics sophistication of undergraduate physics stu-
dents. If we overemphasize the use of packages in teaching computational physics,
we will rapidly produce young physicists with the ability to use programs but no
ability to compute.

Practical Course Design

The prerequisites for designing an introductory course in computational physics
are hardware, software, knowledge, and time. In our classes at Chapel Hill we usu-
ally have about 25 sophomores and juniors, so it is feasible to provide open access
to a half-iozen microcomputers. We have also run the course with terminals con-
nected to the mainframe, using both batch and interactive computation. The com-
puter-memory requirements are modest, with about 5,000 words being sufficient.
Liput-output needs are a:so minimal (keyboard, monitor, and printer). The software
required is wry simple, needing an efficient editor and a good compiler of the lan-
guages used. Compiler speed is not always an advantage, since speed encourages
the student to correct program errors a line at a time, whereas what students often
need to do is to redesign the program or to rethink 1 . physics.

Wttat knowledge should a teacher of computational physics have? A familiarity
with numerical analysis and computation in physics, at least through the level of
topics in undergraduate physics, is necessary. The teacher should also have at least
one year's experience in the programming langu ., as well as experience with the
computer system used. A graduate teaching assistant can be a help, but should not
be a substitute for a well prepared fwulty member.

The time devoted to the course is an important consideration, since computa-
tional physics does not yet have its own niche. In our full-scale one-semester
course, which also introduces some mathematical physics topics, about two hours a
week are used for applicable mathematics, applications, and developments.
Mother two hours a week are spent in a computing-lab discussion session to dis-
cuss algorithms, programming, and practical debugging strategies. None of this
time is spent sitting at computers, since the hands-on work is done as homework.
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Flexible office hours, about 15 minutes per student each week, are needed to help
answer physics and coding questions. A low-scale computation course could run in
two hours a week of formal instruction if the emphasis were on algorithms and
progamming and if extensive use was made of reliable, well-documented pack-
ages.

Course credit should not emphasize formal correctness of programs. Credit
should also be given for clarity, originality, and exploration. A major power of
exploratory wmputer experiments is that they seldom go out of control. Students
should be encouraged to learn physics from their correctly executing programs,
constraizied by the models used. For this reason, it is useful at this level to choose
computing problems with limiting analytical solutions and for students to include
these in their programs as test cases.

In my heirarchy of computing programming, and coding, I place choosing a
language at a fairly low level. Over the decade of our aruse development we have
run the gamut from interpreted BASIC to FORTRAN and Pascal. I think that
BASIC is suitable only to establish a student's rapport with computers, because it
encourages undisciplined programming habits and is therefore a poor choice for
scientists who will have to write or modify programs. Pascal demands mental rigor,
se that an executable program is often the program you intended, but Pascal
experts can write dense and obscure code that is difficult for others (or themselva
six months later) to understand. In FORTRAN it's easy to be undisciplined and
executable programs are easy to produce, but correct programs are much more dif-
ficult. I sometimes teach Pascal and FORTRAN in parallel, especially if many in
the class have used Pascal ia an introductory programming course. Because I don't
have a strong preference betweez the two languages at this level, I provided sam-
ple programs in both Pascal and FORTRAN rhen I wrote an introductory textbook
for computational physics, Computing in Applied Science (John Wiley, 1984). I
have not tried C language, but its features may not be much used at this level. In a
course emphasizing data analysis, it might be interesting to use the date structures
available in Pascal or C, but not in FORTRAN.

Sample Projects

I now briefly describe sample projects from our introductory computational
physics course. In the first project radiocarbon dates of Egyptian antiquities are
compared with their historical age. The radiocarbon dating scale is subject to varia-
tions because of the fluctuating 14C/12C ratio in atmospheric CO2. A straight-line
least-squares fit of the radiocarbon age, r, against the historicai age, h, provides a
calibration ftk, the former. The algorithm derived for this project is unusual because
it allows for errors in both variables. For example, a fair estimate is Ah= 10 years
(half a lifespan in ancient Egypt) and dr -,: 45 years (the precision of radiocarbon
dates for artifacts about 4000 years old). Under the approximation that the ratio of
errors at each datum is fixed, it is simple to derive the formula for the least-squares
line and it has the intuitive appeal that, in the space (hldh,rldr), one minimizes the
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perpendicular distanots between datz and line rather than the vertical disumces of
conventional least squares. Also, the slope of r on h is the reciprocal of the slope of
h on r. The least-squares line, r = -140 + 0.80 h, indicates that in the Nile Valley
radioatrbon time seems to pass about 20 percent slower than historical time. The
classes' attempts to understand this result have lead to discussions of fluctuations
in atmospheric CO2 riod of the origins of atmospheric radioactivity.

The second sample project illustrates our goal of using computation to give
insight into physics. The concepts underlying transformations between representa-
tions, such as frequency and time, are important to develop as background to quan-
tum physics. Fourier transform spectroscopy of the ammonia inversion resonance
is a pedagogically rich examnle, because it also relates to the mechanics of forced
oscillations and resonance. A Lorr aim resonance line shape in the frequency
domain trmsfonns into an exponential decay in the time domain. Use of the FFT
algorithm to transform discrete data forms, the computation part of this project. I
avoided introducing the FFT until I devised a clear way of visualizing it, so I
ueveloped a complex-plane representation to show the basis of subdivision strate-
gy, which lies at the clre of the FFT algorithm. The programming in this project
stresses the importance of an efficient and clear algorithm, but onc with tricky
logic that is more suitable for computer chips than for human wits.

Rewards

A course introducing physics students to computation can bc very rewarding for
students and teachos, though it is often time consuming and laborious. I have
found that the students relate the formal mathematics to physics, and they learn
how to program efficiently. They also appreciate the pitfalls of computing and the
important distinction between algorithms, programming, and coding. The integra-
tion of mathematics and numerics with physics greatly enhances their understand-
ing of each field. Above all, in an introductory computational physics course it is
important for both teachers and students to be aware that the purpose of computing
is insight, not numbers.
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Spreadsheets in Research and
Instruction

Charles W. Misner
Dq 3ONIPit of PhYSICS and Astroownly. University of Maryland, College Park, MD 20742

The combined computation and graphics power of spreadsheets like Lotus 1-2-3
and Microsoft Excel allows for quick and comfortable exploration of solutions to
ordinary differential equations and more. This tool finds application at many lev-
els from research through nonspecialist physics instruction.

Spreadsheet Examples

Before describing the Mvantages, disadvantages, and applicability of spreadsheets
in general, I will try to build a bit of common background by presentin? three
exanples. These examples are called worksheets. That is the common usage to dis-
tinguiAt the application or worksheet (the user program) from the commatial pro-
gram (compiler or imapreter) that makes it run, which is here t, spreadsheet. The
best known spreadshee3 art LOW 1 3, the current standard. and VisiCalc, the
Fr-cad-breaking invention. The worksheet files whose operation is described here,
may be downloaded from the AAPT computer bulk& board (301-454-2086, 1200
and 2400 baud) as the file "CPI_MSNR.ARC" wllich will expand (using
"ARCE.COM" that you also download) into the threc "*.WK1" files I now
describe.

Radioactive Decay

The first example is a worksheet with the filename "CHANCE.WK1" that provides
a simple simulation of the decay of a single radioxtive nuezus. Constructing the
main pan of this worksheet is a suitable assignment for nonscience students in the
first weeks of an introductory course while they are learning to use a spreadsheet.
Screen 1 shows the principal part of this worksheet. 1*.e theory it 51corporates is
that at each discrete time step (counted in column A) the nucleus has a fixed proba-
bility (chance 10 percent) of decaying. A random number i produced in alumn
B, and the first time this number is less than 10 percent, the state of the nucleus
(column C) changes from 1 (undecayed) to 0 (decayed). A honula in cell 84 (col-
umn B, row4) calculates the sum of all the numbers in column C (after the find in
cell C10) go fmd the number of time steps elapsed before the decay. Pressing the
Cale key ( F in Lotus 1-2-3) produces a new set of random numbers to repeat the
numerical experiment. Ma constructing this worksheet, then, students can easily
collect dati on dozens of repetitions of this theoretical model of radioactivity. They

3 S 6
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C11: IIII(C100,0,11IF(811s$CRANCI.1.0)) SKI
IF(C1060.0.4IF(811)606.1.0))

A 11

1 limslated Radioactive locay

2 ?bye 4991

3
4 liftime:

0.1 clinic. (probability of decay)

7 2 rem somber

time step nodal= state

10 0 1

11 1 0.541 1

12 2 0.563 1

13 3 0.699 1

14 4 0.644 1

15 5 0.753 1

16 6 0 .031 0
17 7 0.944 0
18 8 0.767 0
19 9 0.377 0
20 10 0.096 0
04 -Aug-08 12:05 PS CIRC

Screen 1. The main screen from aCHANCE.Wri" which models the proba-
bilistic decay of a single nucleus in a number of discrete time
steps. The top line of the screen shows the contents of the current
cell (where a highlight would show on an actual screen). Because
ithe Edit key has been pressed ( (al in Lotus1-24), the second line
redisplays this information for possible modification, but trans-
lates named cell references into their row and column designa-
tion.

can see that lifetimes very much different from the average am not at all uncom-
mon according to this theory, and they may suspect that experiments could tell
whether this theory is better than a more classic:2 tkcay theory that might govern,
for instance, how king a watch battery lasts. Th:. ill addition to learning how to
use a spreadsheet, students a couple of weeks into 3ir first physics course have a
chance to see physicists' ways of seekarg evidence for a remarkable
assertionthat pure probability, free of all memory of antecedent provocations,
may govern some aspects of the microscopic world.

This worksheet is simple enough that it can be constructed (programmed) dur-
ing a short lecture, or reconscucted by the reader who has a spreadsheet program
available. A worksheet not very different from screen 1 can be constructed by
entering formulas or labels irto nine cells and completing one /Copy command as
codified in listing 1, wi.ich we now expla;n. The step-by-step procedure that this
listing abbreviates is as follows:
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A6: 0.1 B6: "= chance
B9: rand num C9: "state

C10: 1

B11: @RAND Cll: @TF(B11>$A$6,1,0)
Bnn: Cnn:

E70: @RAND C70: @IF(B70>$A$6,1,0)
A4: "lifetime:

B4: 9SUM(C11..C70)

-

Listing 1. A beginning in the construction of the radioactive decay work-
sheet. The cells in the range B12..C70 ere filled by copying the pair
of cells 1311..C11, but the other nine cells are filled by simply mov-
ing the cell pointer to each cell in succession and typing the
appropriate content that follows the colon after the cell address in
the list above.

A6: Using the cursor keys (or mouse) move the cell pointer (highlight) to cellA6
and *en type the three characters "0.1" without the surrounding quotation
marks. As you type, the characters will appear on the top line of the saeen (in
Lotus 1-2-3; bottom line in some clones) and you can correct typing errors
using the =1- r= key. When you've got it right, press IM and the number
will appear on the worksheet in cell A6 as desired. This number can be changed
at any time by repeating this procedure. Be sure that you do not include any
leading or trailing spaces in numeric cell entries.

B6: Move the cell pointer to cell B6 and enter the characters ""hance" there. (To
enter something means to type it, followed by a press of the al or [Return].)
The double-quote character is insurance against your spreadsheet interpret-
ing the "me equal character as the beginning of a formula that would confuse
the spreadsheet's calculator capabilities. It means that the following characters
are just text to be displayed at this location.

B9: Enter the characters "" rand num" in this cell.

C9: Enter the characters ""state" here. A further effect of the """ double-quote
character is seen here. It not only identifies the entry as a label (text), but also
causes it to be right justified within its cell when there is room to spare.

C10: Enter the single digit "1" here. This is the initial condition that says we are
starting out with a nucleus that has not yet decayed.

B11: Here eater the characters "@rand". This instructs the spreadsheet to assign to
this cell a numerical value that is a (pseudo-)random number between 0 and 1.
The initial character "@" is the spreadsheet's clue to search its library of built-
in functions when evaluating this formula. In our simulation, this cell represents
the initial "throw of the dice" that calls upon pure chance to decide whether the
nucleus is to decay or not during this time step.

38
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CIL Here enter "@1F(B11>$A$6,1,0)". As always, no spaces are allowed any-
where in a formula or number, but lowercase is equivalent to uppercase. The
built-in @IF function checks the condition (here B11>A6, which tests whether
the random number in celi Bll on this row is greater than the odds we specified
in cell A6) and yiekls the following argument (here 1, the undecayed state) if
the condiaen was true, otherwise it yields the final argument (here 0, the
decayed state). The dollar signs in $A$6 have no effect here, but are important
for the copy step that follows.

B12..C70: Everything preceding this could be done with a hand calculator or a
typewriter, except for keeping it together on a single active page. But this copy
step really saves time. Move the cell pointer to cell B11 and call up the spread-
sheet's main menu (in Lotus 1-2-3 and most other VuiCalc progeny this is done
by pressing the szlidus or fraction-slash key "I"). Select the /Copy command
by either pressing C or by moving the highlight to Copy an.: pressing Enter.
You will be asked where to copy from; respond by moving the cell pointer so
that it covers both cells B11 and CIL then press Enter. (That procedure is
called pointing to a runge of cells.) You are now asked where to copy to;
respond this time by typing the edge of the target range which is B12..B70. (To
do this second part by pointing, press the Help key, Fl in Lotus 1-2-3, and ask
about pointing to ranges to learn the further clues you need.) When you press
the Enter key to complete the specification, columns B and C will be filled with
the appropriate formulae.

A4, B4: To summarize the computations, not all of which are visible on the screen
at one time, enter the contents shown in the listing for these cells. The built-in
@SUH function adds all the numbers in any list of cells and blocks of cells.

Note that much of the bulk in this dp,..:led prescription is fffst-time learning of
some basic spreadsheet skills such as entering text and formulas and using the
/Copy command. After just a small amount of practice, students find a listing just
as useful and much briefer than such a key-by-key prescription. In listing the use
of the /Copy command is indicated by the row of ellipses "...".

Now that we have a worksheet model, does it do what we intended? Concurrent
debugging is one of the important attractions of spreadsheet programming.
Depending on the luck of the dice, the first screen display from this worksheet may
hzve shown anomalies, or the user's suspicions may not have been aroused until
half a dozen successive lifetimesthe Cale key, a3, gives a fresh rmwere
reported as over 40 when an average 10 was expected. There is no neeu to learn
how to uso separate debugging program; just pressing (Psonl and inspecting the
later time step3 of almost any run of this program will show the problem. The logic
in cell C11 that does the first step is not adequate for later steps: a nucleus cannot
undecay. The cure is to change the formula in cell cl 1 to that shown at the top of
screen, namely C 11:@IF(C10=0,0,@IF(B11>$A$6,1,0)) .

The logic for this in Pascallike pseudocode would be

9 9
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IF dead
THEN stay dead
ELSE IF beat the odds

THEN alive
ELSE dead.

After correcting this formula it is, of course, necessary to copy it down the
remainder of the column.

By inspecting the column of copied formulas, you will sm that the /Copy com-
mand by default treats cell addresses as relative addresses, so that if the model line
uses the random number in the mine Iirx to evaluate the @LF statement, every
copy also uses the random number in the cell to its left. This is the appropriate
treatment for variables that change in every row to keep current. For constants,
however, one wants to reference the same cell in every copy of the formula. To
mark a reference as a constant, Lotus 1-2-3 requires that one prevent adjurment of
the row and column addresses in copies by marking them with $-sign prefixes as in
$CHANCE 1 $A$6.

By completing t e preceding instructions, students learn enough to make a
spreadsheet a practic4d tool, and see how little programming overhead is required
to give thems-lves enough computational power to solve differential equations
before they study calculus. A spreadsheet offers many other conveniences that
good studeLs will learn in the course of a semester, such as naming variables,
inserting new rows and columns, or moving blocks of working code, and printing
formula listings. The only essential we have not described is graphing, which
amounts to calling up the /Graph menu and pointing out which column is to be
plotted against which as y versus x.

The distributed file "CHA4CE.WK1" contains additional computations that
would be used as lecture demonstrations rather than student homework assign-
ments in early weeks of an introductory course. Lotus 1-2-3 and its clones contain
a /Data Table command that will run the worksheet many times (and when appro-
priate, with a specified list of input data) and report desired results. Here this com-
mand will make a table showing the lifetimes realized in a few hundred runs of the
decay simulation, providing data for a statistical analysis. The /Data Distribution
command will sort this data into bins for a histogrm plot, which can be then
graphed as shown in Figure 1 along with an easily computed contiouum-limit theo-
ry for the expected average behavior.

Simple Pendulum

This mkt example is the worksheet "SIMPLPEN.WK1" that solves for the motion
of a simple pendulum (point mass on the end of a light, rigid, pivoted rod). It is in
the form that would be appropriate for a homework assignment in a calculus-based
introductory physics course for engineers and scientists a couple of months into the
rust tam after several dynamics prcblems have been solved using spreadsheets in
previous assignments. One assumes that, from previous assignments, students have
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Simulated Radioactive Decay
Expected decays from exponential low

20

18

16

14

12 0
0 0

10

0 decoys

Time -->
- expected decoys

Figure 1. Histogram of the lifetimes realized in 200 runs of the radioactive
decay simulation, compared to the average behavior expected in
large numbers of rune

C23: VI101.EVA114_411.47INS_STSP

*C2202248917
EDIT

Is C D 6 r a a I

9 Ceastractiom paremecas:

10 Mass of bob: C. I kg Gravity: 9.6 vs/e2
11 Length of shank: 2 a Other: 4.9 .. g/L

12 19.6 vg.I.

13 Isitial conditions:

14 Initial Ames: 3.1 rad in Veloc 0 red/sec
IS

16 Approxiaaticm:
17 Time etc?. 0.133333 sec

18
19 Resaltiag Period: 9.599299 sec Nemia51: 2.836463 sec

20
21 Tine &mile lag.Vel kag_Acce1 Plet.vel Saergy

22 0 3.1 -0.01356 1' 0
23 0.135353 3.098166 -0.04193 7 -0.02776
26 0.266666 3.092696 -0.07397 -0.06792

26 0.39100,1 3.062741 -0.11236 7 -0.09314
26 3.655553 3.067760 -0.16054 7 -0.13646

27 0.666666 3.0465E3 -0.22247 7 -0.19161

28 0.791809 3.016663 -0.30406 -0.26336

04 -brie 12:12 PS COLLC

lloreon 2. A simple pendulum model as presented to students. The familiar
formulas ars given, as well as column (and graph) labels and an
I/0 area where the controlling parameters are displayed in an
orderly way. The new physics in the torque and energy columns

_ . _
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moderate skills in using spreadsheets, and that they have previously constructed
complete worksheets to solve for one-dimensional motions of masses subject to
forces. Thus they are given a nearly complete worksheet as shown in screen 2 with
only the new physics left for them to complete.

This pendulum example illustrates that the use of spreadsheets (or other pro-
gramming languages) by students may reduce the calculus skills required but does
not replace analytical physics reasoning. To complete this assignment, the stndent
must still have learned to sketch the geometrical (kinematic) description of the
apparatus and to relate it to a free body diagram of the forces in play. Here the two
forces acting on the point mass are a gravitational force Mg acting downward and
an unknown tension force T acting toward the pivot point. The strategy of using
T = la instead of F = Ma to obviate an evaluation of the tension force is implicit in
the given spreadsheet outline, but should be discussed explicitly. Students will
have to use paper and pencil to find the torque formula

T = '-(L sin 9)Mg

and the moment of inertia I = ML2 and to solve for the angular acceleration
a = (0)sin 0, as well as the corresponding energy formula. When these are
entered into the spreadsheet and copied down their appropriate columns, the com-
pleted spreadsheet described by Listing 2 will result.

Students must be taught not only to construct spreadsheets to solve physics
problems, but also to use them to explore how well they model the real world.
Here they encounter an entirely different (and better) idea of what it means to
"solve a problem." The solution is no longer a simple number or algebraic expres-

Time Angle Ang_Vel Ang..Accal

cro:

(g/L) sin Oo

to:

0

Oo:

Omit
f11/2:
ninit + aodt/2

to + dt 0o + Q112 dt no + cri dt

at:

(g/L) sin 01

Listing 2. This shows the essential formulae for solving the differential
equation for the pendulum motion. It corresponds to rows 21
through 23 in Screen 2, columns B through E. (The contents of
input cells and their labels are evident from screen 2.) The foi mat
of this listing, called a "schema," differs from listing 1 in that it
uses mathematical notation and expects students to translate to
the detailed syntax of their spreadsheets. Each cell that is not just
a label shows first the mathematical quantity stored there and
then, after a colon, the formula h. which it is computed (which
students must enter into the woe sheet). The last row is copied
down many times to solve the differential equation, and constants
that must be markA for absolute addressing during this copy pro-
cess are shown in bold.

A IN el
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sion that could evaluate to a number. The solution is a working theoretical model
of the target physical system.

Physics teachers used to imagine that conceptual models were being construct-
ed inside students' heads, similw to the ones good physicists have inside their
heads. End-of-chapter exercises were debugging tools to test this hypothesisif
students produced the same answer physicists would, that was taken as evidence
that everyone was working from the same internal modeL But students develop
strategies to manufacture the evidence instead of the model, defeating teachers'
attempts to convey insight. Now the model can be more external. It can be a Pascal
program or a Lotus worksheet. The teacher can inspect it directly, and the student
can see it and dLect his or her energies toward it instead of toward its peripheral
'manifestations in a number or two.

Exploring a model must be taught. The simple pendulum worksheet, once com-
pleted, will at the press of the Cale and Graph keys ( and FlO ), produce the
graph shown in Figure 2. The student must be questioned about it. What (in a sen-

-

_
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SIMPLE PENDULUM

0 Mgls(rochon)
Time -->

4. (come - Mg Vel(rogrI/11)

Figure 2. A simple pendulum graph produced from the data shown in
screen 2. Students cannot make sense of this graph until they
learn to read the axis scales and legends, and until they recognize
an angle of 3.1 radians as being near 7I and orienting the pendu-
lum nearly upside down.

e; r,3



390 Computational Physics and Spreadsheets

tence or two of English) is going on here? Why doesn't it look like a simple har-
monic oscillator? Can someone make the real apparatus on the lecture demonstra-
tion table move that way? Other questions are needed to get students to change
some of the input data. Can the model reproduce the simple harmonic motion one
sees in a grandfather clock pendulum? How many other qualitatively different
motions can the spreadsheet model produce?

The ease of making graphs also allows one to introduce the phase plane
momentum versus position, in the introductory course. This gives students a tool
that is useful fce statistical mechanics, for Bohr-Sommerfeld quantization, and for
the qualitative treatment of nonlinear differential equations.

White Dwarf Equation of State

This final example represents the use of a spreadsheet for research purposes. It is a
curve-fitting problem that only has to be done once, so that it is inappropriate to
use a hard-to-write program. The interactive nature of a spreadsheet allows the
investigator to explore variations in the approximate formula that is being used to
fit the data, and then to choose best-fit parameters.

This example problem is to find a direct foirmula p (P) for the equation of state
of a degenerate ideal Fermi gas, including relativistic effects. The intended use is
to simplify another program that constructs models of white dwarf stars where this
equation of state describes the pressure of the degenerate electrons that support the
star against its own gravity. An implicit formula can be found in the textbooks; it is

p = po x3

P = Po [x(2x2 3)1f;271.714- 31n (x + 11.T17-1 )L

From the asymptotic forms that these equations give,

p c. P315 , P low

(1)

p c. P314 , P high, (2)

one can conjecture an approximate formula that will work at both low (nonrela-
tivistic) pressure and at high (relativistic) pressure. It simply combines the two
asymptotic forms:

vs

P P°[(1)Pj GPForli

(3)

The Lst step in the spreesheet use is to test this proposal and to see how much
difference there is between equation (1) and equation (3).

A simple spreadsheet can be constructed by making columns for x, P , and p
using equation (1), and then making a fourth column in which pap= is computed
from P using equation (3). To compare the two formulae one mighl then show the
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two p's on a graph against P, but since a white dwarf will have a very wide range
of density and pressure from center to surface, it is more reasonable to inake a log-
log plot. This -requires three more columns in the spreadsheet, log P, log p, and log
papprx. They take hardly longer to program than writing the labels at the tops of the
columns, since the spreadsheet has a built-in @LOG function that can be typed
into one cell and then copied in one operation to the three columns. A reasonable
range for the independent variable x is found to be 10-3 to 105, which could be
done in 41 rows by setting .7.14.1 = 101/5;. Over such a wide range the errors don't
look too bad on a log-log plot, but inspecting the tabulation shows errors as high as
50 percent around x = I. (The variable x = pp,linec is the Fermi momentum of the
electrons in relativistic units.) Also, "around x=1" means for several decades in P
around x= 1, so these really are substantial errors that one could hope to improve
upon.

As an improved formula, one could think of blending the two asymptotic for-
mulaz in a loot-mean-square sense instead of just adding them. But why a square
here, rather than a cube? So one decides to try an arbitrary power:

1 bi34

P = P o [(18P1-) + (1-2--)
0 2P 0

(4)

To choose n we need to compare the results of several different cases, and to
see the differences we need a numerical measure of the error of fit. I take this mca-
sure to be proponional to the area between the exact and approximate curves on
the log-log plot. To do the integral that measures this area requires two more
columns on the worksheet. One column i: the difference

I A logp I = I logp - logpvp, I;

the other azcumulates this multiplied by A log P using a trapezoidal rule to evalu-
ate the integral

f l A log p I d(log P)= f (---P--1 Ain I)doog P) .. I 11-421 d(log P).
In 10 j In 10 j p

To give our error measure a simple interpretation as the fractional error in p
times the number of decades of P with that error, we therefore define

Fit_Error = (In 10) f I A log p I d(log P) (5)

and report this quantity in the I/0 arca of our spreddsheet. With this measure, the
first trial fit from equation (3) gives an error of 416 decade-percent, i.e., an average
40 percent error throughout 10 decades of P, using n = 1. Similarly for n = 2, 3,
and 4 one finds errors, respectively, of 60, 6, and 29 decade-percent, so that sub-
stantial improvement can be found near n= 3.

The spreadsheet allows more systematic searching for the minimum error by
using the /Data Table command. In an empty part of the worksheet we use /Data
Fill to make a column of nuinbers from 2 to 4 at 0.1 intervals. Then the /Data Table

el 1 :-1 ,, j



392 Computational Physics and Spreadsheets

command will on request, substitute these numbers successively for n and report in
a parallel column the corresponding fit errors. (The compteation time on an ancient
PC is 30 seconds, the programming only a few times that.) From these one can
then quickly make the graph shown as Figure 3. Repeating thc /Data Fill command
with a narrower range, e.g. 2.8 to 2.9 at 0.005 intervals, followed by a ptess of the
Table key F$ to repeat the date-table construction, gives a redone graph with more
precision near the minimum error. Gaining an order of magnitude precision every
minute or two msnually this way, is much more practical than designing a program
to find a minimum automatically. In addition, one might leam something unexpect-
ed from looking at the numbers and graphs as they skitter by.

Ow point I noticed while fmding a good value of 1 = 2.856 is that them were
erms at small values of x where one expects the asymptotic formula to be good.
These turned out to be errors in evaluating the "exact" formula for P from equation
(1). Yon can discover by deriving its asymptotic form for small x that thc. coeffi-
cients of foar terms in the Taylor series (x1 through x4) cancel between th , loga-
rithm ad ihe other term. Even with 15 decimal digits of precision, round-off errors
inva&tate ihis formula for numeric computation for small x, and only the asymp-
totic formula is aczurate.

i
i
._

Degenerate Electroo Gas
wror in opprosimat equation. of "tots

2 2.2 2.4 2.6 28 3 3.2 3.4

eVonerst n in appro. formula -->

3.6 3.8 4

Figure 3. The error in fitting zri approximate simple formula to data from an
implicit equation for p(iz; if. shown as a function of a parameter n
in the approximate formula.
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Spreadsheet Survey

Now that we have seen a few examples of spreadsheet applications, I will try to
sketch out the areas i i which I am aware of their usefulness to physicists, and some
of the reasons that make them sluable in particular applications. Dewey has also
addressed these questions in this session and there is susstantial overlap in our
assessments.2

A first consideration is accessibility, so it is important to realize that spread-
sheets do not need to cost a lot apart fun the comma, and that they do not take
long to lesm if one has an appropriate application on which to try them out. The
best-known spreadsheet, Lotus 1-2-3 has a list price of $495 and is widely avail-
able for $300. This is high for widespread student use, but there are good alterna-
tives. One is the Borland Quatro spreadsheet, which has a special academic price
to students and faculty near $45 (call Borland educational sales department at
(408) 438-8400 for information). Another is Joe Spreadsheet from klolt, Rinehart,
and Winston (call director of professional sales, (212) 614-3360) at a special aca-
demic price of $20. It runs complicated Lotus 1-2-3 worksheets smoothly and has
an excellent manual. The only serious disadvantage of the beuer Lotus 1-2-3
clones is that they occupy more memory than the Lotus product. (Lotus has an
inexpensive student edition without this problem, but its files are not compatible
with the regular Lotus 1-2-3 that may be found on students' parents' machines, or
in the instructor's office, or in canputer workmoms elsewhere on campus.)

Learning to use a spreadsheet requires about four hours for a faculty member
who is comfortable with a personal conputer in other applications, e.g., word pro-
cessing. Of this time, about half should be spent working through the Tutor pro-
gram that is supplied with version IA of Lotus 1-2-3, and the other half worldng
small examples such as a travel expenses statement or a solution of a one-dimen-
sional conservative force motion modeled on listing 2. Tutorials are available in
many varieties but use primarily business examples. The important parts to learn
are the introductions (CIIITOr control, fde handling, etc.), basics (copying, pointing,
built-in fugctions), and graphing. Data base and ma4ro capabilities can be deferred
until you acquire expeuise.

Teaching Uses

There are appropriate uses for spreadsheets in teaching physics at all levels from
graduate school through high schoo1.3 The most likely use amung graduate teach-
ing assistants would be to maintain a gradebook for the profcssor in a large, multi-
section class. This use is, of course, just the kind of business format for which the
programs wen designed. After learning spreadsheets in this context, the graduate
student would likely fmd uses fcr it in his other 7esearch as well.

Research students, by which I mean either graduate students or upperclass
undergraduates oriented toward giaduate school, should give Pascal and FOR-
TRAN priority as they develop professional computer skills. Many, however, will

4 0 7
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find a spreadsheet easy to learn and very useful as described below under
"Research Uses." It can also be used in mainstream courses4 or to analyse the
moderate amounts of data that are typically collected in experiments in laboratory
courats at this level.

Students in introductory physics courses for physics majors, engineers, and
other scientists, can benefit from learning to use spreadsheets because this takes
less time than learning a conventional programming language. The simple pendu-
lum model described earlier illustrates how the content of an introductory course
can be modified to use student programming skills to achieve a better understand-
ing of physics. Dykstra and Falk( have many useful suggestions.5 Together with
Pat Cooney, I am writing a books to supplement standard texts that will offer more
complete suggestions in this area and will provide the written support that students
need.6

Nonnience undergraduates can be taught (as I have done in two courses) to use
spreadsheet skills as a substitute for calculus skills. They may be attracted to a
physics course that uses spreadsheets, because many of them are aware that spread-
sheets skills are valuable in a hrge variety of nonscientific fields. The radioactive
decay example presented earlier illustrates how teaching the use of a spreadsheet
and teaching physics can proceed concurrently. Although a calculus prerequisite is
desirable (to assure some competence in algebra) and is required in many business
school programs, one should not anticipate significant skill or understanding of
calculus. Besides, calculus is not necessary. Newton's second law can be phrased
"Force causes a change in velocity," and programmed that way using small finite
steps dt in a spreadsheet. Plabetary mc , ;an be solved in rectangular coordinates
in the same style. You can emphasize Ii . task point that a fundamental law like
Newton's, can lead to a variety of vesy detailed predictions without tempting stu-
dents to memorize a hundred formulae that thry will justifiably ferget.

But the population that can benefit most from the introduction of spreadsheets
is high school students. Spreadsheets are being uscd in high schools now. I expect
that one could at least double the fraction of high school students who imagine
themselves using mathematics in a future career if spreadsheets wer widely used
in high school science, mathematics, and economics. My basis for this nonscientif-
ic conjectue is the astounding fact Jaz: Lit the last five years, several million busi-
ness =en and women have !tamed to program computers productively using
spreadsheets. Most of them do not regard constructing worksheets as computer
programming, and very few use any calculus or other higher mathematics. Yet they
are happily optimizing and projecting mathematical models of complex business
situations. No ordinary differential equation on a spreadsheet is qualitatively differ-
ent .rom compound interest, so vie should regard differential equations as accessi-
ble at the high school level. Using rmite difference forms, students should learn
differential equations before they learn calculus. The application of differential
equations to biological populations, chemical reactions, mechanics, electricity, and
radioactivity art much more interesting than the usual calculus and precalculus
problems, so motivation to learn should be improved. Later, calculus will give a
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deeper Wiest into an area with which the students we already familiar, just as
grammar is normally taught to students who already know how to speak

Research Uses

Some research uses of adsbeets correspond to the pwposes for which they
were designed. Then include the preparation sad maintenance of saint budgets,
cost estimation for experiments, and routine reports such as travel expense
statements. The major advantages of spreadsbetts are their ability to mix seat and
numbers, their correspondenco to familiw pencil-and-paper preparation of the
same sat of documents, and their ability to print out repeets in famElsr formats.

An analogous use that Professor J. P. Richard has shown me, is the preparation
of error budgets for experiments as they are being designed. Here the Nue charac-
teristics of villiolls blocks in the signal-detection and processing chain are typically
computed separately and fnmbined as functions of the various design parameters
that can be atItinsted. The coutrolling input psrameters and various output noise and
sensitivity fens can be arranged in a conveniently viewed and printable format,
with the detailed caladations done in scratch arms when they don't fit easily into
the report cells. Then the experimenter can interactively raplort a variety of trade-
offs by varying the controllable pramesers to search for an optimal design.

Physics extends the use of spreadsheets far beyond the applications contemplat-
ed by the original designers. One such use is for calculations and graphs auxiliary
to a larger project. An example is the whiie dwarf curve-fitting worksheet
described earlier. Orvis includes a variety of other examples.9 Others are small pro-
jects of sty kind, theoretical or experimental, or first-try explorations to survey the
landscape whcre a large project is contemplated. The ideal of a "back of the enve-
lope" calculation can be extended by a couple of orders of magnitude in complesi-
'y, while retaining the same spontaneity and immediateness by using a spreadsheet
instead of a piece of scrap paper.

'No characteristics rake a calculation appropriate for a spreadsheet: a high
ratio of design time to run time, and the need for mail amounts of data. One
should be reluctant to spend several person-months writing a program that will be
sat only 50 times at 30 seconds each on a personal computer. Better to spend a
couple of person-days designing a worksheet that will take five minutes for each
run. Small amounts of data (less than about l04 numbers) can also be explored
interactively on spreadsheets. One would not want to type in more than a few
dozen measured numbers, but many instruments can be programmed to produce
ASCII files of measured das. Any file that would produce a tabular listing when
copied to a printer can be read by a spreadsheet and, with the /Data Parse com-
mand, converted to one datum per cell in a spreadsheet. With the data thus orga-
nized by columns in the spreadsheet, they can be graphed, combined, fit, and
o0erwise manipulated intenctively with great convenience. Built-in facilities such
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as least-squares fitting and matrix multiplication are valuable toolr in such
explotatory analyses.

Spreadsheet Qualities

Spreadsheets have many Ovantages over standard comput - languages and some
serious limitations. Among their most important advsntaga is convenience. They
are easy to modify, edi% and reormize. They are also reLonably powerfut. They
can solve systems of ordinry differential equations, or simple two-dimensional
panial differential equations. Other important coni.oiences are their self-reporting
capabilities said their concurrent debugging proclivities.

By self-reporting I mean that text and numbers can be intermixed on the same
screen and in adjacent tells, so that the programmed storage locations for in:pr-
at* data an (appear to) be the entries on the printable pages or viewable screens
where data input and output is orpnized for convenience of comprehension and
use. In most other computer languages, one could design and code a complete
computation while leaving 90 percent of the job (I/0 and user control) still undone.
With a spreadsheet, these scientifically noncentral parts of the program are .Allum
more than 20 patent of the job.

The "CHANCE" worksheet above illustrates concurrent atbugging. It refers to
tte fact that one nasally supplies sample data before beginning to specify the
computations when constructing a worksheet, and thus se es numerical results at
every step during the programming. If one has a ressonablt unda standing of we
example one uses during this construction process, errors in logic often produce
recognizably spurious answers at intermediate steps. In this way it is likely that
many errors will be aught, one at a times a.: the programming (worksheet con-
struction) goes at. With conventional languages it is more likely that, when the
rust test case is mn, multiple interacting errors will make the debugging effort
rather difrcult. (Thew are practica in software engineering that mostly avoid this
problem, but these are in even less common use by physicists than .preadsheets.)

Sprudsheets also have the advantage of being easy to learn, widely used, and
widely 'pliable, all points that have occurred earlier in this discussion. The rea-
sons fa these qualities are several. One is the paper-ano-pencil metaphor that is at
the haat of sposadsheet design. This appearance makes the computer accessible to
nontechnical people who are afraid they have no idea what goes on inside a com-
puter. The spreadsheet converts the computer from a mysterious black box that
.eacts in toady unpredictable ways to a very concrete device that shows on screen
every number it is alculating. One seems to be doing on screen exactly what one
was accustomed to do on paper, except with a number of very powerful conve-
nouoca.

The most widely advertised convenience is the "what if" capabPity. if one input
number is changed, one need not rewrite the entire worksheet; every dependent
calculatice will be redone automatically (or upon request if preferred). In effect,
the spreadsheet programs while you calculate. YOU effort is comparable to (boot
easier than) doing a computation with a hand calculator. But after you have done it
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once, the spreadsheet has learned how to repeat it for you with new dam; it con-
tains a program ready to run. Me to call this capability of the spreadsheet the ser-
vice of a "invisible assistant." Early computational physicists such as
Chandrasekhar and Hartree moved into positions where they could recruit persons
call:4 computors who would, once given the scheme and an example or two, do
repetitive calculations using mechanical desk calculators and standard bookkeep-
ing columnar paper (paper waksheets).8 (Hylleraas would appear to have done all
his own calculation throughout a long and distinguished career.9) The electronic
spreadsheet provides tbe same services as these assistants (or an author's personal
labor). It will repeat a complete calculation with new data, or (via the /Copy com-
mand) it will repeat a single step many times with evolving data. A further impor-
tant service of the "invisthle assistant" in current spreadsheets, is its ability to make
graphs quickly from any columns of data that you point out.

In spite of its many advantages, a spreadsheet is not appropriate for every job. It
occupies a particularly important niche in the ecoloa of computation. It is adapted
to computations that involve limited amounts of data (e.g., lO4 items), and that
need limited logical control. It also demands relatively powerful computing facili-
ties. Compared to a FORTRAN profgam doing the same principal computation, it
"wastes" up to 95 percent of the computer's CPU and memory on the job of pro-
viding a convenient user interface, but that is uctially considered an advantagenow
that programmers are so much more expensive than hardware.

Some remaining disadvantages of spreadsheets might be reduced if future com-
putational environments are created with sufficient ingenuity. One major disadvan-
tage of a spreadsheet, is that its logical structure is hard to display. Whatever
degree of logic display is achieved is entirely the responsibility of the programmer,
it is not demanded or even encouraged by the spreadsheet environment itself. Asa
consequence, ptogramming errors that escape the first concurrent debugging phase
are hard to detect. There is little systematic help built into the spreadsheet, so a
heavy responsitility falls on the user to design a stringer suite of test cases to
check that the worksheet does what it is expected to do. These are the same skills
we haw; always taught graduate students who, however, need them as much to
check for arithmetic and algebra errors as for errors in logical design.

Supported in part by a grant from the Fund for the Improvement of Post-Secondary
Education (U.S.D.E.) with the further assistance of an equipment grant from IBM under its
AEP program.
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Teaching Computational Physics

Paul L DeVries
Department of-Physics, Miami University, Oxford, OH 45056

Mathematical physics has been the backbone of the undergraduate physics curricu-
lum at Miami University since the days of George Arfken and his definitive text on
the subject. Mathematical physics at Miami is taken in a two-semester sequence,
normally during a student's junks year. In recent years, an increasingly important
component of that sequence has been computational physics. In this talk, we will
outline the history and motivation behind computational physics, its philosophical
biases, and some of the actual content of the computational physics course as it is
now being taught at Miami University.

There is, of course, some question of what computational pi ysics is, or what it
should be, and what (if any) are its limits. Certainly computational physics
involves far more than evaluating integrals numerically or solving differential
equationsalthough these are necessary tasks. We always try to convey to our stu-
dents the sense of Hamming's admonition: "The purpose of computing is insight,
not numbers."

Ideally, computational physics should be a synthesis of many topics: numerical
analysis, computer programming, and most important, physics. Although our stu-
dents are often competent in each of these areas in isolation, they may not be ready
or able to pull it all together. Sometimes the curriculum itself adds to the problem;
overcompartmentalization has sometimes meant that there has been little or no
carry-over from one topic to another. Thus we find that much of our time is spent
in illustrating the connections among topics. Sometimes, too, the student has an
exaggerated notion of the "status" of the computer. We must constantly remind stu-
dents that the computer is but a tool that we use in our work in physicsan assis-
tant in our endeavors. We must never surrender the physics and ourselves to the
mazhine.
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Using Computer Experiments in
Standard Physics Courses

Jan Tobochnik
Depmvient of Physics, Kalamazoo College, Kalamazoo, hfl 49007

Students need to learn how to use computers in the way that physicists use comput-
ers in their research. As a side-effect, these computational methods frequently pro-
vide educational benefits not found in traditionav. modes of instruction. I will
present three ways of using computational physics in undergraduate physics cours-
es: (I) replacement for two, three-hour labs in the standard calculus-based intro-
ductory physics sequence, (2) part of homework problems far sophomore-level
mechanics, and (3) a weekly laboratory component for a thermal or statistical
physics course. Pedagogical issues will be stressed, but some attenticn will be paid
to prograMming details.

I will present examples of programs used in courses and the writtcn material
accompanying the programs. In some cases my text, An Introduction to Computer
Simulation: Applications to Physical Systems1, was used. The programs presented
are written in True BASIC, a structured dialect of BASIC that is very similar to
FORTRAN 77 and is identical on both the Macintosh and MS-DOS machines. The
source code for the programs are available to the student and the student is expect-
ed to make minor modifications in the program and occasionally write their own
programs based on model programs they have already seen.

I use the term "computer experiments" in the title of this talk because my use of
the computer is different from the standard use of computer simulations. When
using computer simulations, the student typically has no access to the source code.
The emphasis is on interpreting the graphs or animation seen on the ccmputer
screen. In addition to this kind of interpretation, my goal is to show the connection
between physics and simple numerical methods, to show how the simulation is
produced by the computer, and to introduce the student to programming. Thus,
these exercises allow the student to develop or extend programming skills while
solving actual problems in physics.

Sample exercises to be discussed will include: (1) one-dimensional motion
(introductory physics); (2) two-dimensional motion (introductory physics); (3)
approach to chaos for a nonlinear oscillator (sophomore mechanics); (4) ideal gas
in the microcanonical ensemble (thermal physics); and (5) magnetism (Ising
model) in the canonical ensemble (thermal physics).

In the first two exercises the students learn him different functional forms for
the force lead to a variety of types of motion for the particle. The Euler algorithm
modified by Cromer2 is used to solve the equations of motion. In the one-dimen-
sional case, the position, velocity, and acceleration are plotted as a function of
time. In the two-dimensional case, the trajectory in position, velocity, and aLcelera-
tion space is ploued. Studems make a hard copy of what they see on the screen,
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make measurements on the graphs, and interpret the various features of the graphs.
Where possible, the students compare the numerical results to analytical results.
Examples used in class include free fall with and without friction, projectile
modon with and without friction, harmonic motion with and without damping and
external forcing, and planetary motion.

In the third exercise a noulinear damped forced Narmonic oscillator displays the
period-doubling approach to chaos. The computer simulation produces a Poincard
map.

The last two exercises use Monte Carlo methods L., illustrate ideas in statistical
mechahics and to introduce the student to numerical techniques used in current
research. From the microcanonical ensemble, one can empirically discover the
Boltzmann distribution, which is the basis for the canonical ensemble. Ideas such
as the equation el state, phase transitions, and hysteresis can be illustrated using
these methods.

I wilt show and briefly ehplair. the programs to carry out these simulations,
emphasizing the sinplicity of the programming. As I go through the examples I
will point out what actually happened when they were used at Kalamazoo College,
what ideas appeared to be better learned using the computer versus traditional
methods; and technical details to watch out for.

1. H. Could and J. Tobochnik, An Mira...lion to Computer Simulation: Applications to
Physical Systems, parts 1 and 2 (Reading, MA: Addison-Wesley, 1987).

2. Alan Cromer, "Stable Solutions Using the Euler Approximation," Am. J. Phys. 49, 455
(1981).

An Example of "Task
Management" in Constructing a
Computer Program

Edward H. Cailnon
Department of Physics and Astronomy, Michigan State University, East Lansing, MI 48824

Whether laboratory or computational, physics tasks ideally follow a common pro-
file: analyzing the problem, devising modes of soluticn, implementing these meth-
ods while tracking progress, testing the results for correctness, and reporting or
delivering the results in a clear package. However, while doing research, one com-
monly hacks out new paths through the jungle, and organized progress along the
above profile is rarely completely achieved. The formal method of "task manag t-
ment" Can serve as a foundation skill for well-organized work habits in laboratory
work, computer programming, and possibly paper-and-pencil problem-solving by
physicists.1

4 4
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The new discipline of softwwe engineering2 applies task management concepts
to large problems (constructing commercial computer programs of 30,000 to
10,000,000 lines of cede). Suitably truncated and modified for the smaller ,no-
grams (30 to 1,000 lines) that the typical physicist may need to construct, task
management methods can improve the productivity and quality of programing,
and serve as one mode (probably the most transparent) of teaching generalized
task-solving skills.3

Compared to a typical laboratory measurement task, software construction is
filled with detail and endowed with near-infmite tractability.4 The programmer is
enticed to jump back and forth along the task profde, becoming quite muddled in
the process. The cure is to modularize both the process of constructing the code
and the code itself. In fact, hierarchically arranged modules are a nearly universal
human solution to the famous "seven, plus or minus two" capacity of our minds to
hold thoughts.5

By employing a formal method with definite criteria for closure of each stage, a
programmer can produce a structured, modular program with maximum clarity and
correctness, and in minimum time. The farmal method cannot guarantee that the
programme* will not retrace steps along the task profile, but it does tend to mini-
mize the risk; and by isolating details into clusters or modules, it helps prevent
error propagation when items in the program are changed.

The experiment described in this paper was undertaken with students in a fresh-
man-level "computing for physics" course. The students constructed a screen
robot that simulates the mechanics of an organism hoppingsimilar to a human on
a pogo stick. A team approach to this problem was employed. Tr 1 students divided
the problem into pieces, each done independently by sever.d stuuents so that a final
working whole would result even if individual students had trouble meeting their
goals. .

The experiment was run for two successive years. In the first year, task man-
agement was not part of the curriculum; in the second, it was. Because the project
was a simulation rather than a calculation, the appropriate steps of the method are:
(I) analyze the task, (2) do the physics, (3) design the program, (4) construct the
program, (5) test the simulation.

The problem iiself is simple. All motion is in a plane, and the robot has only
two massive parts: a body, and a leg that swings on an axle through the body. The
leg length is variable because a foot-to-leg spring is present and a muscle (under
control of the user of the simulation) exerts a torque between body and leg. The
center of mass of the body and of the leg are placed on the body-leg axle. The
problem is simple, rich, and interesting for the students. The trick is to control the
robot's forward and backward hopping, without allowing it to fall.

Motion occurs in two phases: free fall wan the foot is not in contact with the
ground, and constrained motionfoot fixedotherwise. (In the later condition,
the leg length changes during motion, and the leg-foot spring exerts appropriate
forces.) The tr msition between the two motions is a somewhat tricky point to code.

The software had to be driven by the hardware (PCs) and language choice
available. To allow easy coding of screen graphics, a template was used,6 and a
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canned Runge Kutta module was USCt to solve the differentia/ equations. A test
bed was designet to test the components of the module.

1. Edward H. Carlson, "Laboratory Skills and Task Management,'" submitted to the
AAPT sumer meeting, (1988).

2. Roger S. Pressman, Software Engineering: A Practitioner's Approach (New York:
McGraw-Hill, 1982).

3. Edward H. Carlson, "Teaching Software Construction to Physicists," submitted to the
Am. J. Phys.

4. Frederick P. Brooks, Jr., The Mythical Man-Month (Reading MA: Addison-Wesley,
1975). pp. 7-8.

5. George A. Miller, "rhe Magical Number Seven, Plus or Minus Two: Some Limits on
Our Opacity for Processing Information," The Psychological Review 63, 81 (1956).

6. &Iwo: i H. Carlson, "A Template for Writing Programs," Comp. in Phys. 1, 65 (1987).

Solution of the Thomas-Fermi
Equation for Molecules by an
Efficient Relaxation Method

G. W. Parker
Depanment of Physics, North Carolina State University, Raleigh, NC 27695-8202

The Thomas-Fermi method provides a simple and elegant solution to the problem
of finding an approximation to the electron density n(x,y,z) in the ground state of
an atom, molecule, or solid. In addition, it provides the initial member of a possible
sequence of density-functional approximation schemes that lead to increasingly
accurate descriptions of the ground-state density and related one-electron proper-
ties. The deficiencies of the Thomas-Fermi model arc primarily consequences of
the semiclassical approximation and the neglect of exchange, both of which require
n >> 1 for their validity. In spite of these basic limitations, the Thomas-Fermi
equation becomes exact in the limit of large atomic numbers,1 gives agreement
with actual atomic densities in the region of large density (n » 1),2 and exhibits
the correct dissociation behavior for molecules.3 From a more general point of
view, the deficiencies of the Thomas-Fermi model are targets for subsequent
refmements and not reasons for discouragement with the approach, which avoids
explicit reference to the underlying electronic wave functions.

I have developed a program that solves the multicentered Thomas-Fermi partial
differential equation for an arbitrary molecule. Required data are the nuclear
charges Z5 and their locations within a simple cubic computational grid that places
the molecule more or less at its center. Boundary values are determined from the
asymptotic solution, which corresponds to an atom located at the center of nuclear
charge having total charge equal to the sum of the atomic charges.
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Previous methods have been directed toward specific molecules, such as N2,
and the largest molecules treated have been H20 and SO2. This specificity is a
consequence of the choice of dependent varizble, which is related to the effective
T-F potential energy V. At each nucleus, V must approach - Ze / re, in atomic units,
and this condition has been met, in diatomics for example, by writing

= - / r, + 1 rb) Sm,

where the molecular screening function S. is required to approach unity at each
nucleus. The latter condition has been met by constraining the nuclei to be at grid
points.4

In my approach,5 the dependent vasiable is chosen to be DV, the difference
between the molecular V and the sum of atornic potential energies Va. This differ-
ence is found to be bounded and smoothly varying through the nuclei and else-
where, and it automatically incorporates the correct limiting behavior near nuclei
through tb: exact atomic solutions Va = - ZaSa / re, where Se, the atomic screening
function, goes to unity as re goes to zero. I have determined the universal T-F
atomic screwing function S(x) to about 1 part in 105 by solving its differential
equation as a two-point boundary-value problem using the well-developed and
accurately known asymptotic solution.6 Values of Va at any point are then obtained
from a cubic spline fit to the solution S(x), or the asymptotic solution.

The corresponding equation for DV, a nonlinear Poisson equation, is solved on
the duee-dimensional grid by a relaxation method7 that uses a sequence of grids
starting with level 1, with cubic grid size H, and extending to finer grids, with level
k having the spacing hk H / 2(k 1), where k = 1, M. An approximate solu-
tion on level 1 is efficiently obtained by several Gauss-Seidel relaxation sweeps
with one Newton iteration at each grid point to solve the nonlinear equation. The
solution on level 1 is then interpolated to level 2 and similar relaxation there
smooths errors on the scale of h2. A correction cycle is then carried out to efficient-
ly reduce errors on the scale of h1. This involves a transfer of residual errors from
level 2 back to level 1, where relaxation again gives a solution. Finally, the solution
on 1 is linearly interpolated back to 2, followed by one relaxation sweep on 2 to
smooth interpolation errors on the scale of h2. The process continues with the inter-
polation to level 3 and so on until eventually terminating on level M, when the
algebraic error is reduced below the inherent truncation error, which is 0(h2). In
terms of computational work, the final solution on level M is obtained in roughly
the time required for six relaxation sweeps on level M.

I will present results for various molecules and compare them to predictions of
molecular orbital calculations.

1. E. Lieb, "The Stability of Matter," Rev. Mod. Phys. 48, 553 (1976).
2. P. Politzer, "Electrostatic Potential-Electronic Density Relationships in Atoms." J.

Chem. Phys. 72, 3027 (19861.
3. K. YoneL "Extended Thomas-Fermi Theory for Diatomic Molecules," J. Phys. Soc.

Japan 31, 882 (1971).
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4. B. Jacob, E. K. U. Gross, and R. M. Dreirler, "Solution of the Thomas-Fermi Equation
for Triaromic Systems," J. Phys. B. 11, 3795 (1978).

5. ON. Parket, "Numerical Solution of the Thomas-Fermi Equation for Molecules," Bull.
Am. Phys. Soc. 324 1084 (1987).

6. C. A. Coulson and N. H. March, nhomas-Fermi Fields for Molecules with Tetrahedral
arsd Octahedral Symmetry," Proc. Camb. Phil. Soc. 48, 665 (1952); S. Kobayuhi, T.
Matsukuma, S. Nagai, and K. Umeda, "Accurate Value of the Initial Slope of the
Ordinary TF Function," J. Phys. Soc. Japan 20, 759 (1955).

7. A. Brarit, Lecture Notes in Mathematics, vol. 960 (Berlin: Springer, 1982. 1 pp.
220-31.;.

Numerical Solution of Poisson's
Equation with Applications in
Electrostatics and Magnetostatics

G. W. Parker
Department of Physics, North Carolina State University, Raleigh, NC 27695-8202

The :,olution of Poisson's equzion with Dirichlet boundary conditions is a funda-
mental problem in eleztrostatics and magnetostatics. A general approach to numer-
ical solution lx-gins with discretization on a lattice followed by a relaxation procetsc
to drive an arbitrary initial solution toward the exact discrete solution. Of course,
any singular source terms must be transferred to the left-hand side of the equation
where they combine with the potential to form a new unknown suitable for dis-
cretization (litylor's theorem).

Different ways of accomplishing these steps haw been discussed in the physics
literature and at least two complete programs are available.1 One approach makes
use of existing spreadsheet programs to solve the disizete equations. This method
focuses attention on the discrete form of the equation and the boundary values, and
ths resulting solution is obtained without any programming being required. This
method is limited, in practice, to relatively coarse two-dunensional grids. The two
published programs solve the same type of problems with essentially the same
relaxation method as the spreadsheet approach, but they provide graphic output
that, for example, shows the solution developing in "machine time," thereby illus-
trating the relation between relaxation and diffusion. Contour plots or "density
plots" are also available. Koonin's open program could be modified to include
additional features. Both these programs are generally used with relatively coarse
grids, (maximum resolutions are 24x32 and 23x79 points). In addition, there is no
provision for singular sources or dielectric boundaries.

I have developed a program that provides a more detailed analysis than those
just described for more elaborate systems with the same two-dimensional bound-
aries. A variable number of plates, with specified potentials, can be placed on a
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square grid of spacing H in fairly flexible fashion. For example, in addition to the
usual parallel-plate configuration, they can intersect or can be merged into thc
boundaries to provide for a variable potential along any of the four boundary walls.
Line charges, variable in number, strength, and position, are provided as well as a
uniform charge density of some chosen strength. In addition, a dielectric boundary
can be introduced along one of the grid lines, dividing the rectangle into two
regions.

The solution is obtained using Gauss-Seidel relaxation on a sequence ofsquare
grids2 from the coarsest spacing H, level 1, down to level M with the finest spacing
h = H / 2(M 1), typically, H = 2 and M = 4 or 5. Multiple grids give accelerated
convergence to the final solution on level M by calculat;ng corrections on the
coarser grids by relaxation, which are then transferred by interpolation brck to
fmer grids. The sequence of grids making one cycle is M, M 1, ..., 2, 1, 2, ...,
M 1. M. At least three cycles are used, which P., equivalent in terms of computa-
tional work to about 15 relaxation sweeps on the finest grid. This reduces the alge-
braic error below the inherent truncation error, which is 0(h2).

Program output includes data needed for equipotential contour plots, plots of
induced charge density on the boundary and on both sides or Ach plate (except at
their ends, which are singular points), and plots of the bound c:iarge density along
the dielectric botmdary.

I will describe four examples of problems that may be treated. (1) A line of
equally spaced charges within a grounded box, as suggested k a mction in the
Feinman lectures.3 The rapid approach to a uniform field is easily demonstrated in
a contour plot. (2) Parallel plates joined to one wall of the boundary at a common
potential to form a cavity open at one end. The screening effect is shown by a
equipotential pk-A. (3) The standard parallel plate problem with the additional detail
provided by plots of the charge density on the plates. As the plate separation is
decreased, the density on the plate's inner surfaces approaches uniformity except
near the ends. (4) A superconducting boundary with the potential replaced by the
vector potential A gx,y), which must vanish on the boundaries. Line charges
become line currents and the equipotential plots are seen to now give field lines of
the magnetic induction.

1. S. E. Koonin, Computational Physics (Menlo Park: Benjamin/Cummings, 1986),
example 6, p. 290; B. Cabrera, "Electromagnetism," Physics Simulations, vol. 2 (Santa
Barbary Kinko's Academic Courseware Exchange, 1986), program LAPLACE.

2. A. Brandt, Lecture Notes in Mathematics, vol. 960 (Berlin: Springer,1982), pp.
220-312..

3. R. P. Feynman, K. B. Leighton, and M. Sands,The Feynman Lectures on Physics, vol.
2 (Reading: Addison-Wesley, 1964), section 7-5.
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A Computing Laboratory for
Introductory Quantum Mechanics

.iesusa V. Kinclerman
Physics Department, University of California a Las Angeles, Los Angeks, CA 90024

We have developed a set of 12 computing problems to be solved on a personal
computer for our two-quarter junior-level quantum mechanics class at UCLA.
These problems do not teach any new concepts, but they reinforce concepts taught
in die lectures and develop the physical intuition needed to help student: think in a
new wiy. Tbe problems duplicate a laboratoty, but experiment's are done using
computers. Since this was the first time computing moblems were assigtrd in this
class, this laboratory was desigrwed as an optional, . '1*a-credit component.

Except for a package kr three-dimensional ar4 no special software was
developed for the course. The computing problems ccAld be solved by writing a
program or using a software packsge like Lotus 1-2-3 or SuperCala. These
spreadsheet packages were chosea because they can be learned easily and they eas-
ily generate graphicsan important consideration because 11 of the 12 computing
ptoblems have results displayed in graphs. Some of these results will be presented
in this paper.

The topics of the computing problems are as follows:

Properties of probability distributions; the Gaussian distribution; superposition
of two wave fimctioas.

The uncertainty principle; determining probabilities by calculating areas under
the probability-density curves.

Time dependence of a state that is a linear combination of two eigenstates of a
particle in a one-dimensional infin:a-square well.

Eigenvalues and eigerganctions of a fmite one-dimensional square well.

Numerical solution of SchrOdinger's equation for a potential of the form:

V= - (1 - exp ( - abs (x) / a))

(Vo, b. and a were individualized for each student.)

Angular distributions of particles moving under the influence of a central poten-
tial.

Eigenvalues and egenfunctions of an infinitely deep, spherically symmetric
welL

Numerical solution of SchrOdinget's equation of the central potential:

-exp( -brla))

(V,,,band a were individualized for tich student.)
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Probability densities of the electron in the hydrogen atom; three-dimensional
plots of the probability densities in the xr plane.

Numerical calculation of the eigenvalues and eigenvectors of a 3 by 3 real-oper-
ator matrix.

The deuteron in a Yukawa potential; comparing the results af the variational
method and the numerical solution of thc Schradinger equ.aion.

The enharmonic oscillator; comparing the result of time independent perturba-
tion theory with the numerical soludon of the SchrOdinger equation; evaluation
of the accuracy of the numerical solution.

Students had one or two weeks to complete each computing problem. A labora-
tory with 12 personal computers was open to students during weekdays and a
teaching assistant was available for consultation six hours a week. Because the
scope of each problem was limited, we hoped that each problem could be done in
under two hours per week. However, students reponed spending two or three times
this amount of time.

The computirg laboratory is interesting and unique in two ways. First, it covers
the variuy of topics that are introduced in an undergraduate class in quantum
mechanics. Using a laboratory format, it reinforces topics discussed in lectures by
assigning related fotperiments on computers. Second, since the students do all tile
work on the computer, they Iczrr, numerical analysis and computing skills, in addi-
tion to quantum mechanics. Students report using their newfound skills for other
courses. After they have learned to use the computer to graph functions, they use
this skill in other courses. They also use the computer for the data analysis and
graphics needed in upper-division laboratories.

The Use of an Electronic
Spreadsheet in Physics

Thurman R. Kremser
aepartment of Physics, Albright College, Reading, PA 19612-5234

Electronic spreadsheets have many applications in teaching physics, both in Ole
classroom and the laboratory. They can be used to collect and analyze data from
laboratory experiments, to solve numerical problems, ahd to graph and plot func-
tions. The purpose of this workshop is to introduce the novice to the use of a
spreadsheet in teaching physics. Patticipants will learn how to create a spreadsheet
template and how to plot r,raphs from experimental data or mathematical functions.
The emphasis will be on graph plotting. The workshop will be based on
SuperCalc3 or SuperCalc4, using the !BM-PC or compatible. Participants are
urged to bring blank formatted disks to copy templates for their own use.
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The workshop will include the following topics:
C- abation 'nd modes of operation of a spreadsheet. The spreadsheet is a

rect4ar army of cells, each of which can contain text, numerical values, or for-
mulu for calculating values. The user can view the contents of the cells in the
spreadsheet mode, and can ente. text, formulas, and values ia the data-entry mode.
The command mode allows editing contents, printing output, graphing, and many
more functions.

Data and forntuia entry. The data-entry mode is entered automatically whenev-
er numerical values or formulas are entered. The cursor movement keys remain
actin ao that dam can be entered anywhere on the spreadsheet. Cells can be write-
protected to prevent the Accidental loss of formulas. Formulas can include arith-
metic, trigonometric, logarithmic, and exponential functions; relational operators,
logical functions, and statistical functions; as well as financial, calendar, and sever-
al special functions pertaining to spreadsheet operations.

Creating a spreadsheet template. A spreadsheet template consists of all the
instnictions, hadings, constants, formulas, and column widths necmary to create
a form for easy entry of data and calculation of results. A template can be created
and saved to disk for future use.

Spreadsheet commands and fwictions. Of particular interest to physicists is the
use of the spreadsheet to obtain graphs of experimental data or mathematical func-
tions. The "/View" command is used to display data in the form of graphs on the
monitor, the dot-mat!ix printer, or the pen plotter. This command allows the user to
choose the range of data, the graph type, scaling, and labeling. The "/Replicate" (or
"Kopy") command, which copies a formula from one cell to many cells, is indis-
pensable in using the spreadsheet to create graphs of functions.

Applications. Participants in this workshop will use a spreadsheet template to
analyze the data from the standard Atwood Machine experiment. They will use the
data to obtain a graph relating the accelerating force and the accelemion. From
this graph, they will determine the mass of the system. Participants will also use a
spreadsheet template to calculate the position, velocity, anti acceleration of a body
falling in a resisting medium, with the resisting force proportional to velocity.
Using the graphic capabilities of the spreadsheet, they will plot graphs of position,
velocity, and acceleration as functions of time. Finally, participants will use the
spreadsheet to calculate up to 25 terms of the Fourier series for a square wave
function. Plots will be obtained for any number of terms in the series up to the
maximum.
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Interference Phenomena Using
Spreadsheet Programs

Robart Novak
Physics Deportment. loos College. New Roche lk. NY 10801

Commacial spreadsheet pogroms can be used to analyze experimental data! Ind
to modd *erotical problems.2 It is simpler to use a spreadsheet package to per-
form suck computational and graphical operatbas that to use a high-level Ian-
gulp. Paster microcomputers with larger meaories and spreadsheet software ase
becoming, mom accessible to introductory-level students, and the use of these can
be a powesful tool in learning pbrsics. This paper uses the graphics package of a
spreadsheet program to present standing waves, beats, and Young's slits.

Wave phenomena can be described in terms of a sinusoidal wave form such as

F(x, Om A sin (kx to t + 0)

where k as 2s, and m is the angular frequency. For two waves that interfere with
each other, the amplitude can be written as

Fax, 0 = Fgx, 0 + F2(x, 0.

The intensity of te wave pattern is proportional to the square of the amplitude.
This equation can be solved very quickly using a spreadsheet program.

We use a Compaq III computer (PC compatible with 640K of RAM, CGA
graphics monitor, 12 MHz clock) with Lotus 1-2-3 (Release 2) software and an MS-
DOS Version 3 operating system. After the boot-up procedure, 572K is available.
The spreadsheet program requires 215K and the remainder is available for the
spreadsheet file. Figure 1 contains a screen printout used for the standing wave
presentation.

Information is written into the spreadsheet as labels, numerical dea, or formu-
las; use of a screen cursor indicates the location of the information. The labels in
Figure 1 give the directions for entering data such as wave velocity, length of
medium to be shown, wavelength, and amplitude. Ibe frequency and the position
values are then calculeed from the data vpplied. Tune and position values are also
calculated and presented in a matrix that consists of 500 position values and sit
time values. Graphics commands plot the displacements as a function of position.

The variables are written in column/row format (such as A 12 or 032); con-
stants use a V symbol with this format. The initial position value (A22) taken
as zero. The formula + A22 + SDS9/500 is placed into A23 and use of the copy
function generates a list of position values. Similarly, a formula for the. wave form
is placed into the C23 position and it is copied for all the 500 x 6 time-vs-position
values. The graphing commands are able to plot the function for the six times.
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gnter time values

Time(sec1
Position
(aetere)
0.0000
0.1000
0.2000
0.3000
0.4000

20.0000
2.0000
6.0000

Wavell

Waveleaglh(s)11 -20.0000
Asplitude(s)v 2.0000
Prequ4nortu1): 6.0000

free CI9 through Nil.

0.0300 0.0600 0.0900 0.1200 0.1600 0.11100

3.2381
3.2345
3.2297
3.2217
3.2106

3.8042
3.8143
3.7967
3.7873
3.7742

1.2361
1.2366
1.2336
1.2306
1.2263

-2.3611
-2.3600
-2.3466
-2.3401
-2.3326

-4.0000 -1.2361
-3.1180 -1.2355
-3.11121 -1.2336
-331122 -i.2306
-3.1666 -1.2263

Figure 1. Screen printout of pan of the spreadshaet to illustrate standing
waves. The entire spreadsheet contains 522 rows and 8 columns.

Figure 2 shows the screen output. This plot shows six time configurations of a
sanding wave.

Once this is set up. it is convenient to change data. Changing a wavelength or a
velocity aulomatically changes the values throughout the program. These new val-

10 20
hsitios Owlets)

Figur* 2. Graphical presentation of stendIng wave patterns for the data
given in Figure 1.
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ues are viewed graphically by pressing three keys. The program, as set up, uses
standard rather than generalized units for the data. Using scientific format, magni-
tudes appropriate to visible light wavelengths can be used. After a change in data,
the program recalculates all the values in less than 15 seconds; the plotting routine
takes another two seconds to present the graph on the screen.

The plot in Figure 3 illustrates interference that produces beats at a point. In
this case, the spreadsheet is set up so that the user can input the frequencies and
amplitude of the two interfering waves, along with the time range. Both the beat
and the average frequencies can be measured from the plot.

h. the plot that illustrates Young's slits (Figure 4), the user inputs values from
the slit separation, the distance from the slit to the screen, and the width of the
screen. The image screen is divided into 1,000 points, and the distance between the
point and each slit is calculated for each point. The two interfering functions each
have a different optical path. The plot is taken at one time, and the envelope of this
function, which is proportional to the time average, is also plotted. From this pre-
sentation, actual minimum and max in- um positions can be obtained. These can be
easily compared to experimental or theoretical values.

Spreadsheets by R. Novak for Lows 1-2-3 are part of the collection Computers in Physics
Instruction: Software, which can be ordered by using the form at the end of this book.
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Police (co)
Figure 4. Intensity pattern from a Young's slits computation. The distance

between the slits is 20 g; wavelength is 500 nm; and the distance
from slit to screen is 1 m. The pattern is shown for one time. The
envelope function that reflects the time average is also plotted.

I. R. Feinberg and M. Kninel. "Microcomputer Spreadsheet Programs in the Physics
Laboratory," Am. J. Phys. 53, 631 (1985).

2. T. T. Crow, "Solutions to Laplace's Equations Using Spreadsheets on a Personal
Computer." Am. J. Phys. SS, 817 (1987).

Wondering about Physics ...
Using Spreadsheets to Find Out

Dewey I. Dykstra, Jr.
Department of Physics, Boise State University, Boise, ID 83725

Robert G. Fuller
Department of Physics, US. Air Force Academy, Colorado Springs, CO 80840, on leave
from the Depanment of Physics and Astronomy, University of Nebraska, Lincoln,
NE 68588-0111

This miniworkshop is designed to introduce physics teachers to the variety of ways
that spreadsheets can be used for student learning in physics. The participants will
undertake investigations drawn from the 53 examples in our book, Wondering
about Physics....Wing Spreadsheets To Find Out. The investigations at: appropri-

4 1.



Dykstra and Fuller 443

ate to any computer and any standard spreadsheet software, but the wfwkshop will
use only Macintosh computers and the Microsoft Excel spreadsheet software. Each
participant will receive a complimentary set of student and instnictor spreadsheet
materials.

Participants are not required to have previous spreadsheet experience. Some
knowledge of how a Macintosh operate3 with a mouse and button clicks will be
helpful.

1. (New York: Wiley, 1988).
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Tutorials on Motion

C. Frank Griffin
Department of Physics, University of /Iron, Akron, 01144325

iNvo companion computer tutorials, A Tutorial on Motion and A Tutorial on
Accebtration,1 have been written for the Apple U series of microcomputers. A
Tutorial on Motion was on the wr courseware editor's list, "Favorite Courseware
Programs for 1988."2 All other programs on the awn list were experiment-inter-
face packages.

Learning Difficulties in Kinematics

The difficulties of learning kinematics are probably the most thoroughly
researched of any learning problem in introductory physics. In an investigation of
student understanding of velocity in one dimension, Trowbridge and McDermott
find that the failure to make proper comparisons of velocities for two simultaneous
motions can be attributed to use of a position criterion to determine relative veloci-
ty.3 Peters firids lat students in an honors calculus physics course draw virtually
indistinguishable position-time and velocity-time graphs of a classroom demon-
stration.4 Similar graphing errors, especially with negative velocity, have been pre-
sented at meetings by Goldberg anti Anderson.S Arons discusses the importance of
graphs in helping students develop conceptual understanding,8 and McDermott,
Rosenquist, and van Zee have published a comprehensive study of the difficulties
of graphing and kinematics? This research as well as the considerable teaching
experience of myself and Lou Turner, my coauthor at Western Reserve Academy,
indicates that kinematics is not only a very difficult subject for many students to
learn, but it is also an area full of misconceptions.

The most common problem is that students confuse position am: velocity.
Givm a position-versus-time graph, students often draw a velocity-versus-time
paph that is indistinguishable from the position-versus-time graph even after hav-
ing completed an introductory college physics course. In addition, they consider
the rtincept of negative velocity to be alien. They typically believe "You go or you
don't. How can you have a negative velocity?"8 They have difficulty translating a
written description of a moticn into an accurate graph of this motion and vice
versa. Such student difficulties cannot be overcome in the amount of classroom
time typically arotted to the topic. Igi fact, I began writing these tutorial programs
from pure frustration when I was attempting to teach velocity and deceleration in
the conceptual style of Arons.9 Even when I devoted one week of lecture time to
acceleration, the students still had trouble. These tutorials give the student3 addi-
tional guided learning in kinematics.

429



418 Computer Tutorials in Physics

Description of Software

The ideas of kinematics build one upon the other. We prefer the tutorial format for
the comprehensive development of kinematic concepts because it allows a struc-
tured, sequential development of ideas. The software controls the content and order
of presurtation of the material. The student controls the pace and can repeat a step
at any time.

Our tutorials supplement the standard lecture and laboratory approaches to
teaching one-dimensional kinematics to high school and college students. They use
several descriptive representations of motion, including verbal descriptions, strobe
records of a simulated moving automobile, and graphs of position versus time,
velocity versus time, and acceleration versus time.

A Tat:trial on Motion is a series of programs on pos;tion and velocity. Each pro-
gram introduces r%, idea with a tutorial and then tests and rcinforces the idea with a
quiz. The front side of the disk is devoted to position and the back side to velocity.
The major topics of "Position" are position, position change, strobe records, and
graphing of position versus time. A Tutorial on Motion introduces position end
velocity in a very concrete fashion. In "Position," a measuring scale is placed
beside a rozd with a car on it. An arrow points from the front of the car to the scale
to mark the position of the car. "Position Change" has the car move and arrows
show its displacement along with numerical values. Both of these r-ograms are
followed by quizzes.

Graphing creates a strobe record paralleling the S-axis of the position-versus-
time graph. The car moves, leaving the strobe record simultaneously with the plot-
ting of a point cn the S-7' graph, giving the studant an opportunity to integrate and
compare the motion and both modes of repmsenting motion. A particular goal of
this program is to demonstrate that a graph is a strobe record with each strobe track
displaced horizontally in Nual increments to represent the time. The difficulties
students have with motion in a negative direction is overcome here and elsewhere
by constantly comparing motion in both positive and negative directions.
Differences between graphs of cars speeding up and slowing down are also shown.

Velocity is introduced in terms of the familiar speedometer rather than as dis-
placement divided-by-time interval. The velocity tutorials simulate the motion of
the car along the track while showing the corresponding speedometer readings.
The speedometer displays negative values when the car backs up. Initially, the
scale is shown horizontally just tr.low the horizontal road. Next the speedometer
scale is rotated vertically so that it matches the velocity scale of an S-T graph
shown just to the right of the spee&aeter scale. The student observes simultane-
ously the motion of the car, the speedometer reading, and the corresponding points
ploUed on the S-T graph. Since the V values on the S-T graphs match the strobe
record of the speedometer needle, the S-T plot is convincingly shown to be a plot
of speedometer readings. The last tutorial relates the slope of the S-T graph to
velocity. In this step-by-step fashion the complexities of the simulated motions,
strobe records, and S-T pints are gradually deveoped and tied together. The
quizzes ask the student to match car motions with .i-T graphs, strobe records with
S-T graphs, and, finally, S-T against S-T graphs.
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After going through the programs on A Tutorial on Motion, the student should
be able to translate from one of the following ways of representing motion to
another verbal, strobe records, and graphs of S-T. That is, given any one of these
ways of representing motion (strobe track for example) the student should be able
to produce or recognize the corresponding version of any of the other representa-
tions, including a simulation of the motion itself.

Students nee41 a conceptual understanding of acceleration before they can grasp
Newton's laws. Although students intuitively relate force and velocity, they do not
intuitively relate force and acceleration. This failure of intuition may happen
because they observe position and displacement directly and must infer or calcu-
late velocky and acceleration. Moreover, the direction of motion is the same as the
direction of velocity but it may or may not be the same as the direction of accelera-
tion.

The typical textbook begins instruction on acceleration with the statement that
acceleration equals change in velocity divided by the time interval. We believe this
approach is too abstract. Our belief is borne out by the research of Trowbridge and
McDermott, which shows that many students cannot interpret S-T graphs, tell
velocity from acceleration, nor even velocity from position)0 Our philosophy in
writing these programs is that learning occurs best when the idea being taught
builds on what is already known.

The approach in A Vitoria! on Acceleration is similar to *hat in A Tutorial on
Motion. Items are familiara moving car, a speedometer, and its moving nee-
dleand there is simultaneous plotting and strobe recording of their motions.
Since acceleration is a complicated concept, the direction of acceleration and its
magnitude are taught separately. To teach the direction of acceleration, the program
compares velocity and acceleration in different ways. First the position change of a
car along a scale is simulated and calculated using AS = S2-S1. An arrow is added
to show the direction of the position change. In parallel fashion a simulated motion
of a car on a road is shown and movement of the speedometer needle along its
scale is shown. Th,; velocity change is calculated using AV = V2-111, and an arrow
is added to show the direction of the velocity change. This makes concrete the def-
inition of the direction of acceleration. Second, simulated motions that produce
straight-line S-T graphs are compared with those that produce S-7 graphs. The
standard definitions of velocity and acceleration in terms of slopes are presented
and correlated to the respective graph. The relationship of the sign and direction of
the kinematic quantities to the slopes is also demonstrated with simulations.

The relationship of magnitude of acceleration to the steepness of the slope of
the S-T graph is illustrated by showing simultaneously, the motions of the car and
speedometer needle. The speedometer needle moves along the V-scale of an S-T
graph while tLe graph is plotted. The car speeds up or slows down at different but
constant rates and the slopes of the S-T graph are compared. Each of the ideas pre-
sented in tutorial format is followed by a quiz to reinforce the idea and test the stu-
dent's comprehension.

The second side of the acceleration disk relates strobe records and position-time
graphs to acceleration. We think it is particularly important for the student to make
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the connection between these representations of motion and acceleration to under-
stand Newton's second law. Positions and displacements are observed, but acceler-
ation, which must be inferred from these observations, is related to force. Through
simultaneous car-motion simulations with plouing of graphs followed by discus-
sion of change in slope, the program leads the student to see the relationship
between the curvature of a plot and acceleration.

"Strobe Record and Acceleration" explains how to use the strobe iecord of an
object to establish whether the object's acceleration is a constant. If the accelera-
tion is constant, the difference between strobe steps is a constant. The program
describus how to fmd the value of the constant acceleration from the strobestem

After studying A Tutorial on Acceleration, the student should be able to (a)
observe the straight-line motion of an object and correctly indicate the direction of
acceleration of the object, (b) determine both the direction and relative magnitude
of the acceleration of the object from either an S-T graph or an S-T graph of the
object's motion, and (c) study both strobe records and S-T graphs mid identify
cases of constant acceleration and the value ot this constant acceleration.

The 24 page manual that accompanies A Tutorial on Motion has seven example
problems. The manual that accompanies the acceleration disk includes N pages of
worksheets that may be photocopied for student use. nventy- one sample test ques-
tions are also included.

Instructional Value of Computers

The computer is an ideal vehicle for teaching motion. Piaget has taught that every-
one goes through a concrete stage of reasoning before maturing into a student
capable of using formal or abstract reasoning. Even a student who is already a for-
mal thinker may go through a brief stage of concrete reasoning when encountering
an unfamiliar topic. The concrete thinker studying motion benefits from minimiza-
tion of the time between seeing a motion and the representation of that motion. The
computer can not only show the student a simulated motion (for example, a car
decreasing its speed while going in the positive direction), but also simultaneously
show (a) a strobe record of the motion, (b) the position and movement of the
speedometer needle along its scale, (c) a position-time graph, or (d) a velocity-time
graph of the modon. If desired, the student can see the motion and the construction
of its representation repeated until he/she understands both. Seeing a real motion
and its almost immediate position-time graph has just reiAmtly become possible
with the advent of the sonic ranger. Laboratory activities or class discussion
including use of a sonic ranger followed by use of these disks, provide the student
with a rich variety of experiences leading to an improved understanding of motion.

These tutorials provide students with individual tutoring time, which is rarely
available from a teacher. This software is patient and nonjudgmental. Students can
work through it at their own pace, repeating any tutorial as often as they like. They
can also review any section and skip sections previously mastered. However, stu-
dents always have the option of repeating sections if they need additional work.
Each exercise on the disk has been written so that when students believe the mate-
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rial has been mastered, they may exit and move on to the next exercise, allowing
more knowledgeable students to spend less time on an exercise. Struggling stu-
dents can repeat a motion and the simalli...leous creation of a record of it until they
understand the relationship between them. They can take quizzes more than once
because the order of the questions is randomly generated by the computer.

Classroom Management

Making computer tutorials available to students on an individual basis means stu-
dents must have access to computers. At the University of Akron, six Apple com-
puters are available to students for 25 hours each week. This has proved adequate
for up to 110 students. At Western Reserve Academy, students are allowed to use
the software in the school library, and they have access to this library at night. If a
high school physics teacher does not have microcomputers for use in his personal
class, the library is an excellent place to provide such computers. Pressure should
be brought to bear cn administrators to provide such facilities.

Significant Instructional Features

As already mentioned, tie use of graphics to show a car's motion and its various
motion representations simultaneously is the most important feature of this disk.
There are several additional instructional techniques that make the disk unique.

1. The use of a speedometer has a negative as well as a positive scale. In the world
outside of the physics classroom, no one ever talks about positive or negative
velocity. Yet when students enter a physics classroom, they suddenly learn that
positive and negative signs are the accepted way of indicating direction. This
speedometer is an important teaching device of both disks.

2. The speedometer determines the direction of the acceleration. The direction of
displacement of the needle on the speedometer scale is compared with the
direction of displacement of the car to introduce the direction and sign of accel-
eration.

3. The relationship between the direction of acceleration and the curvature of the
S-T graph is introduccd.

4. The motion of the car or speedometer needle close beside and parallel to the
graph being plotted, reinforces the mcaning of the graph.

Quizzes

Most of the quizzes use one of two techniques to make each repetition a different
experience. Several of the quizzes on the disk have infinite loops. The computer
will provide randomly generated problems for the student to analyze for as long as
the student wants to continue. In other quizzes the answers are presented in a ran-
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dom order in a sequvrial multiple-choice format. The answers appear in a differ-
ent order each time tlh: quiz is used. Thus the correct choice can appear first, sec-
ond, or flth in the list, and different incorrect choices are likely to be presented
before the correct choice.

Motivational mirth:a-cement is provided with correct responses. Mist students
get a kick out of receiving these compliments. There are 23 of these. compliments
("I am impressed," "I am proud of you," "Keep up the good work") built into the
programs, and they are chosen randomly. In about 50 percent of the quizzes a tally
of student responses is kept, and when the student is fmisl, J the number of correct
and incorrect response is displayed along with a percent score.

Professional Quality

A number of the public domain programs and .,ome commercial ones show a num-
ber of annoying qualiaes. Several Return) may be stored in the keyboard buffer,
resulting in an unexplcted flipping forward of several screens. Numeric input
when string input is expected might cause the program to crash. Several
when input is expected, can cause a menu to scroll off the top of the screen.

None of these difficulties occur with these tutorials. The only known way to
crash a program is by pressing Ea 11 (Return). Student input is always compared
against an answer set presented at the time a response is requested. Any keyboard
entry not from this set will be ignored and a bell will ring.

The MI key almost always exits the student from a program when a response
is requested. In A Tutorial on Acceleration, the student may flip pages backward to
review or flip pages forward to skip over material already covered. These two fea-
tures give the student a great deal of flexibility in going through a tutorial.

[Return)

Evaluation

There have been no cuntrolled studies of the impact of thisk on student learn-
ing, but a comparison can be made due to an unscheduled remodeling problem.
After this program had been used f. 1 three years at the University of Akron in the
algebra-based physics. the computer room was remodeled during the fall of 1987
and these tutorials were not available to the students. The lectures were no differ-
ent and the weekly tests on kinematics were approximately equivalent in complexi-
ty to previous years. The average grade dropped nine percent for the class that did
not have access to the computer tutorials.

Student responses at Western Reserve Academy and the University of Akron
have been overwhelmingly favorable. Written evaluations indicate that students
think the explanations are clear, the graphics helpful and Literesting, the ideas clar-
ified, and they say that their overall understanding of motion has been improved.
At the University of Akron, where computer study is optional, our records show
that 75 percent of the students view the programs on the two disks an average of
five hours. Students gather in groups to study, sharing questions and explanations
with each other as they work through the programs. We think this group work also
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enhances learning.n Students seem to enjoy the programs, the puzzling questions,
and the sometimes surprising answers. We have heard several times, "Now I
understand what you were talking about in clast"

The most dramatic demonstration of the value of this software is the dismay
expressed by siadents when they learn that we have no other computer tutorials
available to them after kinematics.

1. C. Frank Griffin and Louis C. Turner, A Tutorial on Motion, and A Tutorial on
Acceleration (COMPress, P.O. Box 102, Wentworth. NH 03282, 800-2214119J

2. J. S. Risky, '--My Favorite Physics Courseware Programs for 1988," AAPT Announccr
17, 94 (1987).

3. D. E. Troy and L. C. McDermott, "Investigation of Student UnderstarOing of
the Concept of Velocity in One Dimension," Am. J. Phys. 48, 1020 (1980).

4. P. C. Peters, "Even Honors Students Have Conceptual Difficulties with Physics," Am.
I. Phys. 50,501 (1982).

5. F. Goldberg and J. Anderson, "Studcnt Difficulties with Representations of Rectilinear
Motion." AArr Announcer 14, 78 (1984).

6. A. B. Arons, "Student Patterns of Thinking and Reasoning, Part Three," Phys. Teach.
21,88 (1984).

7. L. C. McDermott, M. L. Rosenquist, and E. H. van Zee, "Student Difficulties in
Connecting Graphs and Physics: Examples from Kinematics," Am. J. Phys., SS, 503
(1987).

8. Goldberg and Anderson, "Student Difficulties."
9. A. Arons, The Various Language (New York: Oxford University Press, 1977).

10. Trowbridge and McDermott, "Investigation of Student Understanding."
II. E. R. Carnes, J. S. Lindbeck, and C. F. Griffm, "Effects of Group Size and Advance

Organizers on Learning Parameters when Using Microcomputer Tutorials in
Kinematics," J. Res. Sci. Teach. 24, 781 (1987).

CAl: Supplementing the
Noncalculus Introductory Course

Lisa Grable-Wallace, Joyce Mahoney, and Prabha Ramakrishnan
Department of Physics, North Carolina State University, Raleigh, NC 27695-8202

Teacher input and supervision is an integral part of adding computers to the class-
room environment. Instructors must ClOOSC, computer courseware that will rein-
force and enhance concepts presented to Utz students by other means.

At North Carolina State University we have launched an ambitious project to
incorporate microcomputer lessons into a one-semester, noncalculus introductory
physics course that covers mechanics, heat, wave motion, and sound. The students
typically enrolled in this course are reluctant to use microcomputers, lack confi-
dence in their ability to succeed in physics, and fail to see the relevance of physics
to their own experience. Our aim is to create a schedule of computer assignments
to accompany the material presented in tne course and textbook. We have written
workbook exercisc3 to better involve students in the computer activities and to help

-
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increase t..!!tir retention of ti:e material. These exercises consist of instructions for
using the courseware, questions to answer while working with the program, and
problems to solve after completing the lesson. The completed worksheets are grad-
ed as homework assignments.

After reviewing 61 programs, we cbose 19 courseware packages for the com-
puter assignments. The majority of the programs used in the assignments are tuto-
rials that present a text treatment of the topic, teach a problem-solving method, or
deliver drill-and-practice problem solving. Our most important consideration in
selection was the accuracy and clarity of the physics. Other criteria included the
amount of user interaction, the quality of the graphics, and how much time an aver-
age student needed to complete the program.

Workshop participants will receive hands-on experience with courseware
lessons from different portions of the course. The workshop will allow participants
to see for themselves the strengths and weaknesses of various commercial software
packages.

CAI Geometric Optics for Pre-College

Betty P. Preece
Melbourne High School. Melbourne. rL 32901

This will be a demonstrati, if the use of software to teach optics in the high
school physics classroom. 1 A such software to demonstrate properties and the
associated equations of mirrors and lenses. Students carry out lab activities and are
then asked to summarize what they have learned and to compare their summaries
with the situations shown in the software. All students are required to provide solu-
tions for various situations shown in the software. I offer extra credit for additional
solutions. Students can scan the software both during and outside regular class
times.

I also use t software for fmal visual review of the properties of mirrors or
lenses. Students usually indicate that this final viewing of how images are formed
enables them to really understand geometric optics.

I will present the syllabi for a unit on geometric optics for regular and honors
seconds. physics at Melbourne High School. They include labs, observations by
students, demonstrations, problems, tests, and software. I will also show examples
of how I have integrated commercial software programs into my courses with
teacher and student interaction. Although my syllabi are keyed to Holt's Modern
Physics by Williams, Trinklein, and Metcalf and to Allyn and Bacon's
Physics-4u Methods and Meanings by Taffel, !hey can easily be adapted to any
texts at the precollege or introductory-college levels. Copies of the syllabi will be
available.
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Microcomputer-Delivered
Homework

Rolf C. Engler and Gary L Lorenzen
Department (Physics, US. Air Force Academy, Cokrado Springs, CO 80840-5701

Arguing the students must practice solving problems if they are tndy to learn
physics, members of the physics deparunent at the US. Air Force Academy1 have
written a computer program designed to deliver numerical physics problems with
randomly chosen data. Pedagogically, the computer adds little to the exercise. The
computer encourages students to practice, but the problems themselves are no dif-
ferent then end-of-chapter problems in most introductory physics texts.

The use of the computer does, however, have advantages. First, the random-
number generation makes it difficult for students to bypass problem solving.
Second, the computer reduces the administrative burden associated with grading
homework. Last fall, for example, approximately 39,000 problems were success-
fully completed by our students. The actual number of problems worked and grad-
ed was probably several times thi3 figure, since most students required several
attempts on a given problem.

The program was first put into place in 1984. Computerized physics problems
were delivered on several networked computers placed in a classroom. Students
came to the classroom both to receive and answer the problems. They liked the
idea of receiving points for correctly solving problems, but they didn't !Ow coming
to class to solve them or standing in line to gain access to limited computer
resources. We were concerned about the access problem, but were so encouraged
by the improved test performance that typically followed a computer-delivered
problem session that we continua to operate the system.

The access problem has recen)y been solved. Beginning with the class of 1990,
all USAF Academy cadets purchase a Zenith Z-248 microcomputer (IBM AT
clone). In August of 1987 we tranderred our in-class problem-delivery system to
the dormitories and gave it a new name, the Microcomputer-Delivered Problem
(MDP) system.

The MDP system is programmed in Borland's Turbo Pascal, which can bc
compiled for MS-DOS and several other operating systems. Each physics problem
contau.ed in the MD? system is programmed as a separate subroutine, which per-
mits the value of variables used in the problem solution to be randomly generated.
A special editor, MDPAUTIMPAS, automatically writes the Turbo Pascal code.
The system comes with a worksheet that h ips an author of new problems deter-
mine the parameters required by the MDP system. Further instructions are provid-
ed in "README" files.

Operation of the MDP program is very simple. The student simply enters
"MDP" at the operating system prompt The rest of the program is menu driven.
When a student takes a test (one of the menu options), the program automatically
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creates a personal database (called PHYS110.DAT) for that student. Only one
database may be present on each floppy disk.

When students successfully complete an MDP problem, a score is awarded and
recorded in the student's own personal database. That database is periodically sub-
mitted to the student's instructor so that the student's score can be recorded.
Identifying information is encneled in the database in order to prevent students
from submitting someone else's database as their own. The system also records
information about Uote-on-task and number of 'tries. This allows us to determine
which questions are the most difficult. We hope eventually to offer hints and tutori-
al support for the more difacult problem.

Student response to the MD? system has been extremely favorable. Last fall, 74
percent of the students said they thought the MDP system was a good idea.
Instructor resprnse has also been favorable. 1 he MDP system gives insjuctors a
way of gracLag homework without hiring teaching assistants. Our faculty is much
too small to manually grade a volume of more than 39,000 problems successfully
completed and several times that many attempts.

Though the MDP system works well, we are planning a numt,-, of improve-
ments, including partial-credit grading ai.d tutorial support.

Administration of the MDP system is as important as the program itself. We
have been disturbed that m ny students wait until the last minute to solve the MDP
problems. Last fall, we had j. st two deadlines, one at midtvrm and the other at !he
end of the course. An informal analysis done during summer school 1987 suggest-
ed that students who waited until just before the final exam to solve most problems
benefited little from the MDP experience. Thus, in the spring of 1988 we experi-
mented with two strategies designed to encourage a more consistent pacing
throughout the semester. Results are not ye! available as of this writing.

The MDP system allows us to take a prot:ern-solving pedagogical approach to
physics teaching without tl. , burden of manual grading. Students like the immedi-
ate feedback and rew rd (points). The system is only a first step. It clearly could be
the cure of a much larrr and morc sophisticated system. We think it is a first step
well worth taking, and encourage others te take this first step with us.

The software program Aficrocomptaer-Delivered Problem System is part of the collection
Computers in Physics Instruction: Software, which can bc ordered by using the form at the
end of this book.

1. Lee W. Schrock and Mark V. Tollcfm.
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Electronic Textbook: A Modei CAl
System

Du li C. Jain and Frank R. Pomilla
Department of Physics, York College, Jamaica, NY 11451

Electroni: Tezbook is an innovative concept combining the traditional textbook
approach to physics instruction with modern microcomputer technoiogy.
Electronic Textbook allows a logical development of physics subject matter. All
definitions and physical concepts are clearly presented and illustrated with graph-
ics, sound, and animation. The system allows small quizzes to be given to test the
student's understanding of fundamental concepts, and gives helpful hints if the stu-
dent asks for them.

Electronic Textbook contains a large number of sclved examples and a variety
of randomly generated practice problems of different types. The types of problems
are organized in order of increasing difficulty.

The student may review the basic concepts and/or solved examples while solv-
ing the practice problem at hand, and is asked to solve one pan of a quiz or a prob-
lem at a time. The student can use the microcomputer in immediate mode to
perform the necessary calculations. After grading student's performance, the sys-
tem moves on to the next part of the problem or to the next problem. The student's
grade record can be printed.

The unit on waves and sound is intended for freshman college physics. It con-
sists of three floppy disks that run on an APPLE Ile microcomputer with a single
disk drive. A printer is optional. Waves and Sound includes three chapters: "Basic
Concepts," "Sound Waves," and "Characteristics of Sound and Doppler Effect."

The software is inoependent of the textbook adopted for the course, and the stu-
dent need not have any computer expertise to use the system. Each diskette con-
tains directions for the use of the system and clear and concise instructions at every
stage.

Electronic Textbook has been expanded to cover the following topics in the
preparatory course, Natural Science 100: molecular formulas, molecular weights,
and pment comrrsition; scientific notation; conversion of units; logarithms and
exponential functions; introductioa to vectors; and graphs.

A sample software program from chaptcr I of Electronic Textbook: Waves ard Sound is part
of the collection Computers in Physics Instruction: Software, which can be ordered by using
the form at the end of this book.

This project is supported by grant G00R200675, from the Mino Institutions Science
Improvement Program, U.S. Department of Education.
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Tutorials on Motion

C. Frank Griffin
Department of Physics, University of Ak,on, Akron, OH 44325

Louis C. Turner
Department of Physics, Western Reserve Academy, Hudson, OH 44236

Even after college-level physics work requiring graphical analysis of experiments
with dynamic carts or air tracks and photogate timers, many students still have dif-
ficulty interpreting graphical itpresentations of motion.1 In response to this diffi-
culty, we have designed tutorials to supplement the standard lecture and laboratory
approaches to teaching one-dimensional kinematics to high school and introducto-
ry college students. The tutorials use -^veral descriptive representations of motion,
including verbal descriptions, str cords of a simulated moving automobile,
graphs of position vs. time, velocity , s. time, and acceleration vs. time.

Our workshop is a hands-on demonstration of two companion computer tutori-
als, Tutorial on Motion and Tutorial on Acceleration.2 Participants will be able tu
snidy these programs under the guidance of the authors. Tutorial on Motion was on
the AA7r list of "Favorite Courseware Programs for 1988.'1 All other programs on
the AAPT list were experiment-interfacing packages.

Tutorial on Motion

Tutorial on Motion is a series of programs on position (filling the front of the disk),
and velocity (filling the back of the disk). Each program introduces an idea with a
tutorial, and tests and reinforces the idea with a quiz. Tutorial on Motion intro-
duces position and velocity in a very concrete fashion. Position of a car is identi-
fied not as some vague reference to a coordinate system, but as the number on a
scale by the road. Position on a position vs. time graph is shown by having the car
move along a track while simultaneously leaving a strobe record. The car's move-
ment parallels the Saxis of the graph and a point is plotted on the ST graph, giv-
ing the student an opportunity to compare and integrate all three modes
representing motion. The multiple system clears up many misconceptions.

Velocity is introduced in terms of a familiar speedometer instead of as displace-
ment divided by time interval. The velocity tutorials simulate the motion of the car
along the track with corresponding speedometer readings. The speedometer dis-
plays negative values when the car backs up. Initially, the speedometer scale is
shown horizontally just below the horizontal road. Next, the speedometer scale is
rotated vertically so that it just matches the velocity scale of a VT graph shown to
the right of the speedometer scale. The student simultaneously observes the motion
of the car, the speedometer reading, and the corresponding points plotted on the
VT graph. Since the V values on the VT graphs just match the strobe record of
the speedometer needle, the VT plot is convincingly shown to be a plot of
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speedometer readings. The quizzes ask the student to match car motion, with V-T
graphs, strobe records with V-T graphs, and, finally, S-T with V-T graphs.

Students need a conceptual understanding of acceleration before they can grasp
Newton's laws. Although students intuitively relate force and velocity, they do not
intuitively relate force and acceleration. This failure of intuition may be because
students observe position and displacement directly, but must infer or calculate
velocity and acceleration. Second, the direction of motion is the same as the direc-
tion of velocity, but not necessarily the same as the direction of acceleration.

Tutorial on Acceleration

The approach of a Tutorial on Acceleration is similar to that of Tutorial on Motion.
Items are familiara moving car, a speedometer and its moving needleand there
is simultaneous plotting and strobe recording of their motions. The direction of
acceleration and its magnitude are introduced separately. Velocity and acceleration
at, compared and contrasted in several different ways: the direction of displace-
ment of the car is compared with the direction of displacement of the needle on the
speedometer scale; and simulated motions that produce straight-line S-T graphs are
compared with those that produce straight-line V-T graphs.

After using the programs on this disk, the student skould be able to: observe the
suaight-line motion of an object and correctly indicate the direction of acceleration
of the object; determine both the direction and relative magnitude of the acce:era-
lion of the object from either an S-T graph or a V-T graph of the object's motion;
and identify cases of constant acceleration and the value of this constant accelera-
tion from either strobe records or V-T grnnhs.

1. L. C. McDermott, M. L. Rosenquist, and E. H. van Zee, Am. J. Phys. 55, 503 (1987).
2. Both programs are published by COMPress, PO Box 102, Wentworth, NH 03282, 800-

221-0419.
3. J. S. Risley, "My Favorite Physics Courseware Programs for 1988," AAn Announcer

17,94 (1987).

Density of Orbitals: A Tutorial

John W. Gardner
Depannient of Physics, Eastern Illinois University, Charleston, IL 61920

Density of Orbital!: iF a software tutorial for the Macintosh that develops die dmsi-
ty-of-orbitals function for a panicle in a one-, two-, or three-dimensional box. It is
appropriate for opper-class physics majors taking quantum mechanics, thermal
physics, or solid-staw physics, or for first-year physics graduate students needing a
review. The tutorial uses a paging window of text and one or more windows of

4
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graphs and other visual aids to =chi s subject. After studying the tutorial, the stu-
dent will understand what density of hitals means and will know and be able te
derive the density-of-orbitals function ft . a particle in a box.

The tutorial fust reviews the quantum energy spectrum for a particle in a one-,
two-, or three-dimensional box and enables the studeut to inspect the degenerate
orbitals belonging to any energy level. The tutorial then presents an argument for
the N(E) functional foon (N(E) = the number of orbitals with energy less than or
equal to (E) and then calculates the N(E) function exactly by counting degeneracies
so that the student can compare it graphically with the argued functional form.
Finally, the tutorial presents the density-of-orbiuls function, D(E), as the derivative
of the N(E) function.

Density of Orbitals runs on a Macintosh 512KE, Plus, SE, and II, and requires
256K of memory. Density of Orbitals makes full use of the Macintosh user inter-
face and permits the student to access data, rescale graphs, and consult review and
help sheets solely by use of the mouse.

Thf operating instructions for Density of Orbitals are contained in the tutorial.
A full) &tailed description ot all the features of the program is included as a sepa-
rate 11,:cWrite file. The tutorial has been crafted for ease of use.

The software program Density of Orbitals is part of the collection Computers in Physics
Instruction: Software, which can be ordered by using the form at the end of this book.

Computer-BL,sed Instruction for
University Physics

Joseph Priest
Department of Physics, Miami University, Oxford, 011 45056

Computer-based instruction can be used to enhance and enrich topics that are diffi-
cult to present in the conventional classroom. Such activity includes discussing
motion, plotting functions and changing the parameters, giving the students flexi-
bility in selecting numerical parameters that interest them, drilling in certain types
of problems, using the computer to discover new features of the physics, and cap-
turing the fancy of the computer to motivate students to learn physics.

This hands-on workshop introduces participants to the intent and uses of the
instructional software produced for two university-level physics Latbooks. The
programs are written in BASIC and are available for the Apple II and IBM PC
series of computers. There are three disks titled Mechalics,Thermodynamics and
Waves, and Electricity and Magnetism. Each disk covers about ten chapters of the
text and has about 20 programs. The following descriptions of a program from
each of the three disks conveys the flavor and character of the programs.
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Mechanics

Physics texts usually have a one-dimensional motion problem phrased something
like this: "The driver of a car traveling on a flat, straight strewh of interstate high-
way is exceeding the speed limit. A patrolman waiting at the edge of the highway
pursues the car at constant acceleration. What is the minimum axeleration of the
patrol car in order to catch the speeder before she crosses the state line?"

Mechanics programs the equations and uses animated graphics to show the
speeder and the patrol car. By experimenting, the student finds & acceleration
needed by the patrol car to catch the speeder just as r`. reaches the state line.

The algebra is then discussed to confirm the mina..am acceleration that the stu-
dent has already discovered. The studein is giver the flexibility of allowing the
speeder to accelerate. Plats of distance versus tin.,..ard speed versus time for both
the speeder and patrolman are displayed along with the animated motion of the
cars.

Thermodynamics and Waves

A thermodynamics program concerns the Carnot cycle and the second law of
thermodynamics.

The efficiency of a Carnot heat engine is

Til

where 71 and T11 arc the Kelvin temperatures of the cool and warm reservoirs.
Based on the second law of thermodynamics, no heat engine operating betweer.
these two temperatures can have a larger efficiency.

Suppose that the two isothermal processes are retained and different thermody-
namic paths are chosen for proceeding from TH to TL, and then from 11 to TH. If
the temperatures stay within the bounds of 71 and TH, then the efficiency will
always be less than the Carnot effic:^ncy.

Starting with the pressure and volume at the end of the isothermal expansion,
the student chooses straight-line thermodynamic paths leading to the beginning of
the adiabati, compression. The process continues by starting at the pressure and
volume at ti., end of the adiabatic compression and proceeding to the initial pres-
sure and volume. The computer calculates the work (tone and the heat exzhanged
in each procass. When the cycle is completed, the computer calculates the net
work, letermines the net heat taken into ihe system, and calculates the efficiency.
The student is invited to find a thermodynamic path for which the efficiency
exceeis the Carnot efficiency.

Elec;ricity and Magnetism

An electricity and magnetism program involves AC circuits. The student chooses
'he voltage amplitude and frequency of an AC source and any series combination
of an inductor, a resistor, and a capacitor. The program provides plots of all the

13
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voltages and the current in the circuit. The student can examine the phascs of the
voltages and currents relative to the phase of the source, and can check the plots to
see that Kirchhoff's voltage rule is satisfied at all times. The computer provides
calculations of the rms voltage for each component and the rms curreni

Programs Le these can enrich student understanding of physics. In many cases
they help students understand concepts that are difficult to understand in a conven-
tional classroom.

Sample chapters from Computed-Based Instruction for University Physics axe part of the
collection Computers in Physics Ingruction: Software, which can be ordered by using the
form at the end of this book.

Intelligent Computer Simulations
in the Classroom: A Report from
the Exploring Systems Earth
Consortium

Annette Rappleyea
Physics Department, City College of San Francisco, San Franci.xo, CA 94112

The learning process involves assimilating new information and comparing and
contrasting it with what the learner already knows. In order for learning to take
place at all, learners must feel good about themselves and must be able to think
about the subject matter. At best, traditional teaching is informative and entertain-
ing; more often it is an oppressive waste of time.

Several of us in the Exploring System Earth (ESE) Consortiumi are trying to
improve classroom learning by designing and building interactive computer simu-
lations that are linked to an "intelligent," friendly tutor.2 We believe that students
learn more, faster, and build positive feelings about a subject by experimenting in a
demaiu-wise environment, instead of simply listening to lectures and reading text-
books. Our simulations are designed to be used in addition to traditional classroom
teaching methods in much the same way that laboratory sessions are now uscd.

The main focus of the projwt is to couple manipulable computer simulations
with an intelligent tutor that will oversee and sometimes guide the studeues inter-
action with the, simulation. We call the modules "intelligent tutorial learning envi-
ronments" (ITLEs). Such simulations are currently operating in kinematics, statics,
and dynamics, and new modules are planned in physics, biology. and chemistry.

The simulations are highly interactive. For example, the li..zar kinematics simu-
lation allows the user to "drive" a small car, controlling the car's position, velocity,
or acceleration. Meters and graphs are available for analyzing and monitoring the
car's progress. The car can be stopped and restarted at any time. In another mode,
the user can set the car's initial values of position, velocity, and acceleration. The
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car then operates for a few seconds, allowing the user to see how the car moves
under the initial conditions.

The tutor is interactive on a different level. It keeps track of the student's
progress, and "knows" as many teaching rules as we can put into It. For example,
the tutor knows that if a student attempts to drive a square course without stopping
at the corners, the student might be confusing velocity and acceleration. The tutor
can choose from many examples and exercises designed to overcome that miscon-
ception and can present an intermediate example to the student. The tutor operates
under its own set of rules that are derived from the best teaching available to us in
the subject arca.

1. There are many people working on this project. There are faculty members from City
College of San Francisco, San Francisco State University, University of California at
Berkeley, San Francisco Unified School District, University of Massachusetts, and
University of Hawaii. In addition there are experts in related areas of interest (such as
expert systems, screen design. etc.) who are available for consultation to the ESE
Consortium.

2. Edwin L. Duckworth, James Kelley, Stephen Wilson, "Al Goes to School," Academic
Computing 6 (Novetnbcr 1987).

Modeling of Physics Systems:
Examples Using the Physics and
Automobile Collisions and
Physics and Sports Videodiscs

Dean Zollman
Department of Physics, Kansas State Umversity. Manhattan, KS 66506

Physicists often use simplified models as tools to understanding complex systems.
Yet we seldom teach modeling until wc begin discussing abstract concepts. The
videodisc provIles a means by which students can build models of concrete situa-
don. . Modeling concxte systems prepares students to tackle models oi abstract
systems such as atoms and particles. To teach concepts of modeling, I use video
material from two videodiscs, Physics and Automobile Collisions and Physics and
Sports) The videodisc system allows students to build simple models of a complex
system then test those models.

For example, one way to treat the motion of an automobile striking a barrier is
to assume that the entire motion is described by a point mass located at the center
of mass. Using this model, students can see how the center of mass moves as the
car strikes the barrier. By simultaneously watching the motion of their model and
the car, students can see the value and limitation of the model. Students can evalu-
ate more complex models, such as series of masses connected by stiff springs, in a
similar manner.

1 r-
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Models for the motion of athletes are frequently stick figures The complexity
of the model depends on the number of segments involved. Students can compare
models with actual motion by using acetates attached to the video screen. They
draw their models on the acetate as they use the videodisc to step through the pic-
tures of the event. With more sophisticated hardware, students can draw the model
and perform calculations using corm ter graphics under the control of a mouse.
We are developing and testing both methods.

Supported by the National Science Foundation under grant number MDR-855014).

1. (New York Wiley, 1984'..
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Computer Demonstrations for
Optics

Ulrich E. Kruse
Depaninent of Physics. University of Illinois at Urbanu-Champaign, Urbana, IL 61801

We have developed computer programs for use ar lecture demonstrations to teach
optics. Two of the programs are used in demonstration experiments and measure
diffraction patterns and compare the results with theory. The other programs arc
used to explain and illustrate important optical phenomena. The programs run on
IBM PC AT computers with EGA 16-color displays. In lectures we use projectors
to display the results to students.

The two demonstration experiments measure Fraunhofer diffraction from multi-
slit sources and Fresnel diffraction in the shadow of a wire or a half-plane. In the
experiments the lecturer uses a laser to produce the pattern on a screen that is
viewed by a television camera. The image from the camera is then recorded by an
image-grabber board plugged into the computer. The diffraction pattem :3 dis-
played on the computer screen and the lecturer selects a rectangular region for
analysie The computer produces the corresponding intensity graph. With a mouse,
the lecturer selects four points on the intensity graph to establish a baseline. pattern
center, and x and y scales. With this information the computer program scales the
corresponding theoretical distribution and makes a direct comparisoi with the
experimental results. The lecture is paced by the verbal explanation tecause the
data acquisition, displays, and calculations arc completed in less than t NO minutes.
In a typical lecture several patterns arc measured. We have used the Fraunhofer
demonstration in the general introductory course offered to sophomores, and the
Fresnel demonstration in the optics course for juniors and seniors.

The other demonstrations use computer graphics k, explain experimental phe-
nomena or theoretical models. The computer allows the lecturer to calculate accu-
rate patterns and curves quickly so that the input parameters (e.g., the numbcr of
slits) can be quickly changed in answer to student suggestions. At this time we
have completed programs to illustrate the following: superposition of two waves to
form a two-slit diffraction pattern, phasor model to explain phasor representation
of a sum of sine waves, phasor model of Fraunhofer diffraction from multiple siits,
Cornu spiral model for Fresnel diffraction, physical explanation of the rainbow.

For example, in the program that explains Fraunhofer diffraction, the lecturer
begins by selecting the parameters fc* the demonstration. These include the num-
ber of slits, the ratio of slit width to slit spacing, the angular range for the pattern
be shown, and the rate at which the demonstration progresses. This facility allows
the lecturer to cover several examples and to speed up after the first exampk.. He
can also stop the display to point out special features like minima and maxima in
the pattern.

In the actual presentation, a diagram of the experiment is shown first and then
the diffraction pattern is simulated. The program provides the appearance of con-
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tinuous variation of intensity by randomly mixing dots of the three intensities
available from the EGA card. Then the phasor configuration corresponding to suc-
cessive angles from the forward direction for the diffraction pattern are diplayed,
together with the resulting phasor and a plot of the intensity. Students can follow
the effect of the phase difference between the waves from the individual slits
thmugh the change of angle between the individual phasors and the change in
magnitude of the resultant. The envelope corresponding to the variation Jf the sin-
gle slit phasor is included in the plot of the intensity.

For a more advanced clismsion, the lecturer can include an explanation of tht;
magnitude of the phasor representing the individual slit. The superposition of
"miniphasors" coffesponding to the waves coming from parts of the individual slit
is shown and displayed with the phasor for die individual slit. The variation of the
phasor amplitude from the individual slit then accounts for the fall off of the inten-
sity of the maxima away from the forward direction. By changing the ratio of the
slit width to slit spacing, the modulation of the multislit pattern by the single slit
intensity can be Hlustrated.

We use the experimental demonstrations and the model explanations during lec-
tures. We also make the programs available to students so that they can reexamine
them for details after the lecture. For the student use, we insert "pages" with an
explanation corresponding to the verbal discussion given by the instructor during
the lecture.

The demonstrations are easy to modify for related applications. We have made
small changes in the labeling and used the demonstration of the superpositon of
two waves to illusuate the sound pattern from two loudspeakers. This version is
used in a course for nonscientists. We have also adapted the demonstration of the
phasor model for the sum of sine waves to illustrate voltages in alternating current
circuits. We simply relabeled the plots and changed the amplitudes and phases to
correspond to different voltages in a series AC circuit. This demonstration will be
used in the circuits part of the general introductory course.

The software program Optics Demonstrations is part of the collection Computers in
Physics Instruction: Software. which can bc ordered by using the form at the cad of this
book.

The Animated Chalkboard
(Updated)

Richard W. Tarara
Department of Chemistry and Physics, Saint Mary's College, Notre Dame, 4056

The computer has not been as widely used as a lecture aid as it has been for data
collection and analysis and individual instruction. During the past four years, I
have supplemented my classroom presentation on various topics with short com-

't Ij
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puter-generated animated sequences. Almost any kind of "overhead" material can
be presented on the computer (with appropriate graphics softwarc), but its particu-
lar strength is in adding animation and bringing pictures to life. This audiovisual
capability, the ability to produce customized "filmstrips" at very low cost, makes
the computer an important tool for classroom use. The technique is valuable at all
educational levels.

The subject matter of my current 100-title library of animations, covers the
entire spectrum of the normal physics curriculum. The largest tic:aber of programs
covers the early study of motion. A common technique is the 'multaneous view-
ing and plotting of a motion. A "Shoot the Monkey" animation, for example,
allows the students to pick the speed of the projectilethough this is of little help
to the monkey. Animations can also be invaluable in describing relativity. You can
show time dilation "clearly" with a mirror and light clock, which can actually be
moved on the screen while the path of the light is plotted. Some of the :Imre
sophisticated animations that I've done nave been associated with a Physics of
Technology "ourse where topics as cr-rent ^.s nuclear winter, SDI, and cruise mis-
siles, and as common as the operation of a flush toilet provide ample material for
animations.

To better illustrate the technique, I will describe one of the more than 100 ani-
mations currently in use. Instructors continually struggle to convince students that
an object thrown vertically upward always accelerates downward. You can throw a
ball straight up and down in front of the class and carefully describe the motion,
but the basic principle still eludes many students. In an animation on the computer,
you can go beyond simple demonstration. On the computer, you can slow the
motion so that the student can really see the gradual change in velocity. The ball
thrown up rise! quickly at first, then slows until it stops rising and begins to
fallslowly at first, then faster and faster. After the demonstration comes the real
trick. Show the motion again, but this time plot the velocity of the ball as a func-
tion of time. Do this on th :. same screen as the animated motion and have the plot
appear in synch with the observed motion. After listening to you talk through the
motion, viewing the graph, and seeing tilt. obvious fact that the slope is constant
and negative, the student really starts to believe that the ball does indeed accelerate
downward.

To use an animated chalkboard effectively you have to consider the syswm con-
figuration in relation to the class size. A single 25-inch monitor can suffice fol
class sizes in the 50-to-70-student range if you remember that any text or detail
has to be large enough to be seen by those in the back of the rbom. Larger classes
will require a projection display or multiple monitors. A definite advantage of this
use of the computer is that only one hardware setup is needed, although portability
(at Feast by cart) is desirable. The computer itself can be an inexpensive onein
fact, the Commodore 64 is very well sui ed to this usc at a system price (excluding
monitor) of under $300.

The real value of animated chalkboards is in customizing your owa animations.
This does demand some programming ability, but with the various commercial ani-
mation and graphics packages available today, your programming background
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need not be extensive. With the use of such aids, most of the titles now in usc with
my classes were prepared in less than two hours per animation. It is imponant to
recognize that it is not necessary to rival arcade-quality graphics to produce effec-
tive pedagogical tools.

Student reaction to this technique has been very positive with favorable (and
unsolicited) commcnts appearing often on class evaluations. There is also subjec-
tive evidence that those topics amplified through the animations are better under-
stood than in prior years when the same subject matter was presented in more
standard ways. The use of computer animations in the classroom and especially the
preparation of the software does not necessarily make tzching easier for the
instructor, but it does make the instructor a bcuer teacher.

The software propram Physics Demonstrations is part of the collection Computers in
Physics Instruction: Software, which can be ordcrcd by using thc form at thc cnd of this
book.

Software for Physics
Demonstrations in an
Introductory Physics Class

John S. Risley
Department of Physics, North Carolina State Umversity. Raleigh. NC 27695.8202

Demonstrations provide concrete eAamples for students learning physics. Software
programs are now available that can augment a series of traditional demonstr.tions
by simulating physical phenomena. During a computer demonstration, a ph) ,ics
teachix can clarify concepts by, for instance, stopping the action, displaying vec-
tors that change in time, and experimenting with a situation by trial and errcr.

Inc computer display is an important aspect of 2 computer demonstration.
Liquid-crystal displays used with an overhad projector are satisfactorj, but they
lack high contrast. And as the liquid-crystal display heats up, the contrast is
reduced -till further. In quick moving animations, thf. liquid-crystal display is like-
ly to produce ghosting images. The best display option for a class of 50 to 90 stu-
dents is a 45-inch rear-projection TV monitor, because the size and contrast make
for cal viewing.

I have used a number of courseware packages as part of my introductory
phys:zz course in mechanics. Some of the best examples are described below.
These examples arc only a sample of the many possible software packages that can
be used to demonstrate physics concepts.'

Motion: A Microcomputer-Bared Lab.2 The sonic ranger ;n this software is per-
fect for introducing kinematics. The real-time data display feature arows an
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instructor to move his hand or walk in front of the deteeto; while the class sees a
plot being made ,,, the distance from his hand or body to the detector vs. time. The
software makes it easy to manipulate the data and make a plot of -.7elocity vs. time
or to tlisuby a split screen of velocity vs. time and distance vs. time.

Fez more quantitative discussions, you can use a battery-operated toy bulldozer
(for constant velocity motion), or a cart pulled by a string that is fed es. a pulley
with a weighted end (for constant accelerated motion). Unfortunately, mechanical
toys cm give out sonic waves that can be detec: NI by the moticn de=tor. These
waves appear as spurious datnan effect that troubles students. This is also a
problem with air tracks. The high velocity of the air moving out th.ough the pin-
holes in the air track apparently produces sonic sound waves that reuse false read-
;ngs for the sonic ranger.

Computer-Bc:cd Instructions for College (or Unive.-s y) Physics3 and
Instructional Software for University Physics.4 To demonstrate the concept or
simultaneity, I use a program that simulates a police car attempting to overtake a
speeder before the speeder crosses the border into the next state. This one-dimen-
sional kinematics problem becomes more interesting when I tell : student3 that
the speeder is an NCSU student returning from a spring brea pcnt at Myrtle
Beach, South Carolina, and he is trying to get to classes on time in Raleigh, North
Ca. ol ina.

The program allows you to choose the acceleration rate for the police car and
for the speeder. To help daffy the principles, the student can plot a graph of dis-
tance vs. time and velocity vs. time as the cars are shown speeding across the
screen. After a triaf-and-error experimentation with various accelerations, the stu-
dent recognizes that solving the problem exactly is going to require a little algebra.

Ikrmonic Motion Workshop.5 Simple harmonic motion is easily demonstrated
with a pendulum or a mass and spring. Using an excellent animatal graphic dis-
play of an objea in SHM, this software package illustrates the concepts of the tem-
poral variation of the psition, veloc;ty, and especially the acceleration. You can
idusuate the vel and acceleration vectors varying in time and in position. Two
objects in SHM ca.. c'e used to illustrate how the motion clefers for different ampli-
tudes or phases. The software also allows you to show the relatior ;hip between
uniform circular motion and SHM, and the traditional sinusoidal plots of position.
velocity, or acceleration vs. time.

Animation Demonstratior:.5 Illustrating the concept of superposiuon of waves is
difficult in a real-time dcmonstration. The computer simulation in this software
allows you to show how a pulse travels down a string and is reflected at the end,
both for a fixed end for which the pulse is inverted and for a loose one for which it
remains unchanged. Two and three pulses can be shown. When he two counter-
propagating waves overlap, the simulation shows how the two waves add up to
give the total wave structure. You can also show how two waves traveling in oppo-
site directions add up to give standing waves. This software package has many
other programs that animate numerous subjects in physics. A public domain ver-
'ion of this program is available from the department of phyAcs at NCSU.
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1. See M. Gjensen and J. S. Risley, Phys.Teach., 25, 301.1 (1987) for a listing of over
1,000 software packages aloug with the addresses and telet-hone numbers of 100 soft-
war. publishers.

2. (Pleasantville, NY: HRM Software, 1987).
3. (New York Addison-Wesley Publishing (...mpany, 1984).
4. (Orlando, FL: Academic Press, Inc., 1984).
5. (Oklahoma City, OIC: High Technology Software Products, Inc., 1982).
6. (Iowa City, lk Conduit).
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The cT Language and Its Uses: A
Modern Programming Tool

Bruce Arne Sherwood
Center for Design of Educational Computing and Department of Physics

Judith N. Sherwood
Center for Design of Educational Computing, Carnegie Mellon University, Pittsburgh,
PA 15213

Modern computer applications emphasize windows, mouse interaztions, attractive
multifOnt text, and high-quality graphics. End users fmd such applications directly
appealing and ea:.,y to use. But the programmers who create these appealing appli-
cations face a bewilderingly, complex and daunting programming task, far more
difficult than writing programs for earlier computing environments. Not only is the
task vastly more comply but production-level programs often require lengthy
batch compilations, making the programmer's environment much less interactive
than that of the end user. These factors have created a situation where only excep-
tionally skilled programmers can produce modem interactive programs.

Another serious problem is the difficulty of moving a modem application from
one computer to another. Years ago, it was relatively easy and straightforward to
write a FORTRAN calculation that printed a few numerical results on a line print-
er, and such a program would run on any of the many machines which had a FOR-
TRAN comp:ler. Now, however, a program with a complex user interface is
typically tied to the particular machine on which it was created, because of differ-
ences in screen size and interaction asper:s such as mouse clicks and menus.

To address these two major iss-Aes, the cT programming environment (fort lerly
know:. as CMU Tutor) has beer. developed in the Center for Design of Educational
Computing at Camegie M...Alon University. The cT programming environment
makes it much easier to exploit the power of modem computing environments. It
enables those with limited programming experience to develop interactive applica-
tions, including educational applications, without having to del: nd completely on
the assistance of professional programmers. Programs written in the cT language
can bc compiled and run without change on many different kinds of machines.
Supported machines include the Apple Macintosh and IBM PS/2 family of person-
al computers and several brands of professional work stations: IBM RT PC, Sun,
and DEC Microvax. The name cT is a trademark of Carnegie Mellon University.

Major features of the cT language include interactive graphics in windowed
environments, iastant portability across diverse computers, automatic rescrling of
text and graphics to fit the window, multifont text, menus, mouse lnd keyset
inputs, analysis of words and sentences, analysis of numbers and alge:iraic expres-
sions, rich sequer-ing options, standard calculational capabilities, and numeric and
text files.

4 5 3
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Major features of the cT programming environment include an integrated edit-
ing and execution environment, incremental compilation for fast revision and exe-
cution, online reference manual with executable examples, a graphics editor that
generates cT graphics statements, and accurate and informative error diagnostics.

In the remainder of the paper these features of the language and its environment
will be describe in detail.

Description of the cT Language and
Environment

Programs written in cT are incret zntally compiled. That is, only those program
segments that have been changed are automatically recompiled. As a result, the
developer sees the effect immediately after making a change in the source code.
Since the source code is compiled rather than interpreted, execution speed is very
fast. When a user enters a program, thos^ drocedures needed immediately are com-
piled first. Whenever there is a wait for user input, more of the program is com-
piled in the background, interrupted if necessary for on-demand compilation when
the user requires execution of a section not already compiled. This overlapping of
execution and compilation ensures that there is hardly any observable delay
because of compilation. When necessary, a binary version of the program can be
produced.

In cT, compile-time and execution-time error diagnostics are very specific.
When an error is detected, a detailed error message is displayed. The source code
is automatically scrolled to display the statement containing the error, and the edit-
ing caret is placed in the statement at the character location where the error was
detected.

Modem multifont text (with italics, bold, large, small, centered, etc.) appears as
such in the source code and is manipulated with mouse and menus as in a modem
word processor. Execution-time position and margin controls determine a rectangle
within which a text statement is displayed. Despite the importance of modem text,
there are hardly any other programming languages that handle multifont text
directly in the source code.

Graphics capabilities include labeled graphs, rotatable displays, pattern-filled
polygons and disks, and animation of icons. Almost all the major graphics abilities
of modem machines are accessible through the cT language. Automatic scaling to
arbitrary window dimensions is supported with options to scale x, scaie y, preserve
aspect ratio, and scale text. Graphics scaling factors are constrained by the avail-
able font sizes in order to preserve the correct relationship between text and graph-
ics. This automatic scaling makes a big contribution to portability of programs
from one machine to another despite differences in screen sizes.

A novel graphics editor directly generates cT source code. Figure 1 illustrates
the automatic generation of cT display statements. The source code is at the left
and the corresponding display is at the right. At the bottom left is a list of cT com-
mands (only some basic display commands are visible), and these commands can

. ,.... ,
'.:i 0 b
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Ili File Edit Search Styles Fonts Options
CT

91=.1 displeo El

font zsen3, 18
fine 300,400
rescale TRUE, TRUE, FALSE, TRUE

unit sample
at 40,48
write A ea mph of multi-style led
box 11,43; 275,75
fill 135,102; 44,238; 22E1,257
at 87,332
write We will adjust this corner
vector 229,330,229,263 IA

A sample of multi-Mae text

t
We will adjust this corner

.1-
Commands

Absolute unit cote do show : Nowt mode pause fine rescale
arrow at box circ13 circleb clip disk dot
draw erase fill move text rim plot write

Figure 1. Automatic generation of cT program statements.

be entered into the source code by pointing at them with the mouse. Clicking the
mouse in the display area causes an x-y coordinate pair to be entered into the
source code, followed by recompilation and execution of the current unit, which is
very fast. The source code for the graphics shown in the figure was generated with-
out touching the keyboard. Note the styled text that was typed into th e source code.

Figure 2 shows how i..xisting display routines can be easily modified. The
mouse is used to select an x-y coordinate pair in the source code (part of the "fill"
statement in the example), as though one were preparing to cut it out or change it
to italics. This selected coordinate pair can be visually adjusted by clicking the
mouse in the display area, which changes the selected coordinate pair and triggers
recompilation and execution to create the altered display. The "fine" command in
the example defines a virtual fine-grid coordinate system, and the arguments of the
"rescale" command specify that x and y should rescale to fill the window, without
preserving aspect ratio, but will scaling of te- fie graphics editor supports the
device-independent coordinate scheme by unscathig pixel-based mouse clicks into
appropriate fine-grid positions.

The cT language handles input from both keyset and mouse. Convenient analy-
sis routines are provided for word, sentence, numerical, and algebraic inputs.
Sentence analysis includes checks for spelling and word order. Answer "markup"
is supported: unanticipated words and miscapitalized letters are shown in boldface,
misspelled words are shown in italics, Ac. Mathematical input can be evaluated at
high speed, making it easy to create function plotter programs. Implied multiplica-
tion (e.g. "3y") is permitted, so input expressions can be written using normal
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6 File Edit Search Styles Folds Optons
dIsplay.t iElli e:

font mins, 18
fine 300,400
rocele TRUE, TRUE, FALSE, TRUE

uMt sample
at 40,48
write A 31. RI ple of mulip style MA
box 1 1,43; 275,75
fill 1 35,102; 44,238;ow
at 87,332
write We will djust this corner
vector 229,330;229,263

4
1-:

IL,
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..-
v,
92

A sample of mum-style text.

A
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t
We ,,111 adju31 this corner

:11- r --,;-,...:;,!:*,, , I (:
Commands

Absolute urn t calc do show showt mode pause fine reseal
arrow at hox circle circleb clip disk dot

e

drew erase fill move text - I plot write

Figure 2. An adjustment to cT display routines.

mathematical notation. Both mouse clicks and mouse movements can be pro-
cesse,-* The cT menu command creates equivalent pull-down or pop-up menus,
dept aing on the type of menus native to a particular machine. This is an example
of how the generic nature of cT commands contributes to portability of applica-
t'ons.

The usual calculational structures are provided, including if-else, case, and
loop-reloop-outloop (which provides a unified form for iterative, while. and until
loops). Case instances need not be constants. Subroutine arguments can be passed
by value or by adooss. Local variables permit recursion. The logical expression
"A < B < C" is handkd correctly (something few languages do). In the expression
"n > 0 & K(n) = 3", the array reference K(n) is not attempted if n is not greater
than 0 (this conditionai evaluation of expressions is like that in the C language).

Data types include byte, integer, floating-point, file, and markers on character
strings, and multidimensional arrays of such data, with full bounds checking and
optional offsets. There are bit-rbanipulation operators. File operations inclu !
sequential reads and writes of ASCII numbers, of strings, and of bytes.

String manipulation capabilities are very unusual. A marker variable &limits a
"nrtion of text, and insertions carlier in the text cause the marker to move in sudi a

.3 to continue to mark the original characters. Marker functions give access to
thc first or last character of a marked region, the next character after a marked
region, or the previous character before a marked region. Text bracketed by a
marker variable can be replaced or appended to. The contents of markers can be
compared using logical operators (dictionary order governs inequality tests).

,
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Marked text representing an expression can be compiled to machine code and then
repeatedly evaluated at high speed.

Library files containing cT routines ca.i have their own global variables and
their own initialization routines, which are triggered automatically when the main
program is started.

To facilitate the creation of highly interactive programs, there is a richer set of
sequencing operations than is typically found in a programming language, For
example, the notion :A next and previous display is built into the language.

A common syntax exists for conditional commands. The arguments of any
command (other than those defining control structures such as if) can be selected
by the value of an expression. This provides a compact one-line case statement.

An important component of the cT progmming environment is its powerful
online reference manual. Language features can be accessed either through hierar-
chical indices or through names of commands in the language. In either case selec-
tions are made simply by pointing with a mouse. Language features are illustrated
in context by sample routines. An unusual feature is the ability to execute these
samples immediately by using the mouse to copy them into the programming win-
dow. These sample routines can act as nuclei for further elaboration by the pro-
grammer. Figure 3 shows an example of copying out a sample routine deaFng with
loops and running it to produce some vertical lines. The upper-left panel of the
help window contains a hierarchical list of topics. The upper-right panel contains a
list of cT commands and keywords. The bottom panel contains dually on the
selected feature, including sample routines. The programmer used the mouse to

it Options
dispiay.t

unit xloopt
i x

loop x = 100,, 300, 10
drew x,50, x,250

endloop k
Help

IF, CASE, end LOOP _J Commands

if IF Statements 0 Ce Se
C833 CASE Statements ct erecter
loop Looping and Iterations circle
Previous Index

:C.5"
circleb

The example below draws a series of vert cal h nes using en
interative loop The increment 13 1 0, So he lines appear at
100, 110, 120, etc

unit xloopt
i x

loop x = 100, 300, 10
drew x,50, x,250

endloop

Figure 3. An online reference manual with sample routines.

j
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copy the loop example 'into the source code window (just above the help window),
then executed the routine, which produced the vertical lines on the right. There is
also a printed version in the reference manual.1

Although it is already being used for many purposes, cT is not complete. At
present there is no support for saving and restoring portions of the screen.
Scrolling-text objects are in the planning stage. Data types will be extended to
include record structures and pointer variables for dynamic stPrage allocation. Also
planned is the ability to call routines written in C or other languages. cT has
already been used for the user interface of large LISP and FORTRAN programs on
multiprmessing work stations, with communicatio rK. bltween the ...wo pfograms
through files or "sockets."

An important aspect of the cT programming environment is its evolutionary
development path. Most new language features am of course additions to the lan-
guage that do not invalidvte existint programs. However, occasionally it has ' -en
necessary for further growth to make incompatible changes that would cause ex1st-
ing programs to stop working w ; it not for the fact that the cT compiler automat-
ically converts old programs to Lie new format. A syntax-level indicator is kept in
the program file to ine'cate that the appropriate conversions have been made. As a
result, despite major growth and change in the language, the oldest programs from
1985 still work. This compatibility from year to year is just as important as the
compatibility that cT offers from machine to machine.

Uses of cT

The InterUniversity Consortium for Educational Computing (ICEC) offered one-
week workshops on cT to faculty and staff from the ICEC colleges and universi-
ties.2 The prerequisites were that participants had written at least one program in
some language, but generally had no experience with modern windowed environ-
ments. In less than a week, most participants wrote significant graphics-oriented
programs. Later, Vassar College and California State University at Northridge ran
cT workshops themselves.

Quantum Well by Bruce Sherwood is an example of an educational program
written in cT. The mouse is used to specify a potential well in which an electron is
trapped. In Figure 4 the mouse is used to choose a trial energy level, and the quan-
tum-mechanical equations are evaluated left-to-right to plot the corresponding
wave function. Quantum depends on the display, input analysis, and calculational
strengths of cT. Creating the program was greatly facilitated by the ability to test
changes rapidly, thanks to incremental compilation.

Other examples of educational programs can be found in the workshop guide
and in several of David Trowbridge's conference papers.2 For an assessment of the
suitability of cT for educational programming, see M. Resmer's article and B. A.
Sherwood and J. H. Larkin's paper in the proceedings of the 1987 IBM ACIS
University Conference.3 General issues affecting the design of educational pro-
grams are treated in a forthcoming article.4 For a discussion of the difficulties of
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Figure 4. An example of an educational physics application wriaen in the
cT language.

writitig modern programs for research purposes, with some assessment of the
advantages of cT, see C. Lewis and G. M. Olson.5

History

cT is based on the MicroTutor language developed at the Computer-based
Education Research Laboratory at the University of Illinois (the PLATO project). It
incorporates MicroTutor's important constructs for interactive educational pro-
gramming.6 MicroTutor is basically an updated and machine-independent descen-
dent of the TUTOR language, whose development was initiated by Paul Tenczar in
1967.7 The first version of MicroTutor was created by David Andersen in 1977.
Similar languages include Digital Equipment Corporation's DAL (Digital Author
Language) and Tenczar's own TenCore for the IBM PC. In large part, cT is com-
patible with MicroTutor, but it differs from MicroTutor and other Tutorlike lan-
guages in its extensions for the modern environments, where windowing, mice,
and menus impose additional requirements that the earlier languages did not have
to meet. The genesis of cT within the Andrew environment has been carefully
detailed.8 Moreover, we have written a textbook on cT.9

Design and implementation of the basic architecture of cT was done by Bruce
A. Sherwood, who is associate director of the Center for Design of Educational
Computing (CDEC) and professor of physics. Major contributions, ir.cluding the
online reference manual and many of the graphics capabilities were made by Judith
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N. Sherwood, who is scnior development consultant in CDEC. David Andersen,
system programmer with CDEC, has made large contributions, including full
machine-code compilation of expressions and implementation of the novel string-
handling machinery. CDEC programmer Kevin Whitley has built the text-editing
and text-management routines and has continuing responsibility for the Macintosh
version. Additional contributions to the development of cT have been made by
CDEC staff members Tom Neuendorffer, Chris Koenigsberg, David Trowbridge,
and Ruth Chabay. Jill Larkin, director of CDEC durirg the period of its earliest
development, encouraged the project and helped debug cT. Information
Technology Center staff members Fred Hansen, Tom Peters, and Andrew Appel
contributed much valuable advice. Gregg Malkary, a graduate student of Andy van
Dam at Brow. University, helped initiate an experimental version for the
Macintosh. Special thanks are due Bill Arms, Preston Covey, Michael L3Bue, Jim
Morris, and Carol Scheftic.

The cT programming environment is currently bcing distributed by Carnegie
Mellon University. For infomiation, write to cT Distribution, CDEC Bldg. B,
Carnegie Mellon University, Pittsburgh, PA 15213.
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Sherwood, The MicroTutor Language (Champaign, IL: Stipes Publishing Company,
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Publishing Company, 1988).

Learning to Use the cT Language

Bruce Arne Sherwood and Judith N. Sherwood
Center for Design of Educational Computing, Carnegie Mellon University, Pittsburgh,
PA 15213

Modern computer applications emphasize windows, mouse interactions, attractive
multifont text, and high-quality graphics. End users find such applications directly
appealing and easy to use. But these applications are not so easy for the program-
mers who create them. Creating such programs is a bewilderingly complex and
daunting programming task, far more difficult than writing programs for earlier
computing environments. Because production-level programs often require lengthy
batch compilations, the programmer's environment is much less interactive than
that of the end user. As a result, only exceptionally skilled programmers have been
able to produt.4 modem interactive programs.

cT (formerly called CMU Tutor) is a programming language developed in the
Center for Design of Educational Computing at Carnegie Mellon University. It is
especially suitable for rapid creation of interactive programs for modem graphics-
oriented environments.1 cT makes it feasible for a much larger group of people to
write modern programs.

Not only is it surprisingly easy to create modern applications with cT, but such
applications can be run without change on a wide range of computers, including
Macintosh. Mac II, IBM PCs, and PS/2s, and Unix-based work stations (MicroVax,
IBM RT, and Sun). Such compatibility is almost without precedent. In the past, any
program that had an attractive user interface was ticd to one particular computer.
This has had a number of bad consequences, perhaps the most serious of which is
the split of the educational software market into machine-dependent submarkets.
This capability problem has inhibited faculty developers.

cT possesses many features that set it apart from other programming languages
for developing and executing interactive applications.

Rich text and graphics facilities in an easy-to-use form;

Incremental compilation, combining the revision speed of interpreted languages
with the execution speed of compiled languages;

A display editor, which generates cT source code in a direct and transparent
manner;
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Automatic scaling of graphics and text to fit the current window;

Powerful tools to analyze key-set and mouse inputs;

Generation of pull-down or pop-up menus for different machines with the same
cT menu command;

Calculational and file-handling features similar to thaw available in other algo-
rithmic languages;

Detailed error diagnostics;

An unusual online reference manual offering instant execution of documented
language features.

Despite cT's appeal to novice programmers, it can support sophisticated pro-
gramming tasks. This makes cT of interest to experienced programmers, and it also
provides a growth path for newcomers, who can start simply but progress in easy
stages to higher competence, cT is already in use at a number of universities for
research computing tasks and creating educational software.

1. B. A. Sherwood and J. N. Shcrwood, "CMU Tutor: An Integrated Progranmiing
Environment for Advanced-Function Work Stations," Proceedings of the IBM
Academic Information Systems University AEP Conference, San Diego, April 1986
(San Diego: IBM Academic Information Systems, 1986), IV:29-37; M. Resmer, "New
Strategies for the Development of Educational Software," Acad. Comp., 22
(December-January 1988); D. Trowbridge, "Quick Generation of Lecture
Demonstrations and Student Exercises," Proceed! mgs of the IBM AC1S University
ConfereAcc, Dixiplide Symposia: Physics, Boston, June 1987 (Boston: IBM Academic
Information ,Cystems, 1987), pp. 2-7.

ILS/2: An Interactive Learning
System

Jams M. Tanner
School of Physics, Georgia Institute of Technology, Atlatva, GA 30332

This session will present ILS/2, a software system specifically designed for writing
(mode "Author") and presenting (mode "Presenter") interactive courseware on
microcomputers. We will demonstrate courseware that has been wriuen using this
system.

ILSI2 groups learning units into library modules. Each library module is a
learning or training package whose length, content, and design is controlled by the
author. A library module could be a single interactive homework problem that pro-
vides the assistance to the learner on an as-needed basis. It could be a single-sub-
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ject tutorial that includes a statement of definition of the subject, a review of
important prerequisite material, and drill using, interpreting, or applying the new
concept. Or it could be m. ,ntire lesson that includes an introduction to new materi-
al, a brief review of previous lessons, applications of thc new material, conceptual
drills on the new material, etc.

"Author" is a menu-driven software mode that allows the uscr to construct
library modules of interactive courseware. When preparing library modules in this
mode, an ILSI2 author designs "screens" that spatially add temporally intersperse
text, special characters, symbols, and graphics. On these screens, the author can
also plot functions and create simple animations. The system calls for externally
compiled programs, learncr responses, and branching decisions. A library module
consists of a collection of these screens, which, whcn used, are multilinked by
branching decisions based on learner input.

When working in mode "Author," the author designs cach screen while work-
ing "live" on the computer display. No computcr programming experience or
knowledge is necessary to work in this mode; there is no programming language to
be learned. All of the available authoring options arc selected from pop-up mcnus.
Thus, the author's attcntion is focused entirely on thc design and structure of the
courseware.

Of particular importance to physicists is the ability to microposition anywhere
on the computer &splay any text character, any special character or symbol, any
graphic operation, or any graphic figure that has been previously drawn and saved
as a library file. Among the special characters and symbols presently available arc
all Greek characters, most mathematical symbols, and many charac.ers peculiar to
physics. Special symbols or characters may be added by authors. The author can
create simple animations by selecting any rectangular portion of a scrcei as an
image and thcn specifying a r..reen trajectory for that image.

A learner uscs ISL/2 in its "Presenter" mode. In "Presenter," the user moves
naturally through a scrics of screens without needing to know how to manipulate
the computer. "Presenter" operatcs in the background, following the encoded
instructions of the author. The learner's path through any moJule or, for that mat-
ter, any sequence of modules is dictated by his responses. Responses may be in the
form of me-lu choices, numcric values, alphanumeric strings, mixtures of numeric
values and alphanumeric strings, or even simple graphic input.

Each library module is an ASCII file whosc structure is independent of comput-
cr model, screen resolution, and graphic modc. After thc author gets /LS/2 to run
on a particular generic .ype of microcomputer (IBM, Mozintosh, etc.), hc can intro-
duce faster computcr nodels, different computcr manutacturers, or high-resolution
screens via relative., simple updates of thc "Author" and "Presenter" software.
That is, thc library is immune to imdware developments and will not require modi-
fication with the advent of improvcd/altered computer systems. This, of course, is
very important. If authors have spent the timc necessary to prepare high-quality
library modules, it is imperative that any authoring/presentation systcm not require
that each library module be "ripaired" to lit each new microprocessor or graphics
system.
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The initial version of ILS/2 executes on IBM PC-compatible systcms with
CGA, EGA, MCGA, or VGA graphics. A version of ILS/2 for Apple/Macintosh
zystems is feasible and its development is under consideration.

Graphics and Screen-Input Tools
for Physics Students

=..

Jack M. Wilson and W. MacDonald
Department of Physics and Astronomy, The Uniwrsity c, Wayland, College Park,
MD 20742

The Maryland University Project in Physics and Educational Technology
(u.u.P.P.E.T.) wanted students to use powerful computing toots to solve problems
and model phenomena without spcnding an inordinate amount of time learning
computer programming. We satisfied these seemingly contradictory requirements
by adopting computer tools that were both powerful and easy to learn.

Nonmajors use an electronic spreadsheet. This widely available tool, which is
of great use in many areas outside physics, provides students with the computa-
tional power and graphics output necessary for thcir work in physics classes.

Science majors nee,' more than a spreadsheet; they need a high-level language
that they can build on throughout their careers. After considering var;ous
In 'lees, M.U.P.P.E.T. adopted Turbo Pascal kr our physics-major courses.
E Ise it is inexpensive, widely available, ana powerful Pascal is often the first
lan6uage taught in university computer-science departments. Furthermnre, it is
easy to move from Pascal to other modem structured hiy.,,h-level languages.

In ordei reduce programming overhead. M.U.P.P.E.T. developed a set of
input/outrit and graphics tools that make it possible for students to do professional
program development with a minimum of programming effon. These tools work
by reducing each program to three short blocks: "Accept(Data)," "Physics; and
"PlotData(Data)."

The first block, "Accept(Data)," lets a student develop an input screen in the
"Turbo Editor" in WYSIWYG fashion. Each field on the screen is nonmodifiable,
numetic modifiable, or alpha-numeric modifiable. Modifiable fields can be given
default values so that the user is never completely stumped for values on an input
screen. Numeric fields are validated upon input, and curscir posiuons and function
keys pressed arc passed back to the user. The second block, "Physics," is the por-
tion of the program containing the physics content.

The third block, "PlotData(Data)," can be as short as a single statement or as
elaborate as opening multiple windows and plotting differen: graphs in cach win-
dow. Students' first efforts usually co, st of the single star, runt. The routines
called by this statement use a default window of the entire sr.cei: :ad automatical-
ly scale the data and label the axes. As students become more famiAiar with it:: sys-
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tem they learn to define their own windows and scale their own data. All of this
can be accomplished without having to have detailed knowledge of the computer
system and its gi,phic devices. Windows are scaled as percentages of the screen
and scales are set in usei--data units. Students are ::ot required to do detailed map-
pings to a particular display's pixels.

The M.U.P.P.E.T. tools are available in both Turbo Pascal 3.0 and 4.0 and have
been placed in the public domain. They may be used as "include" files in source-
code programs or may be separately compiled and used as extensions to Pascal.
The tools are available in files "MUPGRAPH.INC" and "MITSCRN.INC" on the
AAPT/University of Maryland Bulletin Board (301-454-2086). In our presentation
we will demonstrate examples of student programs. These are also available from
the bulletin board or on disk. The examples include pendulum motion, projectile
motion, data analysis with least square, and wave functions in potential wells.

The example programs were originally developed for use in an introductory
physics laboratory where students spend one week in the laboratory working with
the apparatus and the following week in tin computer lab developing computer
models and programs for analysis. Students are also required to comdlete an inde-
pendent project as part of the laboratory. The tools have now been used for two
years in both class and laboratory. We feel that they have been successful in allow-
ing students to develop sophisticated projects without spending much class time
learning programming.

HyperCard and Physics

Robert G. Fuller
Department of Physics, U.S. Air Force '.cademy, Colorado Springs, CO 80840, on leave
from the Departnwnt of Physics and Astronomy, University of Nebraska-Lincoln, Lincoln,
NE 68588-0111

Carl R. Nave
Department of Physics and Astronomy, Georgia Stczte University, Atlanta, GA 30303

David M. Winch
Department of Physics, U.S. Air Force Academy, Colorado Springs, CO 8084C. on leave
fr..mtiw Department of Physics, Kalamazoo College, Kalamazoo, All 49007

The participants in this workshop will work with specific I lyperCard stacks devel-
oped for use by physicists. Specific examples such as physical-constant look-up
tables, collections of homework and exam questions, and simple physics anima-
tions will be available. Novice users can explore existing physics stacks. More
experienced HyperCardians can modify various scripts for their own uses. We will
provide copies of existing and modified HyperCard physics stacks for the partici-
pants to take home. We will also discuss forming a national network of
HypeeCard physics special-interest groups.
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Workshop participants should have some previous Ixperience with HyperCard
(even if only in an Apple exhibit booth) and some .perience with a Macintosh.
Participants should bring a blank, double-sided 3.5-inch diskette to take stackware
home.

Developing CAl Programs with
Apple SuperPilot

Robert J. Boye
Physics Depalment, Morgan State University, Baltimore, MD 21239

Most commercial software has been produced for physics courses at the introduc-
tory level. In 1982 the physics department at Moi,:an State University developed a
calculus-based computer assisted instruction (CAI) program for our upper-level
courses in mechanics and electricity and magnetism.

The physics department at Morgan State University has 13 Apple microcom-
puters that were obtained by a MISIP grant from the U.S. Department of
Education. We develord our upper-division CAI programs using Apple
SuperPilot, which had its origin in common Pilot.

The original Pilot language was developed in the early 1970s to enable subject
specialists to write CAI programs ever if they know little about computer pro-
gramming. Pilot has only about eight instructions, so time spent learning the lan-
guage is The CAI Sourcebook estimates that it is about six times faster to
create CAI lessons using a language like Pilot than by using a more general pur-
pos ',language like BASIC)

Apple SuperP Hot makes use of Apple's graphic and sound capabilities to
inprove the original Pilot language. The Apple SuperPilot program uses the fol-
lowing editors to develop lessons "Lesson Text Editor," "Ctruacter Set Editor,"
"Graphics Editor," "Sound Effects Editor." These editors have on-screen menus
and additional help scre Student workers can often enter programs and draw
graphics and character sets without using the manual.

The "Lesson Text Editor" is used to type instructions for the lesson i..rogram.
These are stored for student nse on a lesson diskette. The instructions tell the com-
puter when to display text, graphic images, sound effects, and character sets. They
also accept answers from the student and can branch to different parts of the pro-
gram depending on the answers.

The "Character Set Editor" is ,:sed to create a new set of designs or characters
in place of the standard ASCII character set. This can be used to produce Greek
letters or mathematical symbols.

The "Graphics Editor" is used to draw diagrams or pictures. This is done by
moving a screen cursor using the computer keyboard or game paddles. Using the
"Graphics Editor," the user can draw circles, ellipses, and rectangles.
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Tilt. "Sound Effects Editor" can be ased to create sound effects during the les-
son. I have not used sound effects because of the disquieting effect when a number
of students are simuhaneously running lessons.

The following are examples of the most commonly used Super Pik! instruc-
tions. The type instruction (T:) tells the computer to print anything written after the
colon on the screen. The accept instruction (A:) tells the computer to "liste^" while
the student types something on the keyboard. The match instruction (M:) coh.pares
the word or words following the match instruction to the student's response. If the
computer finds the match word in the student's response, it stores the answer
"Yes;" otherwise it stores the ailswer "No." This answer can then be used as a con-
dition for executing further instructions.

The jump instruction (J:) tells the lesson program to skip over one or more
instructions and branch to a different part of the program. By adding a yes or no
conditioner to the Jump instruction (JY: or JN:), you can tth the computer to
branch to a different part of 'he program depending on whether a "Yes" et "No"
answer was given to the previous match instruction. The wait instruction (W:n)
inserts a delay of n seconds into the program. The student can shorten this delay by
pressing a key. Other special instructions control color, animation, and the size or
thickness of text on the screen.

At the conference, I will present an exaniple of a SuperPilot CAI program in
electricity, along with a listing of CAI programs in mechanics and electricity and
magnetism.

The software program Electricity Instruction is part of the colleztion Computers in Physics
Instruction: Software. which can be ordered by using the form at the end of this book.

1. Robert L. Burke, CAI Sourcebook (Englewood Cliffs, NJ: Prentice-Hall. 1982). p. 20.

Phys;cs Majors as Research
Scientists: Introductory Course
Strategy

William M. MacDonald
Depanment of" Physics and Astronomy,The University of' Maryland, College Park,
MD 20742

The world of the research scientist is open to freshman physics students able to
translate the "power tools" of physics into computer programs. Newton's second
law is an example of a power tool of classical mechanics that can easily be solved
by simple numerical procedures and used directly to explore a variety of physical
systems, including nonlinear and chaot:c systems 'or which there exist no mathe-
matically explicit solutions. With the help of computer power tools, students can
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invent and study physical systems that interest them instead of being confined to
"closed-form" exercises. Moreover, writing a computer program usually gives a
student a much deeper understanding of physics than he learns from FrAving set
problems. In our experience, a student who experiences the thrill of writing his
own programs to solve physics problems begins to read physics equations like a
working scientist and his imagination begins to suggest all sorts of variations on
the physical problems be tackles.

Using the computer in intmductory physics courses requires a carefully planned
strategy for integrating the physics with programming and simple numerical meth-
ods. Experience gained from courses for physics majors developed in the
M.U.RP.E.-. program ' as shown that this strategy must include a general-purpose
programming language; graded programs; "stub" procedures; libraries; project
packages; and simulation packages.

A general-impose programming 'language is an important tool for scien N.

Such a program should include "strong typing," which requires that every vart.ole
used in the program be declared as a real n iber, an integer, an array, etc. Global
variables appear at the beginning; local variables ^an be introduced in procedures.
Strong typing makes for easily readable programs. More important, it practically
eliminates frustrating "debugging" for the student (and the instructor) because the
compiler checks that each variable is properly used : assigning values, or as argu-
ments to procedures. The propan -iing language should also be well structured. A
structured language encourages the student to approach complex problems with an
organizei, "divide-and-conquei" strategy and to pre -am "top down" by writing
outlines in "pseudccode." For example, a student wt ;ting a program to calculate
projectile motion with air resistance might start with an outline:

INPUT xO, yO, vO, angle, drag_coefficient, dt;
REPEAT
STEP tn, xn, :m, vn;
PRINT tn, xn, yn, vn;
UNTIL yn <= 0;
INTERPOLATE for impact_time, range, impact_velocity;
PRIN.' impact_time, range, impact_velocity;

This outline is then fleshed out with the necessary procedures.
Pascal is increasingly regarded as the introductory programming language of

choice for high school and college students, but this was the first time most of our
students had seen it. We chose Turbo Pascal by Borland International because it is
an integrated ditor, compiler, and run-time module that require; minimal knowl-
edge of the operating system. Two or three one-hour microlabs in the first weeks of
the course are sufficient for students to begin writing simple programs that sum
series, solve equations, and integrate trajectories. A graded set of programs that
introduce progr ..nming elemen one at a time are used by students as training
exercises and as buildiug blocks for their own programs.

, -, .
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"Stub" procedures allow the student to tackle really major problems without
spending much time writing inessential parts of a program; the student can focus
his attention on the pan of a program that contains the essential physics, for exam-
ple, the force law. Stub procedures are possibte because the logical correctness of a
Pascal program can be checked even when essential procedures have been left
"empty." For example, the following program to add two numbers will compile
and run even though it produces no result.

PROGRAM Sumu
VAR a,b: real;
PROCEDURE Sum(a,b: real): real;
begin (Fill in statements to Sum two numbers)
end;
BEGIN
WRITE('Enter a and b '); READLN(a,b);
WRITE('The sum is ', Sum(a,b))
END

The student completes this program by replacing the comment with a statement
(Sum: = a + b).

Just as in research, our students use libraries of programs to reduce the labor of
writing programs. Libraries developed in the rvt U.P.P.E.T. program provide proce-
dures for graphing results (MUP graph), evaluating functions, and writing input-
output screens.

The project package inclr les the source code for a program that students use in
a series of related projects. In the first semester, students use the package
KEPLER, which cow:ins the source code for a program that integrates the equa-
tions for particle motion in a central force and outlines for projects on geosatellites,
Halley's comet, the effect of deviatioi s from the inverse-square law, quantized
Bohr-Sommerfeld elliptic orbits in hydrogen, Rutherford scattering, and scattering
by a shielded Coulomb potential. k x..% section discusses the appropriate units to
use for time, dirince, and energy together with the equations of motion in these
units.

Students begin with the project on geosatellites, for wiiich the computer pro-
gram is written. They do all the other projects by modifying this program and
using MUPgraph to plot the orbit and any other quantities that interest them, e.g.,
the energy as a function of time. The tabular results and graphs for the fir.;t two or
three projects are obtained in the first microlab, which runs two or three hours. The
remaining projects are done by the students on their own, during free hours of the
microlab or in one of the clusters of compturs around campus, over a period of
about six weeks. Using a second project package (OSCILLATOR) in the same way,
students explore the behavior of a pendulum in both the linear and nonlinear
regime, driven and undriven, and are introduced to the phase plane representation
of the motion.

7.1
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Students use a simulation package as an intuition-training device to explore a
variety of related systems. The hears of the package is a sophisticated computer
program that allows the student to select, or design, different systems, choose val-
ues for the physical constants, and select different graphical presentations of the
motion.

The simulation package ORBITS, developed by J. Harold and K. Hennacy,
allows the student to explore planetary systems with one or two massive bodies
and up to five light planets. The motion can be shown in the center of mass or in
the rest frame of one of the bodies. For example, when the student views a system
consisting of our sun, the earth, and saturn in the earth frame, he sees the sun and
saturn executing Ptolemaic epicycles. The program demonstrates the importance ok
the Copernican choice of the rest frame of the sun in a way that cannot be
explained in a texthook.

The Maryland University Project in Physics Educational Technology is supported by the
Fund for the Irnproyehtent of Post Secondary Education and by the IBM/ACIS program.

Intuition-Building Tool Kits f r

Physical Systems

Charles A. Whitney and Philip Sadler
Harvard College Observawry, Cambridge, M.4 0238

To acquire knowieeze, students must confront and clear a ,vay misconceptions. One
way to do this is to explore and build intuitions about systems. Such heuristic
understanding allows students to replace misconceptions and to im znalize the
essence of twic physical laws.

Computer simulations permit the creation of microworlds that were formerly
found only in expensive laboratories or science-fiction novels. Simulations permit
an intimte and irteractive view of the models that form the basis for much of
modern science. They can provide a powerful method for testing preconceptions
and for building the qualitative intuitions that precede quantitative reasoning. If
properly designed, simulations can also provide teachers with the opportunity to
develop their own insights and then use the simulations for further exploration.

We are developing computer tool kits for performing insight-generating experi-
ments. These tool kits will Ty ovide open-ended experiences for students and teach-
ers, permitting them to explore their own q lesions and to set up experiments of
their own designs.

Many topics lend themselw s to simulation. Our selection of topics will be
based on the extent to which the tool kit. promises to do tne following:

Raise questions of interest to scientists, teachers, and students.

Be transparent, so the user can see the process unfolding.
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Be flexible, so the user can design a personalized system, within necessary con-
straints, and explore preconceptions.

Be dynamic, so the user can make predictions and compare the behavior of the
system with expected behavior and look for discrepancies. This will allow the
user to relate new insights to prior knowledge.

Be coherent, in the sense that the topic can be described verbally, so quantita-
dve variables can be defined explicitly and rules of behavior (laws of nature)
can be articulated. This property provides the basis fcr an analytical approach to
the system and places it within the context of school curricula.

We will demonstrate two of the tool kits that appear promising on the basis of
preliminary studies. Our heat-engines-and-refrigerators tool kit simulates a classi-
cal gas of particles in a box with moving walls and valves. Our star-builder tool kit
simulates the interior structure of stars by showing a self-gravitating system of
material particles that collie 'nd exchange energy with a photon gas.

Interactive Physics Problems for
the Microcomputer

Chris E. O'Connor, Gary M. Fechter, and James M. Tanner
Department of Physics, US. Military Academy, West Point, NY 10996

The department of physics of the U.S. Military Academy has developed and is cur-
rently using a microcomputer-bnced software system that facilitates authoring and
presenting interactive physics courseware The system has been used to develop a
library of problems that are used by 1,000 students as assigned homework prob-
lems in our calculus-based introductory physics sequence. This library, which cu.-
rently includes over 200 problems and tutorials, is textbook independent and, in
principle, could be used by students in any similar introductory sequence. The pro-
grams run on IBM PCcompatible computers.

This system consists of three parts: (1) authoring software that assists al.
instructor in preparing and modifying files containing text, graphics, and branching
commands; (2) a library of files that form a set of interactive problems and tutori-
als; (3) presentation software that interrrets the library files and manages the
progress of the learner through the problems or tutorials.

The authoring software is a simplified language that "hides" the usual specifics
of computer programming, thus permitting the author to focus on the design of
courseware. Lessons are written by creating text files cone' 4ning commands that
are interpreted by the authoring and presenting software. Authors can prepare
library materials using a word processor or text editor of their own choice. The
authoring software can also edit the library materials.
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Commands are available to display text, special characters, and symbols on the
screen. The current set of special characters includes Greek letters and mathemati-
cal symbols, and additional characters can be added to the program as required.
Superscript or subscript characters can be displayed, and vector quantities can be
indicated with a vector symbol over the character. The spacing between lines can
be adjusted to display the information exactly as ine author wishes.

The author can create graphical displays using commands that include lines,
circles, arcs, dashed lines, filled regions, and vectors. Using these graphical com-
mands, the author can create illustrations and display them intermixed with text
anywhere on the presentation screen. Once a picture has been drawn on the screen,
a section of the drawing can be copied to memory and repeatedly drawn on the
screen, which results in simple animation. An object on the screen can be moved in
any direction with constant or accelerated motion, which allows realistic represen-
tation of dynamic physical situations.

The author can use a plot command to display polynomials, dampcd or
undamped sinuscids, and exponential functions on a rectangular coordinate sys-
tem. Such displays allow the author to show the learner how the graphs relate to
the problem. Commands for drawing coordinate axes with a grid superimposed arc
also included.

A series of commands control the progress of the learner through the library.
The author can require the student to calculate a numerical answer and then enter
the answer into the computer. If the numerical answer is within a specified range of
the correct answer and the correct units are included, the program branches to a
new file. Incorrect answers branch to a file that leads the learner through the prob-
lem step by step. Another answer command provides multiple-choice question pro-
cessing. This command is also used to branch to different sections of a problem
based on responses to menu choices. An exact answer command is also proviCcd.
It presents a fill-in-the-blank question that the learner must answer exactly as
required before proceeding. This command allows for simple questions that ensure
that the student is following the problem presentation.

Each student is provided with a copy of the presentation software that is used
throughout the course. The presentation software is a subset of the authoring soft-
ware. It can interpret commands but not edit them. The lessons arc distributed as
files containing the commands that are processed by the presentation software. A
student simply types the program name to start the presentation software and
selects problems from a menu.

Although the library described in this paper is specific to the introductory
physics course, the system may be used for writing and presenting material at any
level in any discipline.

In my demonstration, I will present sample interactive problems and tutorials
from the existing library.
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Interactive Inquiry with TK Solver
Plus Software in the Graduate
School Classroom

Kirk A Mathews
Department of Engineering Physics, Air Force Insthwe of Technology, AF ffIEIVP, Wright-
Patterson AFB,OH 45433

I teach an introductory coarse in physics with engineering applications in an inter-
disciplinary program at the graduate level. In some respects, this course is compa-
rable to undergraduate level physics for physics majors. In this paper I discuss how
I have integrated TK Solver Plus software into my classroom.

TK has recently been made available in a college edition at a cost comparable to
that of a textbook. I use this edition of TK for a course that meets in a computer
classroom. TK requires a PC or PC-AT compatible computer with PC-DOS or MS-
DOS 2.0 or higher and 384K ram. Each of my students has a Z-248 computer, my
Z-248 has an overhead projection display.

TK is an effective tool for addressing areas in which students traditionally have
difficulty. These include problem solving, visualizing functions, and exploring
functional dependencies that are implicit (hence, hidden) in systems of equations.

Problem Solving

The structure of TK encourages a properly disciplined approach to problem solv-
ing. It uses separate sheets (windr,ws) for variables, equations, unit conversions,
lists of values (fa tabulation or graphing), and so on. The variable sheet summa-
rizes the input or output value of each variablf% its name, its units, and leaves space
for a remark on its use. The rule sheet contains equations relating the variables.
Filling in these sheets in appropriate order in class, forces the student to approach
problem solving in a logical way: what do I know, what do I need to find out, how
will I represent these things, what set of units will I use, what equations relate
them, what unit conversions do I need? Th. structure of TK maintains this disci-
pline outside of class. TK function sheets famine functional relationships using
table mappings, simultaneous equations, or von Neumannstyle programming.
They support a top-down analysis to more complicated problems. The seminar-
style resentation that TK allows gives students hands-on coaching in problem for-
mulation and analysis. The time-consuming algebra (frequently a stumbling block
for many students) i.. elimiaated by TK's automated numerical solution. By freeing
students from tedious computation, TK allows them to concentrate on the problem.

Visualizing Functions

Students have difficulty in visualizing functions and expressions. Wit . 1"K running
on each desk, I have the students plot unfamiliar functions as they arise. This gives
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them boat familiarity and confidence. Considerable mathematical sophistication is
required to visualize even modestly complicated expressions or compositions of
functions, and I find TK useful in graphing them, both in the computer classroom
and in preparing viewgraphs.

Exploring Functional Dependencies

TK also helps students explore the relationships that are implicit within systems of
equations. TK solves for lists of values of input and output variables. Since any list
can be plotted (linear, semi-log, log-log) against any other list, such relationships
are easily investigated without explicit analytical solutions and computer program-
ming. This makes time to do many such graphs. By adjusting other variables and
solving again, students can explore parametric variations.

For example, students can explore the influence of various values of mass,
spring constant, and damping by plottipg the response of an impulse-loaded
damped harmonic oscillator. Plotting pea displacement as a function of damping
then motivates an analytic solution for such a function.

Another aspect of physics that TK addresses is the use of experimental data to
confirm a theory or model. Further exploration of the overdamped case revealed
that Z, the peak displacement (scaled by //(a m)), log-log plotted against
y = (y /cc) 1 is an elegant curve, asymptotically straight for small y and for large
y. This is the sort of prediction that could then be validated by experiment. An ana-
lytic solution for this can be obtained (with a few pages of algebra) leading to

ky+2)
z=

(y + 2)4

Although this parametric form makes the asymptotic behavior accessible, giv-
ing the slopes of 1/2 and 2 for the graph described above, students are unlikely
to discover this algebraically, nor to find such a proof convincing.

Pascal Programming Templates

John P. McIntyre, Jr. and Edward H. Carlson
Department of Physics owl Astronomy, Michigan Stile University, East Lansing, MI 48824

A program skeleton templatei is a valuable tool fel organizing a programming task
and improving program quality. The programmer can use the template to avoid
repetitive construction of "bells and whistles"user aids such as modules, head-
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ers, and comments. The template saves programming time and provides a uniform
look and feel to a library of programs. The resulting program3 are usually more
complete and clearly structured than those that result from informal program con-
struction.

The template is the central element in a program-design methodology for small
and medium-sized programming tasks (up to about 200 lines of code), it has the
property of "code-to ability."2 You design and construct your program at the key-
board by typing comments in pseudo-code (English masquerading as a program-
ming language) right into the template modules. After the design is complete, you
convert these to Pascal. The template is also valuable for coding larger programs,
but it is advisable to use a more formal design methodology. Carlson describes
many advantages of templates in the teaching of computing for physics.3

Pascal is beginning to overshadow FORTRAN for engineering ant' physics pro-
gramming. Pascal forces the programmer to employ up-front declaration of vari-
ables and encourages modular forms, but still leaves plenty of opportunities to
produce muddled, unreliable Pascal code. Templates provide examples of clearly
organized code and foster good programming discipline in students and experi-
enced programmers alike.

We prerl.nt a set of templates written for Turbo Pascal 4.0., which can easily be
modified for other versions of Pascal. Turbo Pascal 4.0 includes a powerful menu-
driven set of tools (editor, compiler, linker, and file handler) that case the task of
programming. It also supports "units," which are separately compilable sections of
code to be called from the main program or cach other.

We distinguish three types of templates: (1) mean, lean ones for production use
by programmers familiar both with templates and with programming in the given
language, (2) verbose ones to guide a programmer using a template for the first
time, and (3) "samplers" to guide an experienced (template-using) programmer in a
new language. This third kind of template contains sample constructions so the
syntax and logic of the new language can be absorbed without undue page flipping
of the reference manual.

Our template set has four pieces: a main program template, a unit template, a
set of sr..all utiLty templates in files for pasting into the main or unit templates, and
a utility unit called "MSUutil."

The main template is a runable (but empty) program that 1 as these basic fea-
tures: header information (author's name and address, machine type and peripher-
als, file name and version number, date, etc.), modules, empty declaration
statements, forward declaration of procedures, and a skeleton menu. Forward dec-
laration allows the user to call the subprograms and functions in any order, and
even to order them alphabetically if there are a lot of them.

The unit template is similar to the main template, but contains the structures
unique to units.

Turbo Peccal 4.0 allows you to paste files into the current edit window at any
spot you want. It pays to build up many small files of useful constructions (in tem-
plate form) that are likely to reoccur in your programs. Examples include: open
files, close files, graphics-screen setup, "default and change variable" menu, and
perhaps your favorite sort routine.

","7
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The "MSUutil" Unit hides several larger utility routines that will probably be
used with no change from program to program in your corpus. They arc called
with a "uses" declaration in your main program. These utilities nclude a ?alder
(for printed autput), restore video mode, pause, time, stopwatch, and mouse sup-
pun, either in this ye, Ion or a later one.

1. David Mares 9pplying Software Engineering Principles (Boston: Little, Brown and
Company, 194). p. 52.

2. Roger S. Pressman, Software Engineering: A Practitioner's Approach (New York:
McGraw-Hill, 1982), p. 262.

3. Edward H. Carlson. "A Template for Writing Programs," Computers in Physics 1, 65
(1987).

FORTH in the Laboratory

Gary Karshner
Physics Department, Geosburg College, Gettysburg, PA 17325

FORTH language has been used to bridge the gap between assembly languages and
high-level languages in a physics-oriented microcomputer class. It is especially
adaptable to interfacing projects in which students arc computerizing laboratory
experiments.

At Gettysburg College, the microcomputer course has inherited many of the
sutplus microcomputers from other departments. This collection includes Apples,
I" M PCs, and even some old S-100 machines. FORTH language has proven to be
an aimost machine-mdependent language that allows svidents to work on projects
using any of these machines and follow the work of other students who have used
a completely different architecture. In addition, FORTH proves very useful in
allowing students to develop relatively sophisticated interfacing projects in mini-
mal time.

There are distinct advantages to using any high-level language in interfacing
experiments to computers: the availability of high-level functions (both mathemati-
cal and logical), easy access to disk storage, and efficient debugging. The high-
level language FORTH has these advantages and more. It is extendible, it has a
built-in editor and assembler, and it can run in tvo modes: interpreter and compil-
er.

The extendibility of FORTH 5 its most powerful asset. It is an extensible lan-
guage, in which each word is thsted on the same level as any other. If the user
writes a specific word, say, to read a voltmeter, then this word becomes part of the
language. It can be included in any other programs (words) the user writes, or it
can be executed in interpreter mode, simply by typing it, to see the current status of
the voltmeter. This feature of extendibility suits FORTH uniquely to a laboratory
setting.
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As an example of this, we have taken two separate classical experimental pro-
cedures (measuring resistivity, and monitoring temperature) and have used FORTH
to ,ombine them to plot change in resistivity with temperature ofa superconducter.
In our presentation, we will explicitly deta .1 the implementation of the FORTH
code necessary to carry out this experiment.

The use of FORTH in aur microcomputer course has drastically improved the
quality and complexity of the students' projects in the course.

Logo in the Physics Classroom

lbm lough
Department of Physics, Piedmont Virginia Community College, Charlowsville, VA 22901,
on leave from Department of Physics. University of Virginia, Charbliesville, VA 22901

Since its release to the public in the early 1980s, the Logo computer language has
been characterized as a computer language only for children. This could not be fur-
ther from the truth. Develppers Seymour Papert and others at the Massachusetts
Institute of Technology originally designed Logo as a computer-based "Mathland,"
and it has a close kinship to physics.

When Papert introduced Logo to the public in his book, Mindstorms,1 he devot-
ed an entire chapter to the use of Logo in the study of physics. It was isot accidental
that one of the Logo development group members was an MIT physicist, Andrea
diSessa.

Logo, like LISP, performs in ways that enhance physics learning. It is interac-
tive, procedural, extensible, and quickly learned. For example, after I take alx ut

FD SO RT 35 FD 60 RT FD

Figure 1. Vector problem.

EV 50 RT 90 FD 80 RT FD

IT 70 1-1) SO RT 135 Ft) 110 RT FD

4 7 J



470 Authoring Tools and Programming Languages

ten minutes to explain the fundamental concept of turtle geometry (a sel. -referenc-

ing geometry) and a few Logo command: to my students, they immediately plunge
into explorations of vectors, displacement, and motion.2

The graphics cursor is a self-referencing entity called a turtle. Instead of using a
remote coordinate-system origin as a reference point, the turtle remains aware of
its heading. Prior to moving, the turtle can turn to the left or ,he right a specified
number of degrees. Then, like its living counterpaet, the turtle can move forward in
response to the appror ate command.

Using the commanas FORWARD, LEFT, and RIGHT, students can mnke up
and solve their own vector-related problems. For example, in the following set, the
problem is to figure out what RIGHT (RT) turn and what FORWARD (FD) move-
ment would return the turtle to its starting position (sec Figur, 1).

Logo allows instructors to write tool procedures for specialized operations.
such as calculating the strength of the electric vector in an electrostatic field. Since

*
««« « 4 ).)

.al

Figure 2. Electric field plots.
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the language is extensible, this means that the names of such tool procedures
become specialized commands as far as the students are concerned. Yet they can be
used in conjunction with any other commands or inside other procedures. Heie are
some examples of student explorations in electrostatics (see Figure 2). In each
case, the locations, signs, number, and sizes of the charges are completely con-
trolled by the students.

LEGO TC logo is an exciting new Logo product recently brought to market. It
is a combination of Logo and a specially assembled set of Lego bricks, electric
nicgors, and sensors. This pmduct enables students to build and operate their own
labccatofy instruments and then to use them in physics experiments by controlling
them with Logo. The potential is enormous.

My students and I have found Logo to be a very effective adjunct tool for learn-
ing about physics and about the process of experimentation. I heartily recommend
it to all physics teache: s who are seeking to free their students to learn.

I. Seymour Papert, Mindstorms (New York: Basic Books, 1980).
2. Tom Lough, "Logo in Physics," The Physics Teacher 24, 13 (1986); "Logo in the

Physics Class," Collegiate Microcomputer 4. 353 (1986).

instructional Scripts with SMP

Russell J. Dubisch
Department of Physics, Siena College, Gcnidonville, NY 12211

Many computer algebra systems allow the use of scripts that have syntax and capa-
bilities similar to those of compilable programming languages. Computer
systembased algebra software has many advantages. It allow, the user readily to
examine and diagnose student input in algebraic form; it gives the user ready
access to numerous operational and diagnostic capabilities of the computer algebra
system; and it is easy to program.

A development team con >isting of faculty and students at Siena College has
been making use of a rapid prototyping syste-n to generate scripts in the computer
algebra system SMP. The scripting system v. ,s a set of nested predicate lists hav-
ing the structure of a tree whose elements are "predicates" (SMP-scripted functions
that return a true or false value when evaluated) and "consequents," (SMP-scripted
functions that are evaluated or not, depending on their positions [true or false]
within the predicate list). For example,

[Pred, (Conseql, Conseq2)]

results in the evaluation of Conseql if Pred evaluates to true, or in the evaluation
of Conseq2 if Pred evalua:es to false.

The prototyping system is fully recursive and supports hierarchical menuing
features. It is presently being used on a VAX network and on the Sun 3/260 work
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station to develop computer-assisted ingtructional software for the general physics
and first-year calculus courses. We are currently focusing our development efforts
on two packages: (1) a system to make SMP easily usable for students having no
emputer prerequisites or special training in computcr algebra systems, and (2) an
interactive problem-solving database directed at identifying errors, difficulties, and
dead ends in student problem-solving efforts. We will integrate these packages into
our physics and mathematics course curricula.

4S2'
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Cu rvefit: An Interactive Gra ph ing
and Data-Analysis Program for
the Macintosh

Gyula J. Lorincz
University ofTororuo, Scarborough Campus, Scarborough, Ontario M1C 1A4, Canada

Most physics experiments involve finding the line or curve that best fits the data.
Curvefit is a Macintosh program that allows students to quickly and easily enter,
8IaPh, and fit a polynomial to data. It was developed for use by students in the
undergraduate physics labs at Scarborough campus of the University of Toronto.
The program was written in MacFORTRAN and runs on a 512K Mac, a Macintosh
Plus, or a Macintosh SE.

Graphs drawn by hand are limited to finding the best line through the data;
fmding the uncertainties in the slope and tatercept is difficult. Curvefit allows stu-
dents to do a much more detailed analysis of their data in the time available. It
allows higher-order polynomials to be fit, and it gives the standard deviationsand
correlations of the coefficients. In addition, it plots the deviations of the points
from the curve, from which studenis can evaluate the fit and look for nonlinearity
or systematic errors.

Curvefit fits a polynomial of degree less than or equal to 8 to the data points.
Either the x ory values may be transformed before the fit; the errors are also appro-
priately transformed. One of three types of fit may be performed: a standard least-
squares fit (equal weights); a fit weighted with y errors only; or a generalized
least-squares fit (both x and y have errors).1

Because the program has the standard Macintosh interface, (menus, windows,
and dialogues), it is easy to teach students to use. There are five menus, and the
"Apple," "File," and "Edit" menus are the same as in any Macintosh program.
There is also an "Options" menu to control the number of terms, the weighting of
the fit, the transformations, and so on; and a "Windows" menu. Since common
operations such as opening and saving files, printing, and editing are done with
standard Macintosh techniques, the experience gained using Curvefit reduces the
time students wed to learn other programs.

Curvefit is based on four windows: "Data," "Graph," "Results," and "Scatter
Plot." The "Data" window contains a four-coiumn array, similar to a spreadsheet;
which is used to enter and edit the values (with errors) to be fit. The "Results" win-
dow displays the coefficients, with their standard deviations and correlations. The
data points and the fitted curve are plotted in the "Graph" window, and the devia-
tions are plotted in the "Scatter Plot" window. The data and graphs can be printed
on either the Imagewriter or Laserwriter, or saved to disk.

I. M. Lybanon, "A Better Least-Squares Method When Both Variables have
Uncenainties," Am. J. Phys. 52, 22 (1984).
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rynamic Analyzer

Roger F. Sipson
Dcpartment of Physics. Moorhead State University, Moorhead, MN 56560

Dynamic Analyzer is an IBM PC program that allows investigation, within a con-
sistent interface, of a variety of dynamic phenomena that are determined by sys-
tems of ordinary differential equations. Examples of currently installed studies
include projectile motion, simple harmonic motion, nonlinear oscillations, and
motion of a charged panicle in an electromagnetic field. Each study allows oucput
of a number of variables, including energies. The program maintains two concur-
rent runs. The initial release of the program will include at least 13 different stud-
ies. Future releases, in the form of Dynamic Analyzer volumes, will include other
studies, based on the suggestions of users or possible collaborators.

The program is a major redevelopment of the Analyzer program.1 A pull-down,
pop-up, dialogue-box interface, which is similar to that which students see in major
applications, is used throughout the program. This allows transfer of student com-
puter literacy both to and from the program. An easy-to-use text and graphics win-
dowing system facilitates comparisons between runs, or of various aspects of the
same run.

Powerful graphing options include everything from simple, full-screen single
graphs to simultaneous ar."mated graphs in multiple windows. Graphics systems
supported are CGA, Hercules, MCGA (IBM PS/2 model 30), EGA (monochrome
and color), and VGA. The graph mode is set at run time so student disks can be
used in whatever machine is available to them. Built-in printer support (IBM
Graphics-compatible printers) allows graph printouts of the full screen or any of
the available windows.

Numerical "browsers" allow the user to scroll back and forth through the out-
put. The user selects the variables included within a browser and its screen win-
dow. The availability of nine browsers allows easy comparison of different
variables, different runs, and different parts of runs. This encourages the students
to use numerical inspection of run results :s well as graphical inspection and to see
that each of these modes have particular strengths. The fast and convenient on-
screen numerical support discourages wast0.1 printer output.

Setup files can be used to save and restore run, numerical, and graphical setups.
These files are like macro files in that they save and restore conditions that have
been established using the menu system. Run files establish all run conditions:
which studies, all parameter values (masses, spring constants etc.), initial condi-
tions, computatior intervals and any special stop conditions. Graph setup files save
and restore full graphing setups, which may include up to four setups of four
graphs each. These setup files do not contain actual graphs, but instead include
instructions to the program as to which graphs to draw how and where. ror exam-
ple, a setup in a setup file for simple harmonic motion might include an animated
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view of the motion in the upper left and simultaneously develop X-T, V-T, and i 4 -7'

graphs in the other three quadrants. This setup will work for any SHM study anu is
independent of the graphics hardware.

The program ihcludes a built-in clipboardlike work file and editor, into which
numerical results and run conditions can be pasted directly. Students can paste
parameters, initial conditions and other run information into a work file, then cut
and paste significant blocks of numerical results into the file, possibly individual
rows or even individual values, and simultaneously use the editor to write their
reports around these values. Learning to use cut-and-paste operations is an impor-
tant part of developing student computer literacy.

At least as important as student use of work files is that instructor-generated
work files can also be used as tutorials. In a typical session, the instructor's file
guides the students to read in one or more run, browser, or graphics setup files that
have been designed to develop certain concepts, and then indicates what to look
for. The student might be told to edit certain parameters or initial conditions and
then view the results. The instructor file can even include blanks into which the
student types a response. The file, or a printout, can then be turned in.

A significant strength of this program is that it permits simultaneous study of
two different phenomena. For example, one study can be pendulum motion and the
other ordinary SHM. Useful graph setups might include an animated view of the
oscillator motion in one window, an animated view of the x-y motion of the pendu-
lum in another window and graphs of X vs. time and 0 vs. time. Other graphs
might show energy relationships. Students can then adjust the initial conditions for
the pendulum to be small amplitude, medium amplitude, and even over-the-top
motion and they can then see similarities and differences.

The program Dynamic Analyzer is part of the collection Computers in Physics Instruction.
Software, which can be ordered by using the form at the end of the book.

1. R. F. S;pson, "Analyzer, an Attempt at a Physics Processor," Anrr Announcer 16, 123
(1986).

The Use of Equation Solvers in
Physics Instruction and Research

Robert Rundel
Department of Physics andAstronomy, Mississippi State University, Mississippi State,
MS 39762

A new basic category of software has recently appeared that is of particular interest
to physiciststhe equation solver. A true equation solver is not just a computer-
ized calculator. An equation solver can do iterative solving, find roots of polynomi-
al and transcendental equations, calculate simultaneous equations subject to



478 Computer Utilities for Teaching Physics

constraints, and do nonlinear least-squares curve fitting. It can also do fast Fourier
transforms and their inverses. The results of these calculations can easily be plotted
in a variety of formats for display.

Because they require no programming and their capabilities are easily accessi-
ble to those with little or no programming experience, equation solvers are very
helpful in all areas of physics research. Because they work in an interactive man-
ner, they are also very useful in classroom instruction. When input to calculations
is changed, the results and their graphs change instantly. Equation solvers are to
scientists what spreadsheets are to businessmen.

In my presentation, I will review the characteristics, capabilities, and user inter-
face of a number of commercial equations solvers, including MaihCAD, Eureka,
DaDisp, Point Five, and The Wheel.

For most physics tasks, the equation solver of choice is MathCAD. MathCAD
combines equation solving with a word processor, a text formatter, and :.:., excel-
lent graph plotter. MathCAD includes a truly impressive array of built-in functions
and capabilities. It has the normal trig, hyperbolic trig, log, exponential, and power
functions, and a random-number generator. It can also do numerical differentiation
and integration, find the roots of a polynomial (you must supply an initial guess),
do cubic spline interpolation (very useful for connecting experimental data points
with a smooth curve), and calculate fast Fourier transforms. It can handle arrays,
including fmding the largest or smallest member of the array, and it can use com-
plex numbers as well as real ones. If it doesn't have your favorite function built in,
you can define your own functions. These functions can be nested, that is, the argu-
ment of a function al be itself a function. MathCAD is also particularly good at
handling arrays of data. It can read from, write to, and append to data files, which
contain numbers separated by commas, spaces, or other nonnumeric delimiters.
The data may be shown in the worksheet in the form of a nicely formatted table.

As you type an equation, MathCADautomatically formats it foilou. The for-
matting is not pat icularly good, since all text characters are shown the same size,
and subscripts or exponents are moved up or down one line. Brackets, radicals, and
integrals do expand to match whatever is inside them. However, it is substantially
easier to read than, for example, a line of BASIC code expressing the same equa-
tion. When you type an opening parenthesis (strangely enough, by typing the apos-
trophe key), MathCAD automatically supplies the closing parenthesis. When you
delete one part of a set of parentheses, MathCAD automatically deletes the other
part as well.

You can graph any function or variable against any other. Typing the @ key
inserts a plot region into the worksheet. A small open square appears, with three
smaller filled squares along the bottom and left side. These are place holders, in
w hich you enter the function or variable to be plotted on that axis, and the mini-
mum and maximum values of the scale for that axis. You can plot several functions
in the same plot, just by entering more than one function name in the place holder.
The plot region can be stretched to any desired size, logarithmic axes may be used,
and a grid may be superimposed on the plot. If data points are being plotted, you
may choose from a variety of plotting symbols, decide whether the points should

457.



Rundel 479

be connected by lines, and show error bars. Whenever a worksheet is recalculated,
the graph is redrawn to reflect the current data.

I find it particularly useful that MathCAD understands units. It treats a unit sim-
ply as a multiplier in an equation, and keeps track of compounded units by analyz-
ing the dimensionality in terms of mass, length, and time. If you supply a table of
units conversions somewhere in the worksheet, MathCAD does units conversions
by allowing you to edit the unit of calculated quantity. Once the edit is complete,
the number is recalculated for the new unit.

The piece de resistance of the MathCAD is its math capabilities, vectot and
matrix operations, and iterative solving. MathCAD understands vectors and matri-
ces completely. They can be created and manipulated in a whole variety of ways.
You can calculate dot and cross-products, invert matrices, and calculate their trace
or determinant. Many math texts use the language of matrices, for example in
curve-fir_ag techniques and it's quite easy just to type the matrix equations into
MathCAD straight out of the text.

MathCAD also uses the idea of a vector for another very useful purpose. Instead
of defining a subscripted array, and then looping through a calculation on each
member of the array, you can define a vector, containing the entire array, and then
use that vector as if it were a single variable in an equation. The calculation is car-
ried out more rapidly, and the equations are much easier to read.

MathCAD has two forms of iterative sol Ang. You can use the root function,
which finds a root of any equation fix) = 0 starting from some guess for x.
Although you have to supply the guess, and the root found may depend on the
guess, it's so easy to plot an equation in MathCAD to see approximately where
roots may lie that that's really no problem.

For more complex iterative solving involving constraints, MathCAD uses a
solve block, which consists of an area in a worksheet starting with the key word
"Given," followed by any number of equations or constraints, and ending with an
equation that includes the find function. Once you set up this solve block and sup-
ply initial guesses for the variables, just hit the "calc" key (F9) and MathCAD will
iterate whatever is in the solve block until it reaches a solution. You can control the
accuracy by setting the internal tolerance variable.

To test MathCAD's iterative solving against Eureka's, I used the "Ladders"
example problem supplied with Eureka (set up a 45-foot ladder and a 35-foot lad-
der in an alley between two buildings such that they cross each other 10 feet above
the ground). This problem involves solving four simultaneous equations in four
unknowns with the constraint that all variables have values greater than zero.
Starting from the initial guesses given in the Eureka file, Eureka produced a non-
sensical answer (one of the variables was less than zero), while MathCAD properly
reported that it could not find a solution. Given a better guess, both programs
found good solutions. Eureka was faster, by about a factor of two, but MathCAD
was more accurate.

It's clearly a whole new world out there now. Why, oh why, wasn't this avail-
able when I was a graduate student?

S3
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MathCAD in the Modern Physics
Course

Don M. Spar !in
Physics Department, University of MissouriRolla, Rolla, MO 65401

In 1988 I find myself at the dusk of time-consuming programming and poor graph-
ics resolution, and at the dawn of outstanding support for the teaching of physics
through interactive computer computational software. The available prepared
coursework materials are exee;lent, but restricting at the upper-division level. I am
delighted to discover more and moro incredible computational software packages
that include user-friendly menus, low time and monetary cost, adequate graphics,
complex math, Fourier analysis, and revelant special functions. Used with a math
coprocessor, these packages are even fast enough on a 5 MHz machine. EGA is
necessary for color graphics presentation, but Hercules resolution is just fine other-
w.

I have recern1; become acquainted with the Student Edition of MathCAD.1 My
students find this product very acceptable for everyday homework preparation and
especially for bonus points. I find it useful for preparing tests, and for preparing
"living" exercises. The main use of MathCAD has been for bonus points. The
students work exercises using MathCAD to earn a maximum of 150 bonus points
above the 1,000 points available through tit, usual mechanism of tests and home-
work. The motivational factor of hedging against poor test performance while
learning to use software that applies to other courses as well, has proved to be irre-
sistible.

I will present several of the bonus assignmelts along with the "living exercis-
es." I will also discuss student reactions, focusing on the motivational value of this
procedure. Finally, I will address the difficult problem of illegal copies of the soft-
ware circulating throughout the class.

1. MathCAD, the Student Edition (Reading, MA: Addison-Wesley).

Ode: A Numerical Simulation of
Ordinary Differential Equations
Nicholas B. Tufillaro
Department of Physics, Bryn Mawr College, Bryn Mawr, PA 19101, and Graham A. Ross,
Portland, OR 97215

Ode solves the initial-value problem for a family of first-order differential equa-
tions. When provided with an explicit expression for each equation, Ode parses a
set of equations, initial conditions, and control statements, and then provides an
efficient numerical solution.
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Ode makes the initial-value problem easy to express. For example, the ode pro-
gram,

# an ode to Euler
y .. 1
_V' ' Y
print y from 1
step 0, 1

prints 2.7l8282.
The Ode User's Manual contains a guide to applying the program and a discus-

sion of its design and implementation. Ode provides a simple problem-oriented
user interface, a table-driven grammar, simplifying extensions and changes to the
language, a structure designed to ease the introduction of new numerical methods,
and (considering that it is an interpretive system) remarkable execution speed and
capacity for large problems.

Ode currently runs under the UNIX operating system on machines ranging
from micros to mainframes. Ode is in the public domain and is in use at numerous
educational and industrial sites. The source code, documentation, and copious
examples are available from the first author. Ode has been used in many research
problems and incorporated into coursework.

Computer Desk-Top Management
for the Physics Teacher

Carl R. Nave
Department of Physics and Astronomy, Georgia State University, Atlanta, GA 30303

The personal computer is a powerful resource for helping witn the strategy and the
logistics of teaching. This paper explores the use of a Macintosh computer as a
desk organizer and handler to help with the routine tasks of physics instruction. It
considers use of several commercial software packages en a stand-alone basis, and
then explores their integration with the IlyperCard environment. Specific attention
is given to developing documents with Loth graphics and text, storing and retriev-
ing data, solving algebraic problems, and searching bibliographies. The overall
goal is to show how the machine can serve as a teacher's aide to help with the
time-consuming tasks of preparing materials for daily classroom use.

If a physics teacher is to use the computer for preparing exams and developing
labs, handouts, and other instructional material, he must integrate word processing
with graphics. This was a major problem as recently as five ycars ago, but there are
now n-..nerous alternatives for incorporating graphics quickly and conveniently. I

490



482 Computer Ut :Mies for Teaching Physics

discuss the use of desk accessories and the applications Switcher and M uhifinder.
Desk accessories like Maclqn allow the inclusion of equations.

Next, I discuss how to build a searchable body of teaching information with a
word processor. Word processing constitutes the major part of the university pro-
fessor's use of a corccuter. In a 1985 survey, our faculty respondents reported that
about 60 percent of their computer time was spent in word processing and that
about 75 percent of their computer use was with microcomputers rather than the
university mainframe. Thus, developing the word processor as a tool for the math-
er is of utmost importance.

Algebraic equation solver programs like the commercial software package TK
Solver are a great help in developing examples and graphics in numerically tedious
problems like three-lens zoom telephoto design, loading of a tra dormer, and
motion in a viscous medium. TK Solver is also an invaluable tool for solving sim-
ple dynamics problems such as the braking distance of an automobile For more
elaborate graphics, an integrated spreadsheet and graphics program like Microsoft
Excel is an amazing tool for creating models for handouts or slides. For example,
usir.g the sensitivity curve of the eye, you can factor the radiation curve fram a

e candle flame to get a graphical representation of the color perception of a candle
by the human eye. By patching the Excel graphics over to a paint program to create
labeling and descriptive text, the instructor can create a one-page handout in one
short session.

Constructing a searchable bibliography as Trent reading log can be handled
well by some of the simpler database programs. 11iese are quickly learned and easy
to use. I will discuss developing an organization, developing a quick-entry form,
seatthing, etc.

I also discuss some specific examples of the use of HyperCard in physics teach-
ing. HyperCard is a major development for enhancing the Macintosh us a teacher's
tool. It helps create information files of all types, which can be linked in any way
you wish to form an interconnected web of information that can be followed along
a logical search path by merely clicking "buttons" that you create on the screen.
An example is a periodic table of the elements on which each element symbol is a
button that takes you to more extensive data about that element, and other buttons
that take you off to the values of fundamental constants or physical data. You
access this data bank from within a word-processing program or spreadsheet, and
then patch in the needed information. HyperCard takes you a long way toward the
goal of an affordable "scholar work station" in which information and working
tools are almost instantly accessible.
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Applications of New Technology
for Large-Scale Computer-Based
Physics Instruction

Donald L :itZer
Computer-based Education Research Laboratory, University of Illinois, Urbana, IL 61801

Dennis J. Kane
Department °Physics, University ofillinois, Urbana, IL 61801

The PLAID system was invented at the University of Illinois in 1960. In the inter-
vening years this system has evolved threugh several major stages, the last of
which has culminated in the new NovaNET system currently in operation. During
these stages of development, approximately 16,000 hours of lesson material from
150 different subject areas have been created. Although a few subjects are taught
completely by computer, most of these courses use the computer for 30 percent to
50 percent of the instruction.

The PLATO system presents a flexible approach to computer-based education.
The system software provides an easy-to-use authoring language, TUTOR, to pro-
duce new courseware. Also availPble is an instructor package that permits a teacher
to form a curriculum by selecting and arranging lessons, to enroll students in the
course, and to provide tools for measuring and tracking students' performance. The
student terminal has a 512x512 pixel graphic display with a keyset and screen-
touch input. Some of the terminal!: also provide for superposition of slides on the
graphic display by rear projection.

The physics department at the University of Illinois has used PLATO in four
areas: for direct instruction in a complete computer-based introductory classical
mechanics course; for administering weekly quizzes in an elemeatary electricity,
magnetism, and thermodynamics course; for isolated instructional exercises of var-
ious kinds in other courses from the elementary to the graduate level; and for
administrative uses such as enrolling and dropping students in large multisecCon
courses, as well as recording and displaying scores on examinations, h itneweo:
and laboratory work for both the students and instructors. Some of these usc2 jj
be briefly discussed in this paper. More detailed descriptions are given in dr
ences listed. Finally, a description of the new NovaNET system will be e ven to
show how these PLATO applications can now be expanded across the United
States at a very low cost.

The Use of PLATO in Physics

Because over 2,000 students enter the introductory p' .ysics sequence each year, the
PLATO applications in the physics department have been developed to be usable
and manageable for large numbers of students. As the number of students who
require individualized attention increases, management problems escalate rapilty.
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A computer-based education network consists of a complex human-and-
machine system. There are many human players at each level in thy system. A few
players are highly skilled computer programmers. A larger numba consists of
those who create lesson material and instructors who mold the lessons into a cur-
riculum. The end users or students, constitutes the largest group, and they are the
most naive users in the system.

Problems with tte system or courseware are usually detected by the end users.
Corrections must be made by the other experts in the system. Consequently, com-
munication is needed between users at all levels for reporting problems and imple-
menting the appropriate conxtive steps. In order to be effective, the detection and
CONCetioll of problems must take place quicklynot in days or months. This pro-
cess can be implemented either by superimposing a human management layer or
by providing a well-thonght-out, computer-communicatiof. system to accomplish
the same task. Educution does not escape entropy!

Thus, choosing the option of a central-system approach to solve management
problems is an important, time-saving concept. Changing or correcting lesson
material instantly for all users at all locations and collecting and distributing stu-
dent data such as performance records, test scores, class standing, and comments
on lessons are some examples of management problems that are solved by the cen-
tral system approach. Although these data are protected from unauthorized access,
they can be viewed by both students and instructors at any location and at any
time.

A PLATO-Base,. Elementary
Mechanics Course

The early development of PLATO physics course material began in 1970 with
the production of a few lessons in classical mechanics. By 1975, with the help of a
National Science Foundation grant, 30 terminals in a single classroom began deliv-
ering instruction in classical mechanics to 200 to 500 students per semester.
Various kinds of lessons are used in this course, with the major emphasis on the
use of tutorial presentations and homework exercises. The flexibility of the PLATO
system is important in both of these applications. New principles can be introduced
by using graphics to illustrate the concept dynamically. Questions concerning the
new principle can be interspersed with the demonstrations. Students can use alge-
braic responses that include superscripts, subscripts, and dimensional units, with
the computer giving meaningful feedback to such responses.

The tutorial lessons help the student to acquire an understanding of fundamen-
tal concepts and then to use those concepts in simple applications. The student is
introduced to new concepts and terminology while being quizzed on the new mate-
rial. Throughout the lesson there are short quizzes consisting of problems in ran-
dom order with vandom parameters. If the student cannot answer the question, asks
for help, or givcs an Incorrect answer, that question reappears later in the drill wirl
different parraneters. an a mastery quiz, which is presented at the end of the les-
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son, the student must answer six out of eight questions, but no help is provided and
answers must be correct on the first try. The mastery quiz can be taken at any time
and as many times as the student wishes. However, the questions always appear in
a different ordur and with different parameters.

Graphics and simulations are used extensively to illustrate concepts and appli-
cations. The simulations and proof are followed by application examples.

Online homewodc problems follow the tutorial lesson for each topic. Students
buy a booklet containing pictures of these problems and are encouraged to solve
the problems outside of the computer classroom, although some opt to work on the
terminal exclusively. This online homework provides the student with immediate
feedback. Mswers that are incorrect or have improper form, draw an appropriate
comment on the error. If the response is incorrect but has proper form and correct
unfts, the student is told of the error and is offered help. If the "help" key is
pressed, a full discussion of the problem is given.

In the standard course there are two one-hour large lecture sessions, a two-hour
small discussion session and a two-hour laboratory session each week. In the
PLATO version of the course, the discussion meetinr, is replaced by a two-hour
scheduled PLATO period. The students are free to use more PLATO time if needed
for homework and review. Typically, another two hours per week are used this
way. Completion of tte PLATO lessons and online homework counts as 20 percent
of the student's final grade.

The integration of the computer-based version of the physics course with the
standard aspects of the course have provided advantages in student management.
Since the online materials are so detailed, the lecturer can concentrate more on
demonstrations of physical principles and less on elementary exposition of topics.
The weekly PLATO session is a time for students to work on the terminals with
instructors present to provide additional individual help. Using the online grade-
book, instructors can immediately discern what material each student has complet-
ed and in what areas each student may need assistance. In addition, students can
easily determine their relative standing in homework, quizzes, and examinations,
which may provide incentive for them to seek help in particular areas.

Since the online gradebook instantly records students' performance on home-
work and quizzes, the instructors are not only freed from collecting homework and
recording grades, but also have immediate access to these. They can, after review-
ing the data, tailor their approaches to fit students' needs and provide extra help in
problem areas.

Grades from exams and labs are recorded online as well. Since all the scores
are on the compuflr and can be combined in any grading algorithm, the task of
assigning a grade at :he end of the semtzter is simplified.

An electronic mail feature, a computel bulletin board, and an open-forum notes
file allow communication between students and teaching staff, as well as among
members of teaching staff (who can number as many as 30 in some of the large
courses). Using their terminals at the end of the semester, studen e. are able anony-
mously to communicate suggestions, complaints, and evaluations of the course.
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Because of the kuge enrollment, it has been possible to operate both the tradi-
tional and the computer-based versions of the course in parallel. We have therefore
been able to sunly some effects of introducing the computer into the course. The
computer-based version is run with one-third fewer teaching assistants. However,
results from both the students' scores on tests and longitudinal studies of perfor-
mance in future physics courses show no significant difference between the stu-
dents in the computer-based version and those in the traditional course. Each
semester the students in the computer section of 1.-.e course are asked which
method of instruction they would prefer for their next ph:sics course. Typit:ally 60
to 80 percent respond in favor of a PLATO-taught course.

PLATO Quizzes in the Elementary Electricity,
Magnetism, and Thermodynamics Course

The course following classical mechanics in the elementary physics sequence
teaches electricity, magnetism, and thermodynamic% Over the past three years, we
have developed a system fcr administering the A zkiy quizzes in this course on
PLATO. Thus, it allows more faculty control over this important but time- consum-
'mg and often unevenly administered component of the course. Students do not
have a weekly two-hour, small-group disr:ssion meeting with a teaching assistant
as was done previously. Instead they attend an additional one-hour large lecture
that stresses problem solving and is taught t. y a senior faculty member. Students
are also scheduled to take a quiz covering the topic for the week on PLATO.

We have developed a set of 12 quiz problems for each of the 14 weekly topics
with each problem ranging from four to ten questions. The faculty member in
charge of the course selects eight problems to be used out of each set. These eight
are available to the students for advance practice prior to the quiz. During the stu-
dent's scheduled quiz time, PLATO chooses one of these problems at random,
changes the numerical values in the problem statement (to make them different
from the practice version), and administers it as the student's actual quiz for that
week. The student has up to 17 minutes to work on the problem initially. At that
time (or before, if the student requests it) the student's answers are graded. In the
case of an incorrect answer, the student still receives points for correct units or for
an answer calculated correctly but based on an incorrect answer to an earlier ques-
tion. The student then has up to eight minutes to continue working on the quiz
before it is graded again for the final time. This hybrid of quiz and homewoik has
turned out to be popular with the students and is perceived by most of them as an
efficient use of their study and class time.

The centralized and secure aspeas of the PLATO ne work are essential for
administering this quiz system to as many as 1,100 students who may be enrolled
in the course in a given semester. Pf.ATO stores every answer by each student
throughout the semester (allowing for later review); assigns, stores, and renormal-
izes (if necessary) each student's scores; and can present up !o-the-minute,
coursewide results instantaneously.
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The New NovaNET Syster,
Aithough the PLATO system has been successful in delivering instruction for
many years, the cost of usinr ti.e. system has prevented a large-scale expansion at
many levels of education. Now a new system has been designed and tested to
deliver the same high-quality computer service at a much lower cost. One impor-
tant criterion of the new system design, is retaining the important computer-man-
aged features made possible by a central computer approach. This requires
efficient central computing along with a much more cost-efficient communication
network.

The attempt to reduce total system costs was divided into three ..omponents: the
student terminal, the central computer, and the communication na.pork.

Low-Cost Terminals

Two approaches were used to provide large quantities of low-cost terminals.
First, a new low cost (S6G0-800) monochrome terminal was designed and pro-
duced. It has a resolution of 640x512 pixels and seorts all of the central, TUTOR
programs. This terminal is ideal for those who ar ,ate--.tsted in using a display for
TUTOR programs only and are willing to use is tigh. ixtn or mouse instead of a
touch panel. The second approach was to provide access disks, which convert stan-
dard microcomputers such as Macintosh, IBM, Atari, and Zenith into terminals
that are compatible with the TUTOR programs. This 7,ermits owners of microcom-
puters to have access to the NovaNET system. Howevei, the quality of the result-
ing graphic display and keyb,ard interface, depends on the quality of the
microcomputer used. Mete recent microcomputere, suLit as :Itose in the IBM PS/2
series, make excellent PLATO terminals.

New Low-Cost Network

In an environment where naive computer users are sharing application packages
developed by experts and managed by a computer, central processing makes a low-
cost communication network possible. In a computer-based education application,
most computing can be done centrally with only the display code transmitted to the
user terntinal. Data from over eighteen million terminal contact hours have consis-
tently shown that, when averaged over .he variety of users and applications, the
data rates from the users to the computer are significantly lower thv the data rates
from the computer to the users.

A more detailed analysis shows that even tkough a peak data rate of
1,200-9,600 bits/second may be delivered to the uf,er ever a brief period, the aver-
age data rate is approximately 240 bits/second. The data from the end user to the
computer are typically key stroke information. Inc keystroke rate sent by the user
may be as high as 10/second, but the average over time turns out to be 1 key/2 sec-
ond. This asymmetrical data rate requirement, which occurs with central process-
ing, piovides a unique opportunity for low-cost networking.
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In the new network discussed here, the communication from the central com-
puter to the terminal is provided by a satellite T-1 carrier. Since this channel is used
in a broadcast mode, only one uplink is needed. This is fortunate since uplinks and
channel space are relatively expensive. Each distant receiving site needs an inex-
pensive downlink fir receiving the data and a telephone line (9,600 bits/second
channel) to rettrn keystroke information to the central computers. Each T-1 chan-
nel has the capacity to communicate with up to 4,000 terminals simultaneously, but
since not all terminals use the system at the same time, the T-1 channel can support
as many as 8,000 connected terminals.

The phone-line return channel has several advantages. First, the phone line can
support over 300 terminals because of the low data rate per terminal. Second, the
time delay incurred by synchronous orbit satellites is avoided in the return path.
This allows the entire communication path to have reasonable human response
times for the interactive use. Finally, cost of the phone lin,. from the remote sites to
the central computer is very low per terminal.

A network driven by a central computer does not and should not preclude the
use of processing at other places in the network, such as at the terminal. There are
important applications, like text editing, where very rapid display changes may
require local processing. The combination of processing at the terminal and cen-
tral-system processing takes advantage of the best of both situations.

When the communication system is loaded (4,000 terminals in the T-1 channel
and 300 on the return phone-line channel) the estimated cost for round-trip com-
munication between the satellite downlink and the computer totals approximately
$10 per month per terminal for full-time access. The network has a round-trip
response time of apploximately one third of a second. In additi A to the remote
connection costs, the cost of local redistribution must be added.

High-Data Background for Other
Applications

Each T-1 carrier has the capacity to communicate with approximately 4,000 ter-
minal:: simultaneously. To prevent long data queues when fully loaded with the
4,000 users, there must be sufficient capacity remaining in the communications
channel to provide for the statistical variation in data flow. This extra capacity of
approximately 20 percent or SOO kb/second average can be used for a background
transmission of data if this data is interrupted when the channel space is needed for
the regular users. This additional channel space is available for a variety of uses.

1. Downloading programs to microcomputers. There az.: applications where a pro-
gram is best run in a microcomputer and there is no need for network interac-
tion. The ability to transmit these programs rapidly to the end user provides an
economical method of updating and distributing such programs.

2. High lata-rate transmission of output from the supercomputer. Many supercom-
puter programs generate sophisticated diagrams and color tintres as their out-
put. Obtaining such output in a reasonable period of time usually requires users
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to be located near the computer site. This wide-band transmission capability
will make possible for many remote users the same interactive capability they
would have if they were located at the computer site.

3. Downloading of prestored audio and visual information. One of the new and
important directions in computer-based education has been the introduction of
prestored video and audio information on the student screen. In addition to the
problems of generating this information, the ability to modify, add, and dis-
tribute video and audio information has become a barrier to its wide use. Use of
the high data-rate network, particularly in lightly used hours, offers an opportu-
nity to send corrections and additions of prestored audio and pictures to remote
sites.

New Central Computer

The existing PLATO software consists of approximately one million lines of
tested Cyber software code that currently manages the system and executes the
lessons. Because of this large amount of operational software, it is important that
the new computer be low in cost, powerful enough to support thousands of termi-
nals, and able to execute in exactly the same manner as the present Cyber machine.
Such a machine was not available. Therefore, we decided to design and constnict
such a computer at the Computer-based Education Reseuch Laboratory. Using our
existing computer system, which was programmed with the characteristics of the
latest ECL chips, we were ..ble to generate a wiring list for the new computer.
However, obtaining a wiring list consisting if tens of thousands of connections
solves only a part of the problem. Because of the large number of connections, it is
necessary to use an automatic wiring machine. Using this procedure, we have pro-
duced two prototype computers. Thus, the seemingly impossible task of proaucing
a new large computer consisting of tens of thousands of connections has been
reduced to a reasonable task by the use of automatic computer design and wiring.
Terminals are currently connected to this new computer system at four experimen-
tal downlink sites located in Tucson, Arizona; Des Moines, Iowa; Orono, Maine,
and a special supercomputer test site at the University of Massachusetts. This type
of special computer implementation works in reality, not just in principle.

Conclusions

The use of a computer for instruction and administration has been successfully
integrated into the large introductory physics courses at the University of Illinois.
Results show that students in the PLATO version of the course do as well on tests
and in future physics courses as the students in the standard course. The use of the
computer has reduced the staff load for teaching thesc, courses and the instructors
feel that the time that they do spend with the students is more productive.

The new NovaNET system makes it possible for these physics materials and
administrative applications to be used at many institutions across the United States
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at a low cost. This capability might help solve some of the articulation problems of
entering students from high school and transfer students from other institutions.

The PLATO system and the NovaNET system are developments of the
University of Illinois.
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Computer Conferencing: A New
Delivery System for College
Coursework

Richard C. Smith
Department of Physics, The University of West Florida, Pensacola, FL 32514

The physics teaching community has recently been challenged to reassess its
on problem-solving skills as a way of teaching physics. Rigdon puts the

matter succinctly when he says that "students can solve problems without under-
standing the physical concepts involved in them" and suggests strongly the need to
allow students to describe physics concepts in words of their own choosing.1
Receut work in commonsense misconceptions also addresses this problem.2

Computer conferencing i., one medium for exchanging ideas expressed in
words; in addition, it delivers learning experiences to sWdLitts who are widely dis-
pemed in location and time. An unexpected benefit of computer conferencing is
that it challenges traditional assumptions about how phys:cs instructors use sched-
uled time with their students.
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What Is a Computer Conference?

A computer conference is a dynamic collection of comments, questions, responses,
or other text-based materials on a common sabject of discussion.3 The specialized
conferencing software used to support this activity offers text-editing facilities,
easy ways to reference past material, transfer of material between related confer-
ences, and private messaging facilities. The participant charged with leading the
discussion is responsible for keeping the discussion focused on the subject.

A computer conference greatly resembles that low-technology means of
exchanging information, the hollow tree. Participants visit the hollow tree at times
of their own choosing and leave messages that are later retrieved and read by all
other participants in the conference. While there, participants can pick up all the
notes that have been deposited there by previous visitors and make whatever
responses seem appropriate. Today, the hollow tree has become a host computer
accessed either by wired terminals or by modem-based dial-up facilities.

The key element is the fact that participants can engage in conversation at times
and places of their own choosing. In terms of college course work, it is no longer
necessary for the class to meet in room 230 at noon Mondays, Wednesdays, and
Fridays. Rather, the dialogue occurs continually in a text-based delivery mode. To
offer a course in this mode is roughly equivalent to listing a conventional course as
consisting of multiple sections with one student per section, at times and places to
be announced.

Requirements for a Successful Course

Not all physics courses are suitable candidates for delivery in this text-based sys-
tem. A course must meet three requirements if it is to be considered for a success-
ful conference mode application:

I. The information content of the course must already exist in some accessible
form. This can take the form of a textbook, a collection of newspaper articles
distributed to students, or even text files retrieved from a computer-based file
server. The computer conference itself should be reserved for the exchange of
reaction to the material or discussion of its main points instead of primary dis-
persal of information.

2. The material of the course must allow for, and indeed invite, discussion.
Courses in which rote memory and fact accumulation play a large role arc not
well suited for this medium. This requirement does not exclude so many
physics courses as it might seem at first, but rather indicates that physics
instructors must bring different skills to bear on a course than has been custom-
ary in the past.

3. The course must not depend on extensive symbol manipulation. Electronics
courses, for example, would be very 'fficult to teach without the use of electri-
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cal device symbols. Geometrical optics would be impossible to teach without
ray diagrams, although there is certainly much room for qualitative discussion
of the results of geometrical optics.

PHY 3936: Special Relativity

A course that meets these three requirements is the University of West Florida
course PHY 3936: Special Relativity, a one semester-hour seminar taught recently
in the computer-confeience mode. The textbook for the course was Spacetime
Physics by Taylor and Whtelcr.4 This text was specified because of the large num-
ber of word problems and :he author,' disposition to resort to calculation only after
thorough discussion had paved the way. The computer conference was hosted by
The Sante, a well-known public-cc. Nu:: facility, and it used the specialized 13
during which time eight students and I ccmaibuted 449 messages, an average of SO
messages per participant for thc entire cou.rse. or three contributions per participant
per week.

All students were on campus regutarly end could have attended a conventional
lecture MUM. The class met formally during the first week, when I explained the
rules and procedures of the course. All agreed that course communication should
take place exclusively on Participate, and that them should be no hall talk on dis-
cussion items. One of the departmental Apple Hs was equipped with modem and
terminal software, and students were invited to use these at their own convenience.
Several students elected to use their own home computers, and two purchased a
modem specifically for use with this course.

The course was structured on Participate as a tree-shaped conference, shown in
Figure 1. The 13 weeks of the course are shown horizontally, with the branching
conferences shown between the first and last week of their existence. Each confer-
ence is named at the rightmost end of its existence. The height of each week's rep-
resentation in each conference is proportional to the number of contributions mad,.
during that week, and is shown by the scale in the figure. For example, six separate
conferences were active during Week 3, with the "Proper Time" conference elicit
ing the most (28) contributions.

The root conference, entitled "PHY3936," ran from start to finish of the course
and served as take-off point for all the topical sub-conferences. No discussion
occurred in "PHY3936" itself. A second special purpose conference was
"Procedures," which discussed ways to use Participate effectively. This conference
was used for general notices unconnected with special relativity topics. Examples
included: how iu minimize connect time; advance notices of service interruption;
comparison of Participate with other conference systems. "Procedures" was umd
almost evay week. A third special purpose conference, "Ewluation," was used to
gather comments at the end of the course.

Aside from these procedural conferences, 12 topical conferences ("eveloped
throughout the term: "Events," "Intervals," "Proper Time," "Spaceunic," "Lorentz
Transformation," "Galilean Transformation," "Velocity Parameter," "Time

502
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Figur. 1. Time development and relationship of 15 separate conferences
used in the special relativity course.

Dilation," "Lorentz Contracdon ," "Synchronize Clocks," "4Vector," and "Waves."
Their relationship to each other and the relative activity levels are depicted in
Figure 1.

Typically I would introduce r, new topic by posting a textbook reading assign-
ment, specific key ideas to look for, perhaps a small amount of discussion directed
toward one of the illustrations in the text, and finally a question designed to r;icit
student response and interpretation. Often i would assign one or more of the stu-
dents to make the primary response, the equivalent of calling on that person in
class.

From time to time, when I could anticipate the ncr.4 for a particular graphic
explanation, I would produce the graphic and mail it to the students, so that we
could all make reference to the illustration as pan of our discusskA. The details of
this particular course have been described in detail elsewhere.5

Advantages

There are several pedological advantages to offering college cAgrse work in tHs
text discussion mode. A primary advantage is the fact that this mode puts responsi-
bility for course success on the shoulders of the learners, where it belongs, and
engages each student as a potential tutor for others in the discussion. If the instruc-
tor can learn to use students in a collegial fashion in working through a common
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body of material, then the experience and knowledge already in the student's
minds can be put to use for the benefit of the entire group.

A second advantage is that personal interaction among all participants in the
conference is enhanced. This finding often comes as a surprise to those who view
computer-mediated communication as being cold and impersonal, but confaencing
permits the instructor to notice who is not participating and to encourage reluctant
students to become an active part of the group, resulting in better intapersonal
relationships.

A final advantage, one that I have not yet succeeded in accomplishing, is the
possibility of involving the textbook author or a well-known expert as pan of the
course itself. This possibility is open because there are no time constraints. Ow
intriguing possibility is to mask the expert's identity until close to the end of the
course, so that students would come to perceive this person as a true colleague in
the learning of new material.

Disadvantages

There are several significant disadvantages to offering a course in the conference
mode. Perhaps the biggest problem is the difficulty in keeping the open-ended dis-
cussion from wandering off an tangents. An instructor who finds the discussion
leading away from his/her own agenda must use considerable skill to redirect the
discussion back to the topic.

The absence of gr., :lies capabilities in text-based discussion is al""% a major
disadvantage. Transmission of graphics is difficult on a general-purixk omputer,
not only because of the high information content contained in graphic images, but
because the mechanism for producing grzphics on a terminal is machine specific,
so that graphics designed for display on a Macintosh, for example, would be mean-
ingless to a student paiticipating with an MS DOS machine. To be sure, graphics-
encoding techniques exist, the principal one being the North American
Presentation Level Protocol Syntex (naplps),6 but the availability of software for
encoding and decoding such images is not widespread and often cannot be handled
on the general-purpose host computer?

A final disadvantage is that participants are cut off from visual demonstrations
of the physical effects that they may be trying to discuss. One way to respond to
this problem :.. to mail out demonstrations on video cassette to each participant, a
technique that has been used successfully in other home-delivery course projects.

Dis/advantages

Several features of a computer confercace course can be regarded either as an
advantage or a disadvantage depending on one's point of view. First, it is difficult
to write equations. This can prove frustrating to those instructors who think solely
in terms of equations, but this constraint may open up the possibility of under-
standing more physics through the use of nonmathematical text, precisely the point
made by Rigdon.8

5' 1, 4
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A second charactair.ic is the open-endedness of the discussion. An instructor
who insists on discussing only the material at hand and not allowing the topic to
grow in whatever direction it chooses will be frustrated at keeping stuck- on task.
One (perhaps extreme) example of this occurred in the special relativity course,
when our stated topic of finite signal velocity led to an unexpected discussion of
dispersion, thence to chromatic aberration, and finally to rainbows and glories,
admittedly strange topics for a course in special relativity. Whether or not such
excursions into new topics is desirable or undesirable in a physics course is let for
the reader to dec ;de.

Course Organization

The continuing record of contributions to a computer conference looks much like a
typed tra script of a seminar with many participants. One person will make a com-
ment that will be answered by a second partir ipant, who will be responded to by a
third, and so on. One can imagine a lively discussion arc-1d a common table. The
only difference in the two examples is the time scale of interaction. Whereas a live
discussion can have several remarks and rcsponscs within a few minutes, the same
inteichange may take a day or two in a computer-conference mode. This means
that it may take several weeks of conference proceedings to cover the same materi-
al as in an hour of live discussion. A compensating feature of computer conferenc-
ing, hc,wever, is the fact that several topics can be under discussion at any onc
time. For example, in the special relativity course, wc often had as many as six or
seven separate topics active at the same time. If parallel discussions are scheduled
in this fashion, then the time expansion noted earlier is neutralized so that the sev-
eral weeks of computer conference can now be used to work through six separate
topics simultaneously, and calendar time is wed much more efficiently.

The possibility of parallel topics clearly works only whcn none of thcm have a
prerequisite relationship to an5 of the others. Thus if we were scheduling an intro-
ductory physics course to be offered in the conference mode, then perhaps wc
would begin discussion in mechanics, optics, thermodynamics, and electricity and
magnetism, all on lay onc, and use the entire year to develop cach of those topics.

New Challenges

The successful conduct of a computer conference course poses new challenges for
the physics instructors, who will find that they must develop a new set of skills.
The first new skill is clearly that of leading an open discussion, an experience in
which few of us are practiced. An important part of leading such a discussion is to
learn how to engage other students in the conversation and how to deflect individu-
al requests for information. Our experience in thc special relativity cou.se shows
that studerts would often address individual questions to the instructor, whose job
it then was to elicit discotssiol: from the rest of the participant group, thus drawing
all students into the discussion The instrueter must realize that he cr -not form a
one-to-one tutorial relationship with each of the students in thc conference course.
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Instructors must also redefine the traditional "top-dog/bouom-dog" relationship
that often exists betwea instructor and student. The instructor's job is to guide thc
discussion and assist the learning process, not so dictate responses or appeal to
instzuctor tiathority, both of which actions defeat the idea of a cooperative discus-
sion.

Instructors must also learn to remain silent during a discussion so as not to
wrest control from thc rest of the group. I developed the rule in our special relativi-

course that I would not comment on a new posting by s student until at least two
days had passed, thereby giving other students a chance to offer their own com-
ments.

Implications for Conventional Offerings

One of the strongest pedago3ical results of offering a computcr conference course
is a reexamination of some of the traditional ways we offer courses. cirst, we must
consider carefully the way in which we customarily use scheduled time with stu-
dents in a classroom. Traditionally, the Instructor stands at the front acting as
authority figure, and students assume passive roles. If we reexamine that relation-
ship, then many possible alternatives for use of that time begin to surface, among
them combined lecture/laboratory experiences, student pee; conferences, demon-
strations, and many othcr possibilities.

Second, we must rethink the way we schedule conventional courses, particular-
ly in accelerated sessions such as short summcr tcrms. If a physics course is to be
offered in ha/f the time, then perhaps it makes good sense to schedule parallel ses-
sions, so that, for example, morning classes could be devoted to one topic and
afternoon classes a different one.

Third, we must recognize that alternative communication modes exist and can
be mixed in any combination. Thus, whcn we realize that a course can be offered
in a coraputer-conference mod% wc might choose to supplement a conventional
class with a computer conference clement, perhaps for thc purpose of forming stu-
dent discussion groups or planning joint projects. At least one other physics course
has used a cot., uterized bulletin-board system to supplement the workings of a
conventional class.10

Conclusions

One should use computer conferences only whcn it makes sensk. in the context of
the student poplation, the subject of the course, and the ^.omputer hardware avail-
able. At the very least, expeden,e in computer confcrcncing opens another channel
of communication between instructor and students, thc effective use of which can
only enhance the teaching and learning of physics.

1. J. R. Rigdon. "Editorial: Problem.Solving Skill: What Does it Mean?" Am. 1. Phys. 55.
877 (October 1987).
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The Personal Computer Impact on
Physics Education at the U.S. Air
Force Academy

George B. Hept
Department of Physics, U.S. Air Forcc Academy, Colorado Springs, CO 80840-5701

Robert G. Fuller
Department of Physics, U.S. Air Force Academy, Colorado Springs, CO 80840-5701, on
leave from th, Department of Physics and Astronomy, University of Nebraska-Lincoln,
Lincoln, NE 6588-0111

In the summer of 1986 the personal computer revolution arrived at the U.S. Air
Force Academy. When all the new cadets were issued a Zenith 248 computer and a
basic set of software, the physics department was faced with the challenge of how
to take advantage of this sudden increase in computing power.

During the first year of our experience with "computer cadets," we did not feel
the need, nor did we feel we had the experience, to introduce the computer into
every course. We did use the PCs to deliver and grade homework problems and act
as an electronic messenger for course material and electronic mail.

Freshmen were enrolled only in our large general physics courscs covering
mechanics and electromagnetism. The PCs were an integral part of the honors ver-
sions of these basic courses. With the help of the computer, students could solve
harder problems because they were not limited by their math ability.

The honors problems usually introduced a nonlinear term to problems that were
done in the basic courses. For example, in a kinematics problem, the honors ver-
sion introduced a velocity-dependent drag term; in the calculation of the output
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from a water tower, the head pressure varied as a function of the output; in deter-
mining the output of a lightbulb, the filament's resistance changed as a result of
Joule heating. Since most of the students had not yet taken a differential equations
course, these problems had to be solved algebraically. Students looked at small
time intervals and used the answers from a preceding time interval as the new ini-
tial conditions for the crrrent time interval. These simple numerical techniques
allowed them to solve some basic differential equations.

We were very concerned about adding programming tasks to our student's
workload but were determined not to give them "black box" canned software that
would give them answers without improving the students' understanding of the
solution process. We settled on an electronic spreadsheet program for two reasons:
(1) the column format of the electronic spreadsheet and its copy function are ideal-
ly suited to the repetitive calculations required for the numerical solution tech-
niques we used; (2) the spreadsheets require minimal programming skills.

All our students had the student edition of Lotus 1-2-3. We met our basic goals
with this program, but did encounter some problems. First, the cadets did not have
their own graphics-capable printers and the graphics package of the student edition
of Lotus 1-2-3 is not fully integrated with the spreadsheet. This made correcting
graphs time consuming and cumbersome. Second, the problem statements were
deliberately left open-ended so that the students could fully exploit the flexibility
of the spreadsheet. This meant that each student's solution was unique, which
made debugging and grading student spreadsheets problematic.

Spreadsheet formulas can be difficult to translate into human terms, and stu-
dents sometimes made subtle errors that were difficult to detect. This could be
minimized by making the roblem statements highly structured (e.g., how to set up
column formats, what cells to put variables in, what values and formulae to use,
etc.), but such structuring would compromise the goal of having the students use
the spreadsheet as a creative tool to investigate nature. We concluded that spread-
sheets would be impractical in our basic courses, where many more mistakes
would be encountered and much more extra instruction would be required.

New features are available in the newest generation of spreadsheets, and we are
currently reexamining this problem. The most important new feature is its ability
to "name" variables so ..hey can be put into formulas in terms humans can readily
understand. For instance, the forces on a falling object encountering air drag can
now be written as:

(mass*gravity) (drag*velocity^2)

instead of something like:

($a54*5b$6) (ScS5*b8^2)

We feel that this new feature will be a great aid to the student in preparing
spreadsheet solutions and an invaluable aid to the instructor in helping the student
and grading the results. We plan to present some of the spreadsheet problems we
used and introduce a set of spreadsheet problems to be published soon.

The next logical step is to use computers in our majors program, but here we
will have different goals. We need not concern ourselves with basic math skills;
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our physics majors have these. Instead, we are concerned with broadening our cur-
riculum. Our majors courses in classical mechanics, electomagnetism, and quan-
tum mechanics are now confined to the solution of symmetric or simplified
problems that can be solved analytically. We would like to expand our classes to
match the growing trend in research laboratories toward computational physics.

In our modem physics course, the rust course for our physics majors, we now
use a spreadsheet to examine the black-body behavior of a lightbulb. Students
solve a set of simultaneous differential equations tbr the equilibrium condition and
integrate Planck's law numerically. The final portion of this course will concentrate
specifically on computational physics to give our students a basic grounding in
numerical solution techniques that they can take to the advanced physics cour es.
We also plan to familiarize the cadets with other software they have access to,
including MathCAD, Eureka and the Numerical Methods Toolbox used with
Borland's Turbo Pascal. At the conference, we will present the lesson plans for our
projected six-lesson introduction to computational physics as well as the students'
performance and reactions.

Spreadsheets by G. B. Hept for Lotus 1-2-3, the student edition are part of the collection
Computers in Physics Instruction: Software, which can be ordered by using the form at the
end of this book.

Physics Computer Learning Center
at the University of Missouri-Rolla

Ronald J. Bieniek and Edward B. Hale
Physics Department, University of Missouri-Rolla, Rolla, MO 65401

In late 1985 the physics department at the University of Missouri-Rolla was
awarded an internal grant of $100,000 to establish a physics computer learning
center (PCLC). We converted a classroom and purchased several interacting com-
puters: ten IBM PCs, ten IBM XTs, and seven Zenith ATs along with 12 IBM
token-ring network cards.

All the ATs and several of the other computers are connected to form an IBM
token-ring network. One AT is employed as a master file server and the other com-
puters as work stations. Each PC and XT has two Tandon floppy drives; a
Princeton monochrome monitor, which accepts color input signals; and a Everex
graphics card, which supports the Hercules standard. The ATs have 20-megabyte
hard drives, two floppy drives, EGA graphics and monitors, and math cLproces-
sors. Every compdter has its own local printer. The network has access to several
peripherals, including an HP-compatible color plotter, Quadjet color printer XL
IBM Proprinter, Genoa tape-drive unit, and Quad laser printer.

We purchased a large variety of software for the network. Some of the share-
ware programs were almost free, and ether programs, such as Professional FOR-
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TRAN, were moderately expensive. DOS and GW BASIC were purchased for
each machine on the network.

A shareware program called Automenu from Magee Enterprises is used as a
menu-driven interface between the user and the network. Automenu allows the
user to explore and conveniently utilize much of the network software. It give the
trer access to the power of the network without knowing mw the network works.
In addition, it allows the use of hidden passwords, by which we can coffin)l access
to copyrighted network programs.

Automenu's main menu offers the following submenus: "Word Processing,"
"Data Processing," "Programmbg Languages," "Sci.mtific Calculators,"
"Graphics," "Peripherals," "Tutorials ?nd Help," or "Exit to DOS." Each submenu
enables the user to select several programs or network commands. Use of replace-
able parameters in batch files executed by At..omenu loads versions of selected
programs appropriate for the particular hardware configuration of the local work
station (e.g., type of station, monitor, location, etc.), identified hy environmental
variables set at power-up. In many cases, it also permits each user to tailor options
in each program before loading. While a chosen program is loading, messages
appear to inform the user of any special problems or key sequences that the first
time user should know. A user can go to the front of the room and read the detailed
instruction manual for any program.

We found that software problems were much more numerous ant: troublesome
than hardware problems. The network manuals supplied by IBM were not particu-
larly user-friendly and many problems occurred. For example, protective locks on
network server files prevent an application program from opening a file on the net-
work. We solved such voblems, but spent a great deal of time and effort in the
process. Our token-rin3 network has been working for almost two years and virtu-
ally no problems remain.

Probably the most successful aspect of the network is the ability to share the
several network peripherals. Someone is usually plotting or using the network
printers. Students favor the relatively fast ATs with their color displays; in retro-
spect, we should have purchased :nor:. ATs. The most popular programs are the
user-friendly word processor Volkswriter and the powerful scientific calculator
MathCAD.

There are different responses to the network. Some students jump right in and
want to explore every program, directory, and feature of the network, and even try
to decipher the protection scheme. Other students seem afraid of the system. They
still use the PCLC, but they bring their own programs and run them on the off-net-
work computers.

We thought initially that the computer network in the PCLC might be used in
the classroom, for example, to work problems or to demonstrate various principles.
This now seems unlikely. Students mostly use the PCLC for data processing of lab
data or word processing to prepare reports. The PCLC is also used for homework
assignments. One fazulty member assigns extra-credit homework problems using
MathCAD, and several students now work their normally assigned homework
problems on the network. It seems likely that more applications of this type will
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become popular as the faculty develops more expertise with thc network. We may
also place supplemental commercially available physics tutorials on the network.

The PCLC is continually evolving. New software is added almost weekly. We
plan to add considerably more software so that students and fazulty can determine
which software they like best. We have also improved our hardware. The original
20-megabyte hard drive on the file server was soon filled, so we installed an 80-
megabyte hard drive. We are discussing connecting the local network to the cam-
pus mainframe and to a campuswide network. To encourage the faculty to utilize
the PCLC as an instructional resource, to avoid software duplication costs, and to
make internal electronic mail possible, we plan to attach all of the physics faculty
to the network.

Computers in Introductory College
Physics

Carlos I. Calle
Department of Physics, Sweet Briar College, Sweet Briar, VA 24595

Computers are probably used more often to supplement instruction in physics than
in other disciplines) At Sweet Briar College, we have been using both mainframe
and microcomputers for physics instruction for owa seven years.

The physics depaitment currently has six Apple II microcomputcrs, one IBM-
compatible microcomputer, and two Macintoshes, all with printers. Two of the
Apple II computers are equipped with commercial analog-to-digiial boards and are
connected to equipment. The remaining Apple computers, the Macintoshes, and
the IBM are installed on carts so that they can be easily moved from laboratories to
classrooms. In addition to phydcs-department computers, students may use two
Macintosh II computers, forty Macintosh Plus computers, and thirty IBM-compati-
ble computers throughout the campus.

The microcomputers are used in introductory physics courses in three ways: for
lectue demonstrations, self-paced tutorials, and computations and graph plotting
in the laboratogy.

Lecture demonstrations are frequently used for introductory physics lectures.
r plc, easy-to-set-up lecture demonstrations are readily available for introductory
mechanics, electricity and magnetism, optics, and thermal physics, but not for
modem physics.

A microcomputer is the ideal tool for developing lecture demonstrations in
modem physics. We have developed several computer simulations that make use
of graphics and animation on the Apple ang the IBM-compatible computers. Our
program Rutherford,2 written for both the Apple and IBM computers, illustrates
what will happen in a scattering experiment according to the prediction of

511
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Thomson's "plum pudding" model of the atom. This is followed by ais animation
of Rutherford's interpretation of the scattering experiment; it shows the nuclear
model of the atom, which explains the large scattering angles.

Self-paced :modals can also benefit from the use of computers. We have devel-
oped a tutorial on the introductory concepts of nuclear reactions for the Macintosh
computer.3 The tutorial starts with an animation of an alpha particle interacting
with a nitrogen nucleus in the reaction, 14N(a, p)170, which shows how charge
and nucleon number are conserved in nuclear reactions. 'No more animations
illustrate & reaction 27A1(n, a)24Na, and the subsequent beta decay into 24Mg:
24Na E 2AMg +C.

Click buttons allow the user to review the material and view the animations
again. Four additional reactions are present:4 afterward with blank spaces replac-
ing some of the nuclei in the reaction. Usii ig the conservation laws learned in the
introductory section of the tutorial, the stt dent can fill in the blank spaces from
pull-down menus with selections. By selecting a pull-down menu available at all
times, the student can restart or stop the program at any time.

Finally, computers are useful for streamlining calculations and graphing.
Nonmajors sometimes find that physics concepts are obscured by the calculations
in physics laboratories. One solution to this problem is to accelerate the calculation
process so that results can be obtained sooner.

One area where nonscience students can speed up the calculation process is
graph plotting. Our program Graphmaker,4 written for the Apple computer, plots
and prints graphs from ,'Ita input. The program is completely menu driven and
therefore requires little training. Some menu selectiols allow for data modification
so that data points can be added, eliminated, or modified. A menu selection directs
the computer to plot the graph on the screen. Another menu selection orders a hard
copy of the graph. The data are saved to disk in case additional graphs are wanted
after the computer is turned off.

The need for repetition of calculations is a major reason for student frustration
in physics laboratories. Experiments that require many calculations, like Newton's
second law or accelerated motion on an air track, can be frustrating when results
do not correspond to expected values and calculations must be redone. Computers
also save time when experiments arc repeated, new data is collected, and calcula-
tions must be done again.

We have developed a series of programs for many common physics laboratory
experiments that require significant computations. Each program requests data
from the user and calculates the results, which can be viewed on the screen and
printed on a line printer. The programs are menu driven and allow for correction of

tistakes and reentering data. Students are allowed to use these programs only for
caecking their own calculations or when they have to redo a experiment.

The software that we have developed for lecture demonstrations, introductory
physics tutorials, and introductory laboratories is still in a developmental stage.
Student response so far has been positive; students seem to welcome the opportuni-
ty of working with the computer. Additional programs are needed in all areas. We
are currently developing additional tutorials on the Macintosh in other elementary
concepa of physics. Three of these should be available in the near future.

r 1 ,J , 2,
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A Summer Institute on Electronics
and Microcomputers for High
School Science Teachers

Robert B. Muir
Depenment of Physics and Astronomy, University of North Carolina at Greensboro,
Greensboro, NC 27412-5001

One component of Project Archimedes (NSF grant TEI84-70438) was a six-week
Electronics and Microcomputer Summer Institute. We conducted the institute
twice, in the summers of 1986 and 1987.

We wanted participants to develop confidence in the use of simple hand and
shop tools; learn to use modern integrated circuits appropriate to a high school
physics course; learn to use electronic measuring instruments, e.g., multimeters
and oscilloscope; learn to construct simple instruments; and learn to use a micro-
computer for programming and interfacing.

To achieve these goals, participants used shop and hand tools to construct a
piece of equipment from scratch; constructed circuits implementing the basic func-
tions of logic ICs; applied logic circuits to physics laboratory experiments, e.g.,
event counthig, timing, etc.; used physical to electronic transducers for tempera-
ture, light, sound, position measurement; constructed circuits implementing basic
operational amplifier functions; learned about the design and construction of a
microcomputer; developed word-processor, spreadsheet, and database management
applications relevent to their needs; wrote programs relevent to their needs; per-
formed the fundamentals of data and graphical analysis; iraerfaced the various
transducers to a microcomputer; and learned about peripheral devices, such as
printers, disk drives, and monitors, in terms of interfacing and communications
standards.

The institute met for five hours a day and five days a week for six weeks (150
contact hours). Stni: extensive involvement with hands-on activities was very

tr, o
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effective for teaching the of material dealt with in the institute. Our format
allowed participants zo lt ave circuits, experiments, and projects set up from one
session to anothera fe:iture seldom found in in-service programs. These advan-
tages notwithstanding. ?nany participants found the schedule a little too exhausting.
We therefore reconc-tend that a summer institute or workshop dealing with the
same content as the .tkills institute of Project Archimedes use a schedule within the
following ranges:

three hours a d.ay. five days a week, ,Jr five or six weeks (75 to 90 contact
hours);

five hours a ci" five days a weck, for three to five weeks (60 to 125 contact
hours).

A January 1988 evaluation (three teaching semesters after the 1986 institute
and one semester after the 1987 instiwte) validated the content and activities of the
institute, but also indicated that more time should have been spent on almost every
topic. Based on the evaluation, we recommend that institutes or extensive work-
shops provided for teachers having backgrounds similar to those involved in
Project Archimedes (middle and high schoo' science) deal with two main subjects:
use of computers and electronics. Sessions dealing with the use of computers
should concentrate on these areas:

Productivity software (word processor, data-base management, spreadsheet,
gradeboolc, etc.). Spend about 30 hours or hands-on work resulting in some-
thing every teacher can take home and use.

lrstructional software. Spend about 40 hours, and include a few good "canned"
programs that they can really learn to use effectively. Participants should also
write programs themselves. This will require teaching ma,iy of them a lan-
guage. Start by teaching a language that is easy to learn, e.g., BASIC.

Laboratory applications. Spend about 20 hours on simulations (canned and par-
ticipant written). Spend another 20 hours on data acquisition (canned and par-
ticipant written), including analog to digital conversion. Spend a third 20 hours
on methods of data analysis (again, canncd and participant written), including
graphic presentation, statistical analysis, finding maxima and minima, areas
under curves, etc.

Sessions on electronics should include:

Basic DC and AC circuits, properties of electrical signals and wave forms, use
of It ..,ters and the oscilloscope. This is good review and provides the necessary
vocabulary and ability to use instruments for the other electronics topics. Spend
about ten hours.

Transducers, such as the potentiometer for position measurement, thermistor.
thermocouple, IC temperature sensors (e.g., Analog Devices AD590), photodi-
ode, phototransistor, CdS cell, Si solar cell, etc. Spend about 15 hours on hands-
on work and include lab activities the participants can take back to their
classroom.
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Digital ICs. Spend about 30 to 40 hours, and include lab aztivities the partici-
pants can take back to their classrooms. We highly recommend using large
breadboarding sockets for constructing circuits.

Operational amplifier ICs with applications to conditioning the signals from
transducers (amplification, voltage to current conversion, offsetting, adding, fd-
tering). Again we suggest constructing circuits on breadboarding sockets.
Spend about 20 to 30 hours and include lab activities the participants can take
to their classrooms.

Construction of one or more instruments including a printed circdo board (e.g.,
with Radio Shack materials). Participants must drill necessary holes in the chas-
sis, solder, assemble, debug, and calthrate. Instruments constructed might
include: general-purpose IC-based amplifier, IC-based signal generator, triple
power supply (t 12V and + 5V), and a four-digit timer.

A Workshop for Secondary School
Teachers on Using Computers for
Data Collection in instructional
Laboratories

Charles D. Spencer and Peter Seligmaim
Department of Physics, Ithaca College. Ithaca, NY 14850

The Ithaca College biology, chemistry, and physics departments received a grant
from the National Science Foundation (NSF) to conduct summer workshops for
high school science teachers. The workshops have two tracks: one focusing on
using computers for data analysis of traditional laboratories, and the other on com-
puter-based data acquisition. Tim second track, which is described here, is primari-
ly for physical science teachers.

The dataacquisition work.shop has been given three times, the first sponsored
by an NSF Developments ir Science Education grant and the second and third
times by Ithaca College. A new grant will support 15 teachers for three weeks
beginning in the summer of 1989. Because of the requirement for follow-up visits
to participants' home schools, teachers are recruited from New York State and
northern Pennsyh:nia.

The workshop gives teachers a basic knowledge of digital electronics and sub-
sequently the hardware and software needed to make voltage, time, and counting
measurements. After developing these skills, participants work on four to six appli-
cations chosen from a variety of previously developed expciments in physics,
chemistry, and earth science. They return to their home schools with the hardware,
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software, and skill to incorporate these applications i:: their courses and subse-
quently to develop additional experiments.

Several high school teachers who are previous workshop participants assist in
the development of materials and new applications.

Participants spend approximately one week on digital electronics, ending with
the construction and testing of a general-purpose measurement circuit that works
through a computer's game port. During this time, participants also learn to use
and alter data acquisition software. Another half-week is spcnt waking with sen-
sors such as a photogate/timer and temperature probe. The remainng week and
one-half is spent putting together, testing, and running experiments.

The key to the success of the workshop is the simplicity of the hardware and
software. Inexpensive, linear, and accurate voltage-to-frequency converters allow
voltage to be determined by measuring frequency. Time is determined by measur-
ing the number of cycles of an accurate clock in an interval. Counting is simply the
number of cycles of a signal during a known time interval. This unity of what the
computer inputs through the gameport simplifies the -electronics and makes the
data-collection software the same for the three kinds of measurement The accurate
clock used for testing the system and for time measurement consists of a 1,000
MHz TIL crystal oscillator and six or soven decade counters. A 5-voit DC power
supply is required. Batteries are used when necessary for some analog sensors.

Teaching Physics with the Aid of a
Local Area Network

Rolf C. Enger, Leonard C. Broline, and Richard E. Swanson
Department of Physics. U.S. Air Force Academy. Colorado Springs, CO 80840-5701

The U.S. Air Force Academy recently installed a 6000-node Local Area Network
(LAN) that connects all students, faculty, and administrati.::. offices) To test the
hypothesis that a LAN can be a valuable educational tool. we used the LAN exten-
sively in our introductory mechanics course during the past academic year. In Itis
paper we describe our experiences, summarize the lessons we've learned, and dis-
cuss the LAN's impact on physics teaching.

We have tried to make maximum use of our LAN. We use the LAN to dis-
tribute softwarc and course materials, including the syllabus. Students use the LAN
to submit papers and to transfer data files created by course-supplied software.
Instructors and students send memos to one another on electronic mail (Email).
Some instructors, especially those with home computers and modems, use Email
for tutoring. Students who need help posted a message prior to a designated hour 'n
the evening, and instructors check their Email at that time. Email is also used to
give and grade quizzes on-linc and to solicit end-of-coulse critiques. In short, if a

. ,
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task could be done with the LAN, we try to do it. As a result of our experiences,
we have learned several lessons.

Lesson 1. The introduction of a LAN into an established course requires
increased effort on the part of both students and faculty. Tame that used to be spent
on physics is now diverted to learning how to use the LAN. Students ask faculty
members questions both about the LAN and about physics.

Lesson 2. 'T!...: reaction of students and faculty to a ,AN may not bc entirely
positive. Tune is a precious commodity. Some would prefer to spend all available
time on physics instead of on learning how to use a new computer system.

Lesson 3. Some information is not effectively communicated with a LAN.
Although we distributed the syllabus over the LAN, most students made a paper
copy of the syllabus anyway, thus shifting the cost of the printing from tne printing
plant to more expensive laser printers.

Lesson 4. Every use we made of our LAN involved either file transfer or Email.
As of this writing, a bulletin-boaal feature is just coming online. Wc believe
bulletin boards will ultimately become as valuable as file transfer and Email.

We believe LANs have their greatest impact as communication devices. By
freeing the student from the formality of face-to-race contact, a LAN increases the
likelihood of communication. This helps compensate for the absence of "body lan-
guage" and eye contact whcn using a LAN. In addition, thc written communication
process required by a LAN forces students to specify and formalize their problems,
a process that in itself aids learning.

Them are, however, risks associated with LANs. A negative LAN experience,
whether because of poor access or LAN malfunction, can rapidly "turn off" stu-
dents. Students and teachers approach LAN failure from different points of view.
Tear:hers generally discount the specific experience and consider the student's
Ovelill ability to access thc LAN (which is probably high). Students, however,
focus on the repercussions of a specific failure. Finally, typical of any educational
use of computers, there is always the risk that students w.il confuse working on the
computer with studying.

Although most schools today do not have l.acal arca networks, any school with
access to phone lines, computers, modems, and bulletin-board softwarc can estab-
lish its own LAN. Since teaching is largely a communication process and a LAN is
an alternate communication channel, a LAN has tremendous potential to enhance
physics teaching. However, a 1 is a new medium of communication for both
students and instructors, and there arc bound to be growing pains. It will take time
'co develop the potential of the local area nctwork as a teaching toc'

I. E. G. Royer, W. E. Ayea, and W. Richardson, "Implementing a Large Local Arca
Network to Support Undergraduate Education," in Proceedings of the ISMM
International Symposium: Mini and Microcomputers and Their
ApplicationsMIM187, Lugano, Switzerland, 29 June-1 July 1987 (International
Society for Mini and Microcomputers, 1987), pp. 10-14.
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Online Computer Testing with
Networked Apple II
Microcomputers

Paul Feldker
Department of Thysies, St. Louis Cemmunity College at Florissant Valley, St. Louis,
MO 63135

At St. Louis Community College at Florissant Valley we have developed an online
computer testing system. The system was written primarily in BASIC for a system
of networked APPLE II microcomputers. Although the system was developed for a
CORVUS network, it could be easily transported to different networks.

This system allows a user to prepare, update, and modify a test item bank; pre-
pare online tests and modify them; administer online tests; keep student records;
and prepare grade summaries.

The general setup program allows the user to specify the topics and subtopics
for the test-item bank. If a new item bank is bcing prepared, the Ina OULU sPecify
the slot, drive, and volume where these questions are to stored. Three types of
questions may be entered: true-false, multiple choice, and questions that require a
single numerical solution. For the last two types of questions, the user may specify

numczical parts of the questions to be randomly generated by the computer.
If the use.. chooses to ask for random numbers in a question, he must specify a

range of acceptable values and enter an algebraic formula for the correct answer. If
the question is multiple choice, he must enter formulae for the distractors. If it
requires a single numerical result, he must enter a percent of allowable tolerance.
Each question in the bank is coded by a four-character acccss code plus a problem
number.

At the beginning of each =tester the user sets up a directoty of courses and
sections and enters the class rosters. To prepare an online test, the user selects the
COUfSC and sections to be tested and the items for each questions. Each question on
tht test is selected from up to 15 items from the test bank. The user also selects the
amount of credit for a student's sccond guess, the amount of credit to be given if
the test is taken late, and the full-credit time period.

To ace( s the tea, the student enters his name, roster number, social security
number, course, and section. The test questions are then randomly selected from
the items selected by the instructor for each question and the order of answers is
randomly arranged. Immediately after selecting an answer, tit! student is informed
about the correctness of his response. After the student completes thl test, he is
given a score, which is stored in his file. The computer thcn updates each question
that was on the test, recording the number of times it was asked and the numbcr of
times it was answered correctly on the first attempt. This information allows a dif-
ficulty level to be determined.

Other student grades are entered manually. The software allows the instructor to
print a typical gradebook page, print grade records for any or all individual stu-
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dents, or print a class rank report. Thc instructor may drop low scores and weight
score categories.

Some of the unique features of this system are randomization of numbers with-
in questions, assignment of panial crcdit for items answered correctly on the sec-
ond attempt, and determination of a cumulative difficulty level that is updated each
time a question is asked.

system was developed as a purely evaluative technique and has been SJC-
cessfully tested at Florissant Valley for the past three years.

Using a Computer Bulletin Board

Dean Zollmart
Depanment of Physics. Kansas State University, Manhattan. KS 66506

I have developed a computer bulletin board to enhance communication among stu-
dents and between students and the instructor in a physics course. The bulletin
board, patterned after some of the commercially available bulletin boards, enables
students to perform these tasks: view a week's class schedule and assignments;
view the syllabus for the semester, view the learning object'ves for recent classes;
communicate electronically with other students in the class; rcad messages from
other students in the class; look at a list of interesting readings, which arc con-
tributed by students; panicipate in an "open line" discussion; view the instructor's
office hours and class; view their grades for the course; and view solutions to
selected homework problems.

The bulletin board is used in Contemporary Physics, a modern physics course
for non-science majors. Because it is maintained on the university's mainframe
computer, students have access to it from any terminal on campus or through tele-
phone communication. The usc of the mainframe enables us to incorporate some of
the utilities available on this system without extensive programming. For example,
all electronic mail is prepared and transmitted by using BITMAIL. For entering
and reading various text files the students use XEDIT (an IBM product) with some
macros prepared especially for the bulletin board. The program that controls access
to these utilities and presents the menu options is written in EXEC2.

The bulletin board has proven useful for communication between insu-actor and
student, for providing up-to-date course information, and (to a lesser extent) for
communication among students. Participation in open discussions on the system
and in contribming to the list of interesting rcading has been disappointing, per-
haps because these students meet in class twice per week.

The bulletin board is now being prepared for use by biology teachers wt are
located throughout Kansas. This new effort should bring about a very different use
pattern.

The use of the bulletin board for in-service teachers is supported by the National Science
Foundation under grant number TEI-8751332.
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Software Preparation Workshop

Fric T. Lane
Physics Deportment, University of Tennessee at Chattanooga, Chauanooga, TN 37403

Do you have software that you would like to distribute? Are you considering writ-
ing software for physics instruction? Do you dread suffering through the final
stages of developing the human intaface for your software?

We will critique and revise your software on the spot. We will help you develop
your software to a level that will pass technical review for public presentation and
possible publication. (Don't worry, we won't critique the pedagogical content.)We
will help you develop the recommended introductory screen, the presentation of
variables (give range, suggested value), key detection, help screens (F1 On the
IBM, ? on the Apple, etc.), error handling, and the end statement 'Esc Key). We
will also discuss publication possibilities and suggest some other creative ways to
use your software.

We will have Apple, Commodore 64, IBM, and Macintosh microcomputers
available. Bring your programs, lanerage system, editors, and whatever else you
normally use to develop your software.

Practical Advice for the Creator of
Education-d Software

Ruth W. Chabay and Bruce Arne Sherwood
Center for Design of Educational Computing, Carnegie Mellon University, Pittsburgh,
PA 15213

Because the computer is a two-way medium it differs radically from earlier, pas-
sive media such as books, lectures, and films. The interaction of the computer
medium leads to esthetic new programs.

Based on our extensive experience creating and using educational software, we
present some practical suggestions for the would-be creator of educational soft-
ware. In many cases our advice consists of assertions based only on empirical
experience, in the absence of principled theory. Some of what we say may seem
utterly obvious and banal, yet we have often seen these "obvious" points missedby
intelligent but inexperienced authors, including people who are very skilled with
computers but are new to using them for educational purposes. Diligent, commit-
ted authors will eventually come to many of the same conclusions we have come
to. By offering guidelines and suggestions, we hope to shorten the time required to
discover what works and what doesn't.
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Our suggestions deal with four crucial components: the layout and interactive
management of displays, heightening of interactivity, input analysis, and user con-
trott

Displays: A Visual Medium

The computer is inherently a visual medium. Because of its strong graphics capa-
bilities, and because natural language interaction with a computer is so difficult,
communication relies heavily on pictures and diagrams. In this medium even text
must be treated as graphics. The considerations involved ii creating interactive dis-
plays are very different from those that guide the use of text or graphics in books,
magazines, or films. However, the dynamic nature of the medium offers new possi-
bilities for presenting and making use of text and graphics.

Interactivity: Intuitive, Transparent
Interactions with Displays

Designing interactive programs is surprisingly difficult; it doesn't come naturally.
The process is very different from designing a book or a lecture, where there is lit-
tle or no interaction. It is much ea ,ter to tell a student something than to ask him,
especially because it is difficult to understand the student's answer or intentions.
The uniquely interactive, two-way nature of the computer medium has a striking
impact even on seemingly noninteractive components such as static displays. Not
only can users interact with the program, they must interact for anything to happen
at all. How do users know what to do? Sad experience proves that even experi-
enced users, including ourselves, often do not read or attend to such instructions on
the screen. A major challenge is to produce graphics and text displays that make
intuitively obvious what next moves are possible. This contributes to a subtly dif-
ferent esthetic for what makes a good display.

Input Analysis: Communication Problems

Although modern computers offer exciting capabilities, they do not offer the
breadth of interaction of a human. Through tone of voice, facial expression, and
other body language, a human teacher provides extremely important extra informa-
tion, both cognitive and affective, that a computer cannot express. Then too, the
computer has only limited ability to guess a student's intentions. Overcoming the
constrained communications between computer and student constitutes a challenge
to the author of educational software. It is crucial to make text and instructions
terse and clear, and to avoid cuteness, insults, or responses that the user might mis-
interpret in the absence of inflection and gesture. Finding ways to replace extended
verbal interaction with direct manipulation of objects in the display can help great-
ly overcome communication difficulties between computer and student.

°
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Control: Many Paths

Because it depends on user inputs, the behavior of an interactive program is nut
entirely predictable. In extreme cases, every user of same program might have
very different experiences: different paths through um material, different kinds of
messages in response to inputs, different types of exercises, etc. The program must
provide sensible context and responses for any path the user may follow; and users
must not be allowed to follow paths that the program is not prepwed te deal with.
The program should offer flexibility. It should be easy to skip forward, go back to
review, find out where one is within the program, modify parameters, etc.

Interactive Development: Test Early and
Often

Just as the fmished program should be interactive, so should the process of devel-
oping the program.2 It is important to test the program with actual students early in
the development process, and to revise materials as you observe how users interact
with the program.

1. R. W. Chabay and B. A. Sherwood, "A Practical Guide for the Creation of Educational
Software," in Proceedings Workshop on CAI and rrs, edited by Ruth Chabay, Jill
Larkin, and Carol Scheftic (Hillsdale, NJ: Erlbaum, in press).

2. B. A. Sherwood and J. H. Larkin, "New Tools for Courseware Production," in
Proceedings of the IBM ACIS University Conference, Discipline Symposia: Computer
Science, Boston, June 1987 (Boston: IBM Academic Information Systems). pp. 13-25.

The Evaluation of Educational
Software: The EDUCOM/NCRIP-
TAL Higher Education Software
Awarris Program

Robert B. Kozma
NCRIPTAL, University of Michigan, Ann Arbor, MI 48109

In 1987, EDUCOM and the National Center for Research to Improve
Postsecondary Teaching and Learning (NCRIPTAL) established a higher education
software awards program with these goals: to identify outstanding higher education
software and teaching innovations that use computers, to reward the designers of
outstanding software and innovations, and to improve the quality of higher educa-
ti,m software and its use.

NCRIPTAL brought together teams of faculty members from academic associa-
tions, instructional psychologists, and software experts to review applications from

0
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the undergraduate liberal arts and to identify award winners. There are two divi-
sions in the program: the product division for original software developed for I ',h-
er education, and the curriculum division for professors who use the computer to
solve important, local instructional problems.

During 1987, the first year of the program, 139 applications were reviewed; in
1988, nearly 190 are being reviewed. This paper discusses the criteria used to eval-
uate the applications. Design criteria are used for all applicatir , , and widitional,
specialized criteria are used for software products and curriculu..1 innovations. In
my presentation, I will show video excerpts of the 1987 award winners.

Design Criteria

The reviewers are askcd to think of the software developer or curriculum innovator
as a "designer," one who creates solutions for problems. To this end, applicants arc
asked a series of questions that elicit the design rationale implicit in the softwarc or
innovations. They arc also asked to present data that demonstrate its impact on
learning. The following issues are addressed:

Problem. The applicant should have a clear notion of the instructional problem
or learning difficulty to be solved. For example, a professor of physics may find
that the traditional wet lab does not allow students sufficient opportunity to vary
the parameters in the experiment; or an English professor may find few oppor-
tanities to work with students on the revision of their compositions.

Content. Various tasks arc learned differently, require the use of different pre-
requisite skills or knowledge, and are facilitated by different Instructional expe-
riences. The designer must have an understanding of the content to be
addressed, the knowledge or skills to be learned, and how these might be struc-
tured and organized by the learner.

Students. Students exhibit a range of previous preparation, motives, and study
skills that play an important role in learning and instruction. It would be very
difficult for a single piece \ I software to address the needs of all students taking
introductory physics or all those enrolled in English composition. The designer
should have a clear notion of the specific set or range of students addressed by
the software or curriculum innovation.

Instructional Method and Media. CompuNrs cin employ a range of images and
sounds; they can also perform calculatiops, transform numbers into graphs, and
even make ir.ferences. Instruction may vary in the amount of structure it pro-
vides, in the pace and sequence of presentations and quaies, and in the extent
of learner -ontrol, among other things. The designer shou!d have a ;dear notion
of the the technological capabilities that are used and how they arc coupled with
instructional sualegies 1 facilitate karning and increase motivation.

Coherence and Impa:t. The facors described above arc all interrelated in the
design of softwarc and curriculum innovations. The designer should have a
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clear sense of the instructional methods most appropriate for the instructional
pmblems, the content, and the students and how all of these considerations fit
together. Also, designexs should have information, quantitative cr qualitative,
on the impact of the software or curriculum innovation on learning and motiva-
tion.

Specialized Criteria

In addition to the criteria above, which are common to all applications, there are
special criteria for software products and curriculum innovations:

Software Products. The software packages arc reviewed for their operation
(quality of the interface, the treatment of operational errors, and the speed of
execution). content (accuracy, breadth of treatment, and importance), and for
instructional features (such as presentation mode, learner control, feedback,
etc.). These last criteria are customizcd for type of software (tutorial, simula-
tion, tcol).

Curricu.ium Innovation. A curriculum innovation may involve the educational
use of vneral pmductivity software or the application of educational software
developf4 by others. In these cases, curriculum innovations arc assessed by the
added cmtribution made by the applicant. Also, to endure, curriculum innova-
tions rnust have support within the institution. Applications are assesscd by the
amotnt and kind of support provided by key administrators. Finally, though a
curriculum innovation must meet a need that is important in the I xal context, it
is alsc assessed by how it might help other faculty members, other institutions,
or those in other disciplines.

Physics Academic Software: A
New AlP Project to PuNish
Educational Software in Physics

John S. Risley
Department of Physics, North Carolina State Ubiversity, Raleigh, NC 27695-8202

The American Institute of Physics (AIP), in Looperation with L.Ic American
Physical Society (APS) and the American Association of Physics Teachers (AAvr),
is inaugurating a project, Physics Academic Software, to review, select, and publish
high-quality software suitable for use in undergraduate or graduate training in
physics. Submitted software will be peer-reviewed for excellence in pedagogical or
research value.

5 9 S
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Physics Academic Software is soliciting authors of software for teaching, labo-
ratory, or research activities in physics to submit their programs and docwnentation
for review. Only fmished works will be considered. Although only MS-DOS soft-
ware can be considered at this time, we intend to add othei operating systems to
the scope of the project in the future. A royalty will be paid foi published software.
A licensing agreement with the AIP is required.

Acceptance of software for publication depends on the quality of the program,
completeness ot the documentation, ease of use, clarity of screen displays, strength
of instructional design, logic of presentation, accuracy of numerical algorithms,
and effectiveness for education or research.

Submissions are reviewed by the editor, his staff, external peer referees through
blind reviews, and the AIP-APS-AAPT Advisory Committee. Authors receive crit-
ical reports commenting on the instructional design and pedagogical value of their
software. If necessary, they are encouraged to improve it for publication.

Educational software should be structured for inherently intuitive operation. It
should guide the user with prompt messages, option menus, pop-up windows, on-
screen lists of commands, and context sensitive help screens. The software should
protect the user from inadvertent loss of data, and recover from drive and printer
errors. The program should use accurate numerical techniques and correctly model
the physics concepts.

The documentation should follow the styb of previous manuals from Physics
Academic Software. The front matter should contain the exact title of the program,
the name and institutional affiliation of the author, acknowledgments, exact copy-
right infor .ation, and a list of the minimum and recommended hardware and aux-
iliary software. A preface should describe the software and the contents of thy.
documentation.

The main part of the documentation should begin with a short overview of the
program, followed by an orientation tutorial, a brief description of the physics
involved and how the program models it, and instructions for operating the pro-
gram.

The appendices should include a "key order" description of the commands (if
necessary), a quick reference sheet, information for DOS users, an annotated list of
files, pedagogical advice for a teacher, and sample exercises.

Additional advirx, styles, and conventions can be obtained from the editor. To
submit software, prepare a transmittal letter containing the name, address, and
phune number of the author who will serve as the contact person; a statement des-
ignating, in compFince with any rules of the author's institution, t. whom royal-
ties should be paid; and, if applicable, a list of similar existing software packages
and an explanation of how the submitted program differs from them. Also prepare
a set of printouts showing an example of every screen display, and a listing of all
on-screeit rdompts, messages, labels, etc.

Send the above along with four complete copies of the software package to
Prof. John S. Risley, Editor. Published software can be ordcred from Physics
Academic Software, American Institute of Physics, 335 East L,5th Street, New
York, NY 10117, Tel. (800) A1P-PHYS.
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LVs, CDs, and New Possibilities

Robert G. Fuller
Department of Physics, United States Air Force Academy, Colorado Springs, CO 80840
and Department o; Physics, University of Nebraska-Lincoln, Lincoln, NE 68588-0111

"In the beginning..." I remember going to a videodisc conference about a decade
ago in Pajazo Dunes, California, organized by Alfred Bork and others. I started to
write my fust proposal to obtain funds to produce a videodisc that same year.
Consider that. If you think of a generation of computers lasting about two and a
half years, then a decade is four computer generations ago. In human terms that's
equivalent to about 288 years ago! 17001 In human terms the videodisc player
arrived on the scene in 1700. Where have we all been?

For most of us, the demands of our jobs and the rewards of our profe.>aron are
such that the videodisc and the use of optical techniques for the storage of data has,
I think, largely passed us by. How many instructors have videodisc players in their
classrooms that they can regularly use for teaching physics? How many use
videodiscs interactively with small groups of students? How many have videodisc
players in a space where students interact directly with the videodisc's images to
collect data or learn physics?

If you were transported back in time to 1700, you could hardly have any human
experience whatsoever that you would not recognize instantly as different from
your life today. On the other hand, if you were transported all the way back to a
1978 physics course, in lecture, recitation, and perhaps even in laboratory work,
you might be hard put to cll whether it was then or now.

This, then is the first observation of my talkoptical storage technology has
been very slow to be brought into physics instruction.

Let me offer a short examination of the capabilities of videodisc technology
itself. Videodiscs, which became readily available commercially in 1978 and hit
the home entertainment market in 1979, now have the commercial trade name of
LaserVision (LV). A 30-cm LV disc can contain up to 54,000 analog video pictures
with two audio tracks. Each picture, or frame, on the disc is numbered and the
player enables the user to access frames on the disc in almost any sequence chosen.
Many players offer slow motion forward and reverse, three times normal speed for-
ward and reverse, single-frame step forward and step back, and rapid random
access. At normal speed (30 frames per second) a LV disc will play for 30 minutes
on each side. (The small 12-cm LV disc is known as CDV for compact disc video.)
A typical LV disc ranges in price from about $20 for popular entertainment discs to
about $400 for professional photographic data discs. A player requires a television
monitor and a stereo system for stereo sound. LV players cost from $200 to $1,600
each, depending on age and quality. Most commercial/education players have a
standard computer-interface port. By now, there is a pretty good list of titles, in the
tens, of videodiscs that can be used to teach physics and astronomy.

.!". e .-. ... ,....
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When one talks about interactive video, one usually means a system with a
computer controlling a videodisc player. The education potenlial of an interactive
videodisc system is almost beyond our wildest dreams. It offers colo. overlay
graphics, computer-based lessons, tutorials and simulations in conjunction with
high-quality, real-world video to which can be added high-fidelity stereo sound.

From the point of view of 1700, one can ask why has it taken so long for this
technology to work its way into learning physics. But a decade in social reform is
hardly any time at all. Simply put, the social structure of the physics community as
it applies to teaching and learning physics is not able to keep up with changing
technologies. Here we have a technology that will let us bring real-world
audio/visual events into the physics classroom for ready access to individuals or
small groups of students. The responsibilities for learning can be turned over to the
learner and the physics professor can assume the role of facilitator, encouraging
students to use the conceptual tools of the discipline to increase their understand-
ings of nature. What will it take to break loose the log jam that seems to be pre-
venting the wide distribution of this technology into physics classrooms?

Physics educators seem especially resistant to change. We are not prepared in
our institutions to cope with a new generation of technology every two and a half
years. We still use voltmeters built in the 1940s. Physicists and educational institu-
tion:, tio not casily part with capital equipment. Once it has been useful, we hate to
lt1 it go. We do not like the risks involved in bringing in hew technology to do the
same old job that we havc been doing quite well (we think) without.

In th^ United States our markets are generally demand driven. It is difficult to
get money to undertake edozational projects when the maximum potential market
extends only to a small part of the physics community. We need a much larger base
of videodisc players installed in schools, colleges, and universities if we hope to
see a large number of superior videodiscs produced for use in physics classrooms.

Make note of this: one of the bcst things you can do for this technology is to
insist that your school or department buy a videodisc player. New models capable
of being hooked directly to a computer cost less than $1,000, and if you are willing
to buy last year's model, you can find them for as little as $175.

You and your physics-teaching colleagues must get into the era of optical data
storage. The place to start is with the analog storage of 54,000 photographs on a
single side of a videodisc. As soon as you get back home, talk to whoever controls
the funds for your institution: your chairman, the media-center director, the film
librarian, or the software-contre director. rm serious. The availability of good
software in a largely capitalistic economy is fundamentally driven by perceived
demand. Until you make a demand for physics discs look real, we will continue to
have difficulty getting new videodiscs produccd for our use.

We reluctantly admit computers are here to stay, but we secretly think this
video stuff is just a passing fancy. And as if to prove the point, more and wore
video technologies seem to be coming along every day, each new one not compati-
ble with the old. Let's just wait and see what will happen. And of course what did
happen was the compact disc revolution. Also before we could blink our eyes,
laser-storage technology leaped from analog video signals to the digital audio sig-
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nals of the compact disc; the economies of the music industry drove the CD mark:t
faster than we could imagine. In the past few years compact discs have become the
darling of the home entertainment indu.stry.

Compact disc audio, widely known as CD, became available in about 1983. A
compact disc will play about 70 minutes of digitai stereo audio. CDs cost from
about $8 to $20. They require a CD player that costs over $100 and earphones or a
stereo system. While they are currently used mostly for entertainment, there is one
CD with demonstration sounds available for teaching physics. It was developed by
Tom Rossing and is being distributed by the Acoustical Society of America.

Perhaps because the tcaching of the physics of sound is not a high priority for
every physics department, there have been few articles or discussions about the use
of CDs in teaching physics. But that may soon change as new ways of storing data
digitally on compact discs become available. There are now five additional types
of compact disc storage systems in use. Let's briefly review the capabilities of each
one and then let me close with a physics scenario fot ihe CD ROM.

Compact Disc Read Only Memory (CD ROM) is a publishing medium. A CD
ROM disc is a permanent record of digital data. It can be used to store up to 600
megabytes of digital data, about equivalent to 250,000 pages of text or about 700
floppy disks. This is equal to about 2,000 high-resolution images. It can hold com-
binations of text, graphics, and sounds in digital format. The use of a CD ROM
requires a computer and a CD ROM disc drive. At me present time the disc drives
to work with MS DOS system vary in price from $600 to about $1,500 each and
are available from most of the main disc companies such as Sony and Hitachi.
There is a CD ROM drive available for the Macintosa family from Apple for about
$1,200. Unfortunately, there is a difference in the format of the discs that can be
read by the MS DOS drives and the Mac drives. It is to be hoped that the High
Sierra format of the MS DOS systems will eventualiy be readable on the Mac sys-
tem drives. At this time there are about 200 disc tides available for the MS-DOS
system. The one most likely to be useful to physicists is the Microsoft Bookshelf
collection of dictionary, thesaurus, and style manual. The Science lk lper available
from PC-Sig, Inc., for about $200 contains kindero,arten through eighth gradc sci-
ence lessons developed under grants from the NSF. The Science and Technology
Encyclopaedia from McGraw Hill is available for about $300 and the Electronic
Encyclopaedia from Grolier is about $300. I see :his as the most immediately
promising of the new CD technologies and I want to return to discuss it later, but
now let me go on to talk briefly about other CDs.

Write OnceRead Many Times (WORM) which became available in 1988,
serves as an archival computer digital optical storage system. A WORM will hold
about 400 megabytes per side. A double-sided disk costs about S200 and the drives
run about $4,000. They are available for both MS DOS and Macintosh systems.
They are excellent storage systems for such things as student records and research
data that you never want to lose or erase.

Magneto-Optical Erasable Compact Discs have been announced by Sony,
Philips, and Tandy. They will hold about 300 megabytes per side and the drives
will cost from $2,000 to $10,000. At this time no such drives are commercially
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available. They have been promised by the end of 1988. This technology and the
WORMs may be destined to take on the job of storing vast amounts of data for
computer users. I find it difficult to imagine their having a direct impact on the
phyaics classroom.

The digital storage of video images has long been discussed. However, the
problem is formidable: a good-quality color video image requires from 600K to 1
Mb to be of acceptable resolution. Normal television plays 30 such images each
second. Real-time video uses up computer memory at the rate of nearly 30 Mb per
second! However, new products using various forms of data compression have
been demonstrated. The first to come on the scene was compact disc interactive.

Compact Disc-Interactive (CD-I) has been promoted by Sony and Philips as the
wave of the future. Of course neither one of these corporations has always been
able to predict correctly what the market would support. For example, the Sony
Beta format for videotape lost out to the inferior VHS format. The new CD-1 sys-
tem uses a Philips proprietary hardware and operating system and will be available
in fall 1988 for about $1,200. This system will play specially encoded compact
discs and will offer 72 minutes of partial-sciten motion video. A disc will be able
to hold up to 5,000 natural pictures with a 384 x 280 resolution, coupled with
sound-over-stills capability. Philips and Sony are talking about a big home enter-
ta'ament market with education and self-improvement as secondary.

Digital Video Interactive (DV1) was unveiled two years ago by RCA at the
compact disc conference hosted by Microsoft, just at the time they were planning
to sweep everyone off their feet witn the power of CD-1. But of course the exciting
possibilities of DV1 wowed people at the CD ROM conference. This process uses a
VAX minicomputer to compress irrages for storage on a compact disc: then a spe-
cially designed set of chips that can be put into the slots of a ;.crsor.al computer
decompresses the images in real time. This would offer 72 minutes of full-screen
motion video at 30 frames a second with a resolution of 256x240, or up to 40,000
low resolution stills (256x240) with sound-over-still capability. RCA is talking pri-
marily about industrial/educational products first with growth into the consumer
market down the road a piece. The special add-in boards will cost about $4,000
and fit into a standard MS DOS computer, to which you will need to attach a stan-
dard CD ROM drive.

So interactive digital video data for classroom use is just around the corner. As
a group of educators who primarily use chalk and a blackboard, we're not mady.

Now let me itturn to discuss the CD ROM for a few minutes. I believe that this
technology is so compcliing that it will change our educational system, inrhims
sooner than we are ready. A single CD ROM is practically a library by itself. Think
with me about a possible physics CD ROM. Let's play out a physics scenario Let's
take a conservative estimate of 150,000 pages of text and about 1,500 line draw-
ings (graphs or apparatus). That's about 150 books of text and data. The CD ROM
disc will be accompanied by a search-and-retrieval diskette of software to control
computer access to all of the data on the disc. It would have find-and-sort software
ss well as cut-and-paste and insert functions. It should be able to access the data of
le CD ROM data from your favorite applications software either the word proces-
sor or data base or spreadsheet program that you usually use. You will be able to
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paste data, graphs, or mathematical functions from the CD ROM text to the docu-
ment on which you arc currently working.

What will we have on such a physics CD ROM Disc? Reference dataabout
20 books worth of physical constants, mathematical functions, the periodic table
and data on the elements. Biographical dataabout 16 books worth of the lives of
famous phys;eists, AAPT membership, AIP memberships, NSTA, the AIP directory
of physics departments, and the names, telephone numbers, and addresses of the
participants at this conference. Publishers and equipment supply
companiesabout ten books worth of addresses, catalogs and prices.
Textbooksabout 70 books worth of physics books that can range from begin-
ning-level conceptual books up through the standard graduatc-level textbooks or
monographs. Valuable research articlesabout 34 books worth of Nobel prize
winners' articles, review articles, history of physics articles, etc.

Think of this: when you sit down at your computer, you will have this whole
data set at your finger ups. You can bring on your computer screen in a few sec-
onds any of the information stored on this CD with only a few key strokes. If you
are an expert writing an advanced physics research article, you can use the refer-
ence data section. If you arc a novice trying to learn physics, you can be guided
through the levels of materials on the disc by tutorial software. If you wanted to
scan a whole range of physics-related materials, as you might io a library, you can
sample a broad range of physics materials without ever having to leave your com-
putcr keyboard.

This technology is here today, waiting for us to master the fiNt physics compact
disc. gem, on the eve of the 550th anniversary of the Gut, ' printing press, we
stand on the brink of a new era in publishing and in education.

What is possible? We arc limited on!y by our vision of what ought to be possi-
ble.

Beyond TVInteractive and
Digital Video in Physics Teaching

Dean Zollman
Department of Physirs, Kansas State University, Manhattan, KS 66506

Encouraging physics students to interact with visual images is not new. Long
before videotape or videodiscs were available, students looked at the filmed image
of Don Ivy and said, "He's upside down, isn't he?" Later, developers of the Project
Physics Curriculum built interaction into a number of Super-8 film cartridges.
Students used these cartridges by stopping we film and collecting data from indi-
vidual images. While these types of interactions were limited by th r. available tech-
nology, they were early attempts to provide students with the ability to interact
with visual images and to learn physics from such interactions.
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In the mid 1970s technological advances provided a new means for high levels
of interactions between students and video images. The optical videodisc (com-
monly called the Laser Disc) offers random access to any one of 54,000 individual
pictures (frames). With no more effort than that required to enter numbcrs with a
keypad, students can ut access to any one of these pictures. The access time
ranges to a maximum of approximately two seconds on modern videodisc players
and 15 seconds on very early videodisc players. Once students have reached the
picture they have requested, they have the options of watching or analyzing that
picture for any length of time, playing forward or backward at lormal speed, play-
ing a video sequence in slow motion, or plLying at several speeds which exceed the
normal projection rate. Thus with the interactive videodisc students can control the
way they view instructional images.

Even greater flexibility can bc obtained by connecting the videodisc player to a
computer. By programming a computer to control thc display of videodisc images
and to interact with students, a physics instructor can develop sophisticated lessons
which engage students in materials which help thcm understand physics and how it
is applied. In princie, any type of student interaction with a computer can be aug-
mented by video scenes. In addition to bcing able to create interactive computcr
materials with the addition of video, the instructor can create materials which
involve video as the primary medium of instruction. For example, applying physics
to automobile collisions is most useful whcn students arc able to analyze thc colli-
sions of real cars. Thc videodisc Physics and Automobile Collisions1 provides that
option. Or, an astronomy teacher may wish to have studcnts look at a large number
of images of certain types of stars. The large number of stiil frames on Space Disc
6: Astronomy,2 when coupled with an appropriate data basc, provide students with
thc opportunity to search out a particular type and to compare various aspects of
thc imagcs. Thc microcomputer coupled to a videodisc player provides these
opportunities in a way that would be difficult and extremely tedious in any othcr
format.

In this paper I present a short history of thc hardware and sof ware available for
using interactive video in physics teaching, and thcn describe a few examples of
this type of instruction. Finally, I will look at thc most rcccnt attempts to usc thc
sophisticated systems such as IBM Info Window and Macintosh HyperCard. I con-
clude with a bricf look at thc futurc, which induct( s a ncw gemation of digital
video on compact disc, a method by which students and instructors will have com-
plete control over the image and changes in individual video images.

History

Thc development of videodiscs for teachmg physics began in thc late 19'0s. Thc
first commercially available videodisc for physics instruction was The Puzzle of
the Tacoma Narrows Bridge Collapse.3 This videodisc operated on a stand-alone
videodisc player which had an internal microprocessor. Thc control program,
which can operate today on the Pioneer 6000 scrics, enabled students to control thc
videodisc images, to complete qualitative experiments on the interacuon between a
model bridgc and thc wind, and to complete a quantitative experiment on the
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standing waves in the vibrations of a string. The nature of the interaction was such
that the video, which required 30 minutes to view as a linear prozram, usually took
students three or more hours to complete as an interactive lesson.

Following this initial effort, several more interactive videodiscs for physics
teaching have been produced. In addition, some of the classic films for physics
teaching, such as Frames of Reference and Powers of Ten,5 lrsve been transferred
to videodisc so that individual teachers may prepire interactive lessons using them.
Because the space sciences and physical sciences series produced by the Optical
Data Corporation6 are also quite useful for teaching many aspects of physics, the
number of videodiscs available for physics teaching giev rather rapidly. When
The Mechanical Universe series was Owed on videodisc in the spring of 1989, the
total number of the available physics videodiscs more than doubted.

Almost all type,: of interaction and comp:cr interfacing have been demonstrat-
ed in completing physics lessons. The Puzzle of the Tacoma Narrows Bridge
Collapse is the only one which made extensive use of the small microprocessing
capabilities of some videodisc players. However, others such as Studies in Motio47
and Energy Transformations Featuring the Bicycles demonstrated the use of com-
puter graphics overlays with video images. At the other end of the bpectrum in
wrms of hardware sophistication, videodiscs such as Physics and Automobile
Collisions and Physics of Sports9 were developed for use an stand-alone videodisc
players. However, as described below, these videodiscs still involve a high level of
interaction between the student and the video images.

Hardware

At present, all interactive videodiscs available in the United States play on
machines which use optical reflective technology. The laser playback assures rapid
access to all of the available frames and minimum deterioration in the qualky of
the image.10

The level of interaction has been defined in a standard way as shown in Table 1.
With the exception of level 4, use with artificial intelligence programming. interac-
tive video lessons in physics have been prepared for all levels.

Table 1.

Levels of Interactive Video

Level 0: Linear play only. Random access am All frame not available.
Level 1: Stand-alone piarr. Random access and still frame available through

keypads.
Level 2: Stand-alone player. Program control available with the internal micro-

processor of the videodisc player.
Level 3: Player connected to an external computer. Program controlled by the

computer operating in a standard language environment.
Level 4: Player connected to an external computer operating in an artificial intel-

ligence environment.
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A particular difficulty arises when one wants to mix interactive graphics gener-
ated by a computer with the videodisc signal. Videodisc players produce standard
television signals (in the United States NTSC video). Essentially all computers
produce signals that are not entirely compatible with this standard. While many of
the early computers could be played on standard television, their signals were still
not entirely. . ompatible and could not be easily mixed with the NTSC video. Many
modern computers have resolutions that are much higher thon standard television
and thus also run into difficulties when the mixture is attempted. However, circuit-
ry is available to make the two signals compatible. Peripherals or boards may be
connected to many computers to create a situation in which the two signals can in
fact be placed on top of each other. These boards, available for a few hundred dol-
lars for some computers and several thousands for others, provide a level 3 interac-
tion, which includes the possibility of computer-generated graphics placed over a
video image. Because of the complexity and expcnse of this type of hardware,
many early interactions involved two-screen systems. One screen would be used
for the computer output while a different screen would be used for the videodisc
images. This type of arrangement still is used heavily in machines such as the
Macintosh SE, which has a video signal that is very difficult to combine with
NTSC video.

In geneml, physics teachers have not attempted to produce complete, self-stand-
ing lessons using interactive video. Instead, most lessons have been made part of a
course in physics and have been used to supplement existing materials to replace
classroom discussions and to act as laboratoi y exercises. Recently, we have
attempted to develop lessons which could be used on a stand-alone player. If the
lesson is available on a stand-alone player, we can provide it to many physics
teachers without the need for each individual school or university having the same
software and haalware. The basic technique involves a videodisc player, its key-
pad, and a transparent sheet of acetate. Students use the keypad to find an appropri-
ate scene on the videodisc. We then recommend that they play the scene once so
they have a feel for what is happening. Then they return to the beginning of the
scene (again using the search capabilities of the videodisc player) and begin collec-
tion of data. The data collection involves making marks on the transparent acetate.
For an analysis of a point particle or the center of mass of an extended particle
such as an automobile, the students make individual marks tor the location of the
center of mass on consecutive frames. Because the rate a, which the film was
recorded is knor ti, the time between consecutive images is also Known. Students
may remove the acetate, place it on a piece of graph paper and enter the coordi-
nates into a productivity program such as a spreadsheet. Very quickly then students
may obtain velocities, accelerations, and other kinematic information.

A more complex situation involves the Lollection of data for an object which
changes its shape. We have studied objects such as automobiles during collisions
and athletes performing high jumps, long jumps and pole vaults. For these situa-
tions we have followed the same techniques used by researchers in biomechanics
and kinesiology. Students are asked to develop a model of the object or athlete and
use the stick figure models to learn more about the motion. The example models
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can be drawn on the acetate for each of the video images in the scene. Again, the
acetate is removed, the coordinates are read into a computer program, and the anal-
ysis is compIrted. This system allows students to begin to understand the nature of
a physical model and to apply physics to more complex situations than are usually
treated in introductory physics courses. (This system is also beginning to be used
in kinesiology and biomechanics classes to help those students understand the
value of this technique.)

While these techniques can be very useful, the time involved in drawing the
models on the acetate and entering the data can be extremely ion. We have found
tha the analysis of a high jumper using a five-segment model can take students
many hours of tedious work. To circumvent that difficulty and still enable students
to understand the power of this type of modeling, we have developed a program
using interactive graphics overlayed on top of the video screen. Our first attempt at
this uses an Amiga computer with a Gen lock peripheral. The peripheral provides
the mixing of the computer graphics with the video signal whil omputer pro-
gram enables students to locate the end of each segment of tht. by moving a
pointer with a mouse. As the students click the mouse on each end of each seg-
ment, the coordinates of that segment appear on the screen and are simultaneously
stored in a file. The analysis can be completed for each of the video frames and the
end result 'is a file containing all of the data concerning the model. This data collec-
tion technique is clearly much quicker than that of the acetate overlay.

We believe that it is wise '.'ir students to leam to use existing productivity soft-
ware, and, of course, we wish to minimize our own programming efforts. Thus we
have not written an analysis program for these data. Instead, we suggest that stu-
dents import the data into a spreadsheet program and analyze them in that way. For
some students a more appropriate technique may be to write their own programs to
analyze the data.

This technique is quite useful. However, it suffers from a lack of hardware stan-
dardization. For each type of computer, one would need to produce a different driv-
er and set of materials for both the videodisc control and the graphics overlay. Thus
at this point we have only produced a demohstration lesson.

Interactive video materials can be created quite easily with existing videodiscs.
The large number of available videodiscs enables any instructor who wishes to cre-
ate materials to do so. An instructor can choose to use a level 1 system with paper
and pencil or acetate sheets to prepare a videodisc lesson. A number of examples
of this type of material are available.11 An instructor with computer programming
knowledge or with students who have computer programming knowledge can
develop lessons and then drive them with a small computer. Instructors who wish
to use authoring systems have a number of options available.' 2

The production of video for a videodisc has until recently been limited to those
individuals who have access to professional production studios. However, recent
advances in the quality of recording equipment and desk-top video software for the
Amiga and Macintosh Il have opened up new possibilities.13 Videodiscs have been
produced in which all of the title frames were created using desk-top video on the
Amiga; some video materials have been recorded on standard home video equip-
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ment and converted to videodisc as well. Thus the capability of preparing video for
a videodisc is within the reach of many physics faculty at this point.

Videodiscs that will not be commercially distributed and will only he used for
local purposes can be obtained inexpensively at this time. Companies such as
Crawford Viela in Atlanta and Spectral Images in Burbank can produce a single
copy of a videodisc for $300. While the quality of this videodisc is not as high as
that of the discs produced by companies such as 3M, Pioneer and Dupont-Philips,
it is quite adequate for lessons on an individual campus. Thus one can create one's
own video and obtain a videodisc for much lower cost than was possible as recent-
ly as one to two years ago.

The Future

TWo developments will have great impact on the future use of interactive video in
teaching. One of those, hypert CI, is available now on some systems. The other,
ful digitized video on compact discs, should become available in the very near
future.

The hypertext format of software provides a new way for teachers to use some
aspects of interactive video relatively easi!y. Full multimedia presentations using
the Macintosh HyperCard software have been developed in a number of areas.14
These programs are particularly useful when one wishes to have students explore a
visual data base. For example, IlyperCard stacks for the National Gallery of Art
videodisc provide students of art with a large number of options.15 They may
scarch through the textual data base associated with the videodisc for any one of a
number of descriptors listed on the data base. Thus if a student wishL. to view all
of Van Gogh's treatments of flowers, he or she could find those descriptors in the
data base and see each individual picture on a video screen as the description was
being displayed on the computer screen. Similar types of IlyperCard stacks have
been developed for a number of topics in astronomy16 and are under development
for some of the physics videodiscs.

A much bigger departure from the present analog video signals will take place
when video is available in digital form on a compact disc. Two separate systems
are under development at this time. One is Digital Video Interactive (DVI) being
developed at the David Sarnoff laboratories.17 A second system, compact disc
interactive (CD-I) is a different format being developed by Philips and Sony.

Beeause both of the systems provide video in a digital format, the images can
be treated as compiete computer information. The result will be that future video
images can be manipulated in a variety of ways that are only available now on very
expensive digital effects generators in broadcast-level TV studios. Images will be
able to be changed in size and shape. Evei, the motion of an object will be able to
be changed by processing the image with ar, appropriate computer graphics pro-
gram. The difficulties of mixing video signal: and computer signals will go away
completely because in fact there will be only one cignal.

One can begin to understand the power of the CD-I and DVI systems by digitiz-
ing individual pictures using today's technology. When thcse ind; 'idol pictun.5
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are imported into paint programs, one can then cut part of one pit 'urc out of an
image and paste it onto another one. Or, one can use archival 11 In. 'rid video in
which the camera moves by manipulating the image to obtain a common reference
point and isolating small arc of a video image to use in other graphics presenta-
tions. These and other capabilities will enable physics teachers to open up new
possibilities for their stude-its.

Conclusion

Interactive video during the past ten years has greltly changed the way in which
visual images are used to teach physics. The possibilities of easily collecting data
from scenes of real events has enabled us to bring quantitative analysis of the
world outside the classroom and into our everyday laboratories. The capabilities of
stopping some of the classic physics teaching films at critical points and allowing
students to think about and interact vd:th the visol images as well as branch to dif-
ferent places, has provided both ste .Ints and instructors v, ays to structu.re these
materials to be more appropriate for '. iividual students or groups of students. New
software capabilities and the ever-increasing number of materials available on
videodisc mean that many teachers can develop appropriate lessons for their class-
room situations.

The advent of digital video will provide another large change in the capabilities
of various systems. The digital video systems will enable us to manipulate change
and present images in ways that we can only think about at the moment. The future
for interactive video is bright and will continue to get brighter as the capabilities of
the hardware and the creativity of the physics instru_tor expand.

Introductory Physics Videodisc
Lesson Guide

David M. Winch
Physics Department, US. Air Force Academy, Colorado Springs, CO 80840, on leave from
the Physics Department, Kalamazoo College, Kalamazoo, MI 49007

The type of interactive education that is crucial for teaching physics is now possi-
ble with computer/videodisc technology. An interactive computer/videodisc system
combines the logical control of the computer software and the flexibility of the
instructor with the suberb audiovisual characterisCrs of the laser videodisc. The
laser videodisc can store 54,000 individual, digitally numbered, color .television
images accompanied by two independent audio tracks.

Unlike other forms of audiovisual media, the videodisc does not need to be pre-
sented in the same way to every audience. Its random-access capability allows an
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educator to tailor its use to the needs of a particular class. Videodisc lessons may
be used with a computer-controlled videodisc player, a videodisc player remote-
control unit, or a combination of a computer with an instructor/student control by a
remote-control unit.

Maximum flexibility is obtained by using a combination of computer control
and remote control. The instructor has the power to program the lesson for class-
room or individual student use and to override the computer with the remote-con-
trol unit. This allows the instructor to have the lesson prepared before the
presentation and to react to situations that might require stopping a videodisc
sequence for discussion, or replay a sequence for better comprehens!on.

Videodisc systems are widely available. There are two authoring programs
(LoserWrite and Laser Work) with connec ;ng videodisc cables for the Apple
IlyperCard software products that drive videodisc play ers run on the Macintosh;
the Info Window computer/videodisc system runs on IBM srtems. and the U.S.
Air Force Academy Physics department has developed a Zenith-based system.'

To accompany the U.S. Air Force Academy system, we are developing a set of
instructor lesson guides. Each lesson guide includes a title, the lesson objective, the
title of the videodisc, frame numbers of videodisc scenes, a description of
videodisc scenes, suggested activities, and sample discussion questions.

An average lesson recres approximately ten minutes of class time and
includes a number of learning methods (motivation, discovery, problem solving,
and discussion). The lesson guides present the required videodisc information for
the lessons. The instructor chow .s the most suitable hardware and software to
drive the videodisc player.

1. T. Gist and G. Lorenzen, "liardware/Softwzre Implementation of an Integrated In
Class Instructor Work Station." TITE 87, 19 (1987).

2. R. G. Fuller, D. Zollman, and T. C. Campbell, The Puzzle of the Tacoma Narrows
Bridge Collapse (New York: John Wiley and Sons, 1982); R. G. Fuller and D. Zollman,
Energy Transformations Featuring the Bicycle (Lincoln, NE: Cleat Plains Media
Center, University of Nebt aska-Lincoln, 1984); D. Zollman and R. Fuller. Studies
in Motion (Lincoln, NE: G.eat Plains Media Center, University of Nebraska-Lincoln,
1984); D. Zollman, Physics and Automobile Colliswns (New York: Wiley. 1984); P.
Morrison and P. Morrison, The World of Ch 'des and Ray Eames Videodisc, Powers of
Ten (Lexington, KY: 'Lek Co. 1986); r. ume and D. Ivey. Frames of Reference
(Princeton, NJ: Eductaional Services Incorporated, 1960).
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Using Videodiscs Interactively
with HyperCard

David M. Winch
Department of Physics. U S. Air Force Academy, Colorado Springs, CO 80840, on leave
front the Department of Physics, Kalamazoo College, Kalamazoo, MI 49007

Robert G. Fuller
Department 4Physics, U S. Air Force Academy, Colorado Springs, CO 80840, on leave
from the Department of Physics and Astronomy. University of Nebraska-Lincoln, Lincoln,
NE 68588-0111

The laser videodisc stores 54,000 individual, digitally numbered, color-television
images accompanied by two independent audio tracks. There are many physics
videodiscs available (The Puzzle of the Tacoma Narrows Collapse, Energy
Transformations Featuring the Bicycle, Studies in Motion, Physics and
Automobile Collisions, The World of Charles and Ray Eames (The Powers of Ten),
Skylab Physics, Frames of References, and the Mechanical Universe Series).

At the simplest level, the instructor may use the videodisc remote unit as a lec-
ture-demonstration device to access an image, play a motion sequence pause,
search, etc. This can be a simple and effective method to bring real-world events
into the classroom and promote discussion. This method is, however, cumbersome
to use when the presentation requires recalling many visual images.

An instructor can design more complicated interactive lessons by coupling a
computer to the videodisc player. These lessons may be used in the lectue, in the
laboratory, or in an individual learning environment. It is possible to use authoring
languages to control videodisc players by computer, but these systems are hard to
use. Now, however, videodiscs can be controlled with the easy-to-use IlyperCa-d
environment. HyperCard is a Aultwar... erector seta group of tools you can use to
create your own Macintosh software applications using Macintosh icons and
mouse style. The basic tools consist of buttons, fields, graphics, and cards. The
developek can add HyperTalk comma& to these basic tools to expand the range of
applications. HyperCard stacks are now aviilable to driw,. videodisc players, :ind
have increased the ease of faculty lesson development and student use.

Hardware and software requirements for such a computer/videodisc syster
include a Macintosh Plus, SE, or Mac II with a hard disk drive; a videodisc player
with an RS-232 interface (Pioneer LVP4200, Pioneer LDV6000, Sony1500,
HitachiVideo, etc.); an appropriate cable connector (Macintosh to videodisc play-
er); HyperCard software; and an appropriate videodisc driver stack.
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The "Mechanical Universe"
Videodisc Project

David Campbell
Department of Physics, Saddleback Community College, Mission Viejo, CA 92675

Don Delson
Department of Physics, California Institute of Technology, Pasadena, CA 91125

Dean Zollman
Depannwu of Physics, Kansas State University, Manhattan, KS 66506

The television series "The Mechanical Universe and Beyond" consists of 52 pro-
grams that span the topics in an introductory physics course. The programs can
provide instruction in broadcast or cassette form, but such a format does not allow
classroom or independent-study random access. To provide random access the
series is being placed on videodisc. Accompanying software for the IBM
InfoWindow interactive video system will nffer teachers and students .he ability to
select segments from the discs and to use the materials in an interactive mode. I
will demonstrate examples of progress to date.

The "Mechanical Universe and Beyond" television series received major fund-
ing from the Annenberg/CPB Project. The videodisc development is being support-
ed by IBM.

Interactive Laser Videodisc

John A. Rogers
Scicnce Center, Educational Service Unit #3, Omaha, NE 68137

The problem of providing qualLy it -auction has reached crisis proprticns in the
general education community. This crisis has been caused by the decrease in the
amount of real money available, the increase in the diversity of our population
(nonEnglish speaking, etc.), the decrease in the number of qualified teachers
(especially in the physical sciences), and the increase in pressure to better prepare
students in fundamentMly important skills, conccpts, and thinking/learning pro-
cesses.

A variety of technologies can help the educational community meet many of
the instructional requirements facing us today and in the near and far futures. If
"technologies" are properly lesigned and implemented, they can capture the
essence of our best instructors' teaching methods so that our students can achieve
their potentials.
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We are a visually oriented society; we seek high-quality images. One way to
enhance the quality of education is to use high-fidelity color images of both real
(concrete) and abstract objects and concepts. Both still im lges and real-time
motion sequences can be of educational value. The best method we presently have
available to deliver these images to students is the laser videodisc (L.7,erVision).1

This talk will be a brief introduction to interactive yid.. technology
(LaserVision disc). Conference participants will have opportunity for hands-on
viewing time and working with a variety of laser videodiscs, players, and micro-
computer systems.

Some laser videodiscs are available through general distribution. Each disc is
designed for a specific level of controlsome level I, some level 2 and some level
3but all have educational value and can be used in a variety of systems and
teaching methodologies. Prices range from $40 to $400 per disc. Table I lists spe-
cific discs that relate to physics.

Teachers can use authoring programs to create their own interactive videodisc
lessons. Authoring programs make designing, scripting, and programming lessons
easier. The current versions of 910St programs control many of the decisions that
must be made while authoring by menu. Menu choices include frame/chapter
searches, play sequences, types of participant responses, branching information,
page style, computer-generated graphic image recalled from floppy disk, and the
way pauicipants' responses/choices arc recorded.

In choosing an authoring program, the following considerations are of primary
concern: (1) ease of use in both software programming and videodisc player-com-
puter interfacing; (2) broad use in education; (3) low cost; (4) features and power.

Complexity is more often a major stumbling block than cost for a neophyte
author. Some programs offer more features and instructional power, but they
require more costly equipment and more time to learn. Although simpler programs
are somewhat limited in their features, they have lower learning curves.

Authoring is a very compley. ana time consuming process and it is makfe still
more complex and time consuming by hard-to-use programs. My philosophy is to
keep it simple when beginning and grow as needed. As a teacher's need for mom
features and power increases, growth into more complex programs is easy. Table 2
shows the authoring programs that I support and work with.

The inmrface is the physical/electrical connection betweep the microcomputer
and the laser videodisc player. The general trend is to make the interfacing simple.
As with the software, I believe that the system should start simple and grow as
fonds and needs increase. All of the single-cable interface systems require two
screen presentations. Priccs range from $25 to SI000 depending on the autho-'s
requirements for features of the system. Table 3 lists interfaces that I support and
USC.

Scientists and engineers, through industry, can now provide educators with
computers that arc low in cost, and have high operating speeds, larger RAM, and
improved graphics. Mass information storage such as CD-ROM and 40M+ RAM
magnetic hard drives, and powerful, flexible, and user-friendly software arc now
readily available. In addition, there arc increasingly better methods of visual tech-
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nologies, e.g., laservision, DVI, etc. The educational community is benefiting from
better intercommunications, which will enable instructors to share information and
ideas. These technological and communication advances will allow us to see the
development of better instructional delivery tools and systems. The advanced tech-
nology will free teachers to concentrate on what they can do bestinteract with
students.

Table 1
Companies Distributing Videodiscs Related to Physics

Great Plains National Video, Tel. (800) 228-4630
Studies in Motion Uses swimmers, gymnasts, and a dancer to illustrate and

study linear and rotational motion. Computer program

available.

Energy Transformation Uses several bicycles to study ene:gy systems. Computer

program available.

John Wiley, Tel. (212) 850-6418

Puzzle of Tacoma

Narrows 13ridge Collapse Originally a Level 2 disc, useful Level 1 and 3. 1-las sev-

eral "experiments" on it.

Physics and Straight-line and 2D collisionsfrom side and above.

Automobile Collisions

American Association ofPhysics Teachers, Tel. (301) 345-4200

Skylab Physics Inclades print materials for background and student activi-

ties.

Zytek, Tel. (800) 252-7276
Powers of Thn Contains other video mater,als from Eames, mcluded is the

book Powers of Ten.

The three disLs contain approximately 100,000 still
images each of aircraft, etc

National Air and Space

Musewn, Vols. 1, 2,

and 3

Space Watch. llome

Planetarium

Central Scientific Co., Tel. (800) 262-3626
Frames of Reference The original PSSC film can he still-framed
Photons and Two PSSC filn, both on one disc.

lruerference of Photow

Optical Data Corp., Tel. (HP 24-2481
Physical Science Disc 1: Matter, force and motion

Disc 2: Waves, E. and M and reactwns. Good physics.
Space Flight Space Archive Vol. 1: Space Shuttle.

Space Archive Vol. 2: Apollo 17

Space Archive Vol. 3: Mars and Beyond and Landings on

Mars. Some images are 3D.
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Space Archive Vol 4. Shuttle Downlink. Includes repair of
Sol^r Max satellite and free walk in space.

Space Archive Vol. 5: Greeting from Earth. High altitude and
satellite images of Earth.

Space Archive Vol. 6: Encounters. Contains Halley's comet
information and Skylab "filmloops."

Motion sequences of a var;ety of aircraft. A fun disc.
Very good for gencsal astronomy classes.
First side: many images of the sun; second side: the me ric

Universe.

Image PremasterIng, Tel. (612) 454-9622
Image Premastering Approximately 200 AAFT slides and a variety of many othcr
Service-Shared Disc images.

Rose-Hulman Institute of Technology, Tel. (812) 877-1511
Enlivening Physics Project between Rose-Hulman and arca high schools. Limited

distribution.

National Technical Information Service, Tel. (703) 4874650
Planetary Image Disc Two volumes.

Additional companies distributing videudLscs related to physics:
Teaching Technologies, Tel. (805) 541-3100
Sargent Welch, Tel. (312) 677-0600

VideoDiscovery, Tel. (800) 548-3472

Minnesota Educational Computing Corporation, Tel. (800) 228-3504
Arbor Scientific, Tel. (313) 66J-3733

In preproduction:
Mechanical Universe College Version
Physics of Sport

Table 2
Authoring Programs

Program N am e Producer/Distributor

Apple H (+, e, c, gs) family of microcomputers
LaserWorks

LasnrWritc/Lcsson Maker

Teaching Technologies

Ztek.
Video Discovery.

Optical Data Corp.

Macintosh (Plus, SE and Mac H microcomputers)
HyperCard Apple Computer Corp.
Voyager Video StackVoyager Company

Telephone

(805) 541-3100
(800) 247-1603

k900) 548-3472

(800) 524-2481

Local Apple Dealer

(213) 474-0032

MS-DOS (IBM PC-DOS and compatibk microcomputers)
VidKit VideoDiscovery (800) 548-3472

:--; 4 .1
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Table 3
Computer-Videodisc Player Interface

Program Name Producer/Distributor Telephone

Apple II ( .e,c,gs) nuttily or microcomputers
Laser Talk Optical Data Corp (800) 524-2481

Single cable bztween Apple H (+, e and gs); two-screen system only; no video switching.
Cables for Pioneer LD-V2000 (and similar players) and LD-V4200

WI Teaching Techniques (805) 541-3100
Two versions, both for the Apple II (+, e, c, and gs) family r microcomputers; (1) single
cable, two-screen-only systcm, no video switching, and (2) video switching interface that
allows either one screen, video-switching systems, or two-scrccn systcms without video
switching. Pioneer LD-V2000 (and simP ar players) and LD-V4200 players supported.

MS-DOS (IBM PC-DOS)

Visual Database Systcms Cables Visual Database Systcms (408) 438-8396

Cables Video Discovery (800) 548-3472

Macintosh (HyperCard)

Cables for the Macintosh mictocomputer to a variety of players arc available from thc
companies given above. An interface between Macintosh microcomputers and Pionccr
LD-V2000 players will be available during thc summcr of 1988. Contact the above com-
panies for more information.

I. Ed Schwartz, Thc Educator's Handbook to Interactive Videodisc (Washington, DC:
Association for Educational Communications and Technology, 1987); Should Schools
Use Videodisc? (Alexandria, VA: Institute for thc Transfer of Technology to Education,
National School Boards Association); Videodiscs in Education (Chelmsford, MA:
Merrimack Education Ccntcr); Thc Vidihadisc Monitor (a monthly videodisc industry
publication).

Smooth Animation on the IBM PC
for Lecture Demonstrations Using
Page Flipping

Randall S. Jones
Physics Department, Loyola College ihimore, MD 21210

There are two main problems with using computer graphics to demonstrate physics
concepts in the lecture room. First, the cost of projection systems is high. Second, a
lecturer who uses as IBM color graphics adapter (CGA) can't do page flipping.
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Page flipping is the graphics technique of drawing on an invisible screen in memo-
ry while a second screen is displayed, and then flipping the two pages. Since none
of the line drawing is visible, page flipping produces smooth animation.

Thc first of these problems has been solved by thc recent arrival of liquid crys-
tal display (LCD) projection systems' for use on overhead projectors. The second
problem can be solved by using an extended graphics adapter (EGA) standard,
which allows page nipping for smooth animation in several of its graphirs modes.
Unfortunately, the currcnt crop of I CD projection displays do not support the EGA
standard.

There arc, however, several inexpensive EGA graphics cards, for example,
EGA Wonder by ATI Tett iologies Inc., that will connect to CGA monitors. These
cards may be used to drive LCD projection displays. Thus, smooth animation is
now available even for those of us on tight budgets.

Wc will show the effectiveness of page flipping in generating smooth graphics
effects by demonstrating several simple programs that wc have written i.. BASICA
to simulate wave interference effects. Althgh such programs are ear; to r.oduce,
they arc effective insteactional aids.

1. Frank Bican, "Real-Time Overhead Displays for the Big Screen." PC Magatme 7, (5)
161 (1988).

' I
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Trademarks

MacFORTRAN" is a trademark of Absoft Corporauon. Analog Devices® is a registered trademark of
Analog Devices Inc. Appk®, Apple SuperPILOTO, Applesoft BASIC®, Laserwnter®. Mac Paint®.
and MacWrite® are regist trademarks of Apple Canputer. Inc. Apple DOS 3.3"1, IlyperCard"a.
Hyper Talk''. Mac Pascal Multifinder"4, and Switcherni arc trademarks of Apple Computer, Inc.
Macintosh" is a traoernark licensed to Apple Computer, Inc. ASYSTANT+2"' is a trademark of
ASYST Software Technologies, Inc. uNIxa is a registered trademark of AT&T Bell Labs. Beagle
Bros® is copyrighted by Beagle Bros Micro Software, Inc. Eureka: The Solver"" and Turbo Pascal
Numerical Methods Toolbox"' are tradanarks of Borland Internatronal. Turbo BASIC® and Turbo
Pascal® are registered trademarks of Borland International. The PLATO® system is a registered
trademark of Control Data Corporation. Commodore 640. Commodore 128® and VIC.20" arc
registered trademarks of Commodore Electronics. Ltd. Amiga® is a registered trademark of
Commodore-Amiga. Inc. AmigaDOS"' is a trademark of Commodore.Amiga. 1 .c. Compaq"' is a
trademark of Compaq Computer Co. SuperCalc"" is a trademark of Computer Associates. Cncket
Graph' is a trademark of Cr.cket Software. Digital PROT.'. MicroVaxm. and VAX"' are trademarks
of Digital Equipment Corporation. DADiSP" is a trademark of thc DSP Development Corporation.
EPSON." is a trademark of Epson Amenca. Inc. Exxon® a a registered trademark of Exxon Company.
U.S.A. Great Plains" .1 a trademark of Great Plains Publishing Co. Hercules® is a registered
trademark of Hercules Computer Technology Corp. Hewlett-Packard® and HP® are registered
trademarks of Hewlett-Packard Corp. IfitachM1 is a trademark of thc Hitachi Corp. HIM' is a

trademark of IIRM Software. IBM PC®, IBM XT"'. IBM AT®. IBM RT®. IBM P512®. and PC-
DOS® arc registered trademarks of International Business Machines. Inc. IBM Color Graphics
Adaptor"'. IBM Enhanced Graphics adaptorm% IBM CGAT". IBM EGAT". IBM VGAT". IBM
MCGA"", IBM InfoWindownl. IBM ProprinterTM, and LAN1" arc trademarks of haernational
Businers Machines. Inc Intel" is a trademark of the Intel Corp Keithley® is a registered trademark of
Keithley instruments, Inc Volkswriter"' is a trademark of Lifetree Software Lotus I 2-3® is a
registered trademark of Lotur Development Corporation MathCA1)"" is a trademark of MathSoft, Inc.
RenchTop"' is a trademark of Metaresearat. Inc. GW BASIC"' and QuicklIASICTM art trademarks of
Microsoft Corp. Excel®. Microsoft®. rc-DOS®. and Works® are registered trademarks of Microsoft
Corporation. LaserTalk"' is a trademark of Optical Data Corp. Point Five"' is a trademark of Pacific
Crcst Software. Inc. MacVir.' and ProVir"' arc trademarks of Pixelogic. Inc. MacEqn® is
coPrighted by Software for Recognmat Technologies Palette"' is a trademark i Software Wirardry,
Inc. Sony® is a registered trademark of Sony Corporation Sun1" is a trademark ol Sun
Microcomputers, Inc Radio Shack® is a registered trademark of Tandy Corp. LaserWork"" is a
trademart of Teaching Technologies. TrulBASIC"' is a trademark of True Basic, Inc. TK Solver"'
is a trademark of Universal Technical Systems, Inc The NovaNET"" systcm is a registered trademark
of Univers:" ,Cxnmunications, Inc Zenith® s a registered trademark of the Zenith Corp
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bulletin board

for student communication, 511
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C language, 121
Cabrera, Bias

"Early Experiences with Physics
Simulations in the Classroom",
77-83

CAD software, 111
"CA!: Supplementing the Noncalculus

Introductory Course", 423-424
"CAI Geometric Optics for Pre-

College", 424
CALL, see computer-aided instruction

laboratory
calculations

Mathematica program, 338f
and modeling with spreadsheets

and graphics, 27
Calculator software, 200
calculus

PDE systems use, 135
Calculus for a New Century confer-

ence
National Academy of Sciences, 47

calculus-based courses, 70-74
California Achievement Test

MBL effects, 323
California Institute of Technology

astronomical data analysis, 357
Computation and Neural Systems

Ph.D. program, 357
cortex simulations, 357
educational innovztion easy, 6

Calle, Carlos I.
"Computers in Introductory

College Physics", 503-505
Ca !tech

see Califomia Institute of Technol-
ogy

CAMAC hardware, 214
Camera Lenses software, 126
Campbell, David

"The 'Mechanical Universe'
Videodisc Project", 536

cardiac simulation
computer programs, 98

5 5 3

Carlson, Edwara H.
"An Example of 'Task Management'

in Constructing a Computer
Program", 403-402

"Pascal Programming Templates",
466-468

Carnegie Corporation
short-changed goals, 55-56

Carnegie Mellon University
Center for Design of Educational

Computing, 445
CAT, see Califomia Achievement

Test
CBI, see computer-based instruction
CCH, see computer-controlled

hypermedia
CD, see compact disc
CD ROM, see Compact Disk Read

Only Memory
CD-I, see Compact Disc-Interactive
CDC, see Control Data Corporation
CDEC, see Center for Design of

Educational Computing
CECA, see Center of Excellence for

Computer Applications
cells

computer simulation, 85-86
"Cellular Automata", 83-93
cellular automation

Apple Macintosh, 151
complex phenomena, 113

Center for Design of Educational
Computing
at Carnegie Mellon University,

144,445
cT design, 451-45S
cT program development, 445

Center of Excellence for Computer
Applications
at University of Tennessee, 12

Center for Science and Mathematics
Teaching
at Tufts University, 179

centripetal force understanding
expression difficulties, 307



Ctmbay, Ruth W.
"Computer Tutors: Implications of

Basic Research on Learning...",
290-301

"Demonstration of Physics Pro-
grams Written in cT", 143-145

"Practical Advice for the Creator of
Educational Software", 515-517

"Changing the Introductory Physi(..
Sequence to Prepare the Physics
Ztudent of the 1990s", 44-54

chaos them y, 144
"Chaotic Dynamics: An Instructional

Model", 146-148
chaotic dynamics simulation, 148
Christian Brothers College, Tenn.

Electric Field Lines Simulation Lab
software, 132

chromatography display
computer programs, 96

Clark, Clifton Bob
"Potpourri of Color Graphics

Enhancements of Classroom
Presentations", 121-123

Clark's theory on CAI, 311-316
classical oscillator simulation, 105f
Classroom Computer Learning award,

8
classroom management, 421
CLI, see comnnd line interface
CMli Tutor, see cT
Cochran, William R.

"Application of a Commercial
Data-Acquisition Syctem...",
253-254

coding
compared to computing and

programm ing, 378-379
cognition models construction,

268-269
collision experiment setup,
Congsion software, 140-142
command line interfwe

library data files, 139

ndex 549

commands and function,:
spreadsheets, 408
Commodore 64 computers, 111,
219

Commodore 64/128
United States Energy Simulator

software, 134
Commcdore computers

spreadaheet use, 365
common scauwing problems

quantum mechanics, 139
communication problems, 516
Compac Disc-Interactive

development, 532-533
compact disc

cost effectiveness, 525
Compact Disc Read Only Memory

as publishing medium, 525-527
Compact Disc-Interactive, 526
Compaq III computers, 409
Compton scattering simulation

computer programs, 97
computation time

for simulations, 78
computational physics

discipline neglected, 329-330
spreadsheets, 329-413

computations
in physics, 375-381
spr.adsheet use, 366
"Computer...Teaching Aid in Physics:

Case Study in Optics and Wave
Theory", 127-128

"Computer Analysis of Physics Lab
Data", 245-246

"Computer Conferencing: A New
Delivery System for College
Coursework", 492-499

computer conferencing
advantages, $95-497
disadvantages, 496-497

"Computer Demonstrations for
Optics , 437-438

"Computer Desk-Top Management for
the Physics Teacher", 481-482
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"Computer Interface for Measurement
of Coefficient of Linear Expan-
sion", 231

computer languages
Applesoft BASIC, 132
BASIC, 121, 247

for CAI, 430
in computational physics, 380
simplicity, 33
vised in Standing Waves, 12

Borland Turbo BASIC, 127
C, 121
CALCOMP graphics, 101
cT (formerly CMU Tutor),

143-144
cT uses, 445-453
FORTH

at Gettysbm-g College, 468-469
FORTRAN, 145, 214, 217, 247

in computational physics, 380
scientific computation, 332

Lotus 1-2-3,51
MacFORTRAN, 475
Mathematica, 338-346
Microsoft BASIC, 152
Microsoft FORTRAN 77, 214
MS-FORTRAN, 101
Pascal, 247

in computational physics, 380
and Project M.U.P.P.E.T., 4

programming, 446-472
QCAL graphics, 101
QuickBASIC, 145
Turbo Pascal, 51, 148, 425, 456

for introductory physics courses,
460

TUTOR
used in NovaNET system, 485,

489
computer literacy and student, 77
"Computer Simulation of the Scatter-

ing of a Wave Packet from a
Potential", 138-140

computer simulatiens
in Great Britain and North

America, 112

555

"Computer Tutors: Implications of
Basic Research on Learning...",
290-301

computer-aiderl instruction
advanced design, 320-321
advantages, 316-317
Clark's theory, 311-316
develped at Morgan State Univer-

sity, 458
individualization, 316-321
laboratory, 237-238
media principle, 314-315
for physics courses, 427
software use, 363-364
special needs, 317
task environment, 296

computer-based education
NovaNET system use, 485-492

Computer-based Education Research
Laboratory
Cyber machine development, 491
MicroTutor language development,

451
computer-based instruction, 362-363
"Computer-Based Instruction for

University Physics", 430-432
Computer-Based Instructions for

College (or University) Physics
software, 441

computer-controlled hypermedia,
61-63, 66

"Computerized Experiments in
Physics Instruction", 237-239

computers
advantages and disadvar tages, 425
AMIGA, 140

using desk-top video software,
531-532

analogy-based tutor, 263-264
Apple

use at Gettysburg College,
468-469

Apple II, 12, 108, 111, 130
AC control circuit, 196f

at Sweet Briar College, 503-505
for CAI, 430



Data Analysis software use, 246
for online testing, 510
optics software, 123
sound analysis experiments, 236
Spectrum Calculator software,

137-138
spreadsheet use, 365
United States Energy Simulator

software, 34
Apple II graphics, 132
Apple IIc, 109

optics software, 123
Apple He

at Miami University, 222
for CAI, 427
optics software, 123
sound analysis experiments, 236

Apple IIGS, 109
Apple Macintosh, 12,150

using cT, 445
AT&T 6310 computer, 118
at Florida State University, 252
at North Carolina State University

423
at Sweet Briar College, 503-505
Atari

TUDOR compatibility, 489
atom simulation, 86
CAI effectiveness, 310-311
Clark's theory on CAI, 311-316
Commodore 64,219, 1 1 1
Commodore 64

spreadsheet use, 365
Commodore 64/128,134
Compaq III, 409
cost effectiveness in physics

education, 302
CRAY/XMP, 356,358
crystal growth simulation, 85
curriculum design, 330-337
data acquisition

and analysis, 107
experiments 227-229
DEC Microvax

using cT, 445

Index 551

DEC-VAX11/780,100
Digital PRO/350,118
dipole antenna radiation presen-

tations, 108
displays as visual medium, 516
DNA molecular chain analogy,
87

Doppler effect presentations, 108
effective direct instruction, 290
electromagnetic radiation program.

108
ESCI40/VTIOOffektronix, 101
evolution, 127
experimental ph ,ics enhancement,

203
Heath/Zenitt :400,121-122
Hewlett-Pac..ard 500-Plus laser

printer, 104
high-resolution physics simulation,

100
IBM compatibles, 1 1 1

at Sweet Briar College, 503-505
IBM PC, 12

at Physics Computer Learning
Center, Mo., 501

for CAI, 430
Dynamic Analyzer program,

476-477
optics program, 125
optics software, 123
use at Gettysburg College,

468-469
IBM PC-compatibles

used at U.S. Military Academy,
463-464

used in physics labs, 252
IBM PC/2,155
IBM PC/AT

used in optics course, 437-438
IBM PC/AT/(PC/2), 100
IBM PCIXT/AT, 149
IBM psa

TUDOR compatibility, 489
1:sing cT, 445
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IBM RT PC
using cT, 445

IBM XT, 7,127
at Physics Computer Learning

Center, Mo., 501
IBM-3084,100
IBM-3090,100
innovators, 3-14
instructional value, 420-421
interaction quality, 35-36
interfacing physics experiments,

235
in introductory physics courses,

169

justified use, 362-365
and learning ix-messes, 325-326
for least-squares fitting, 336-337
load imbalance, 354
Macintosh, 108,152

at Sweet Briar College, 503-505
interactive graphing, 475
in physics simulations, 77-78
in simulation courses, 82
spreadsheet use, 365
in Workshop Physics Project,

239-240,243
Macintosh Plus

with experimental physics, 229
magnetic fields measurement us-%

189-190
Maxwell's Demon simulation, 108
mirrors programs, 123-124
Model 33 Teletype, 169
MS DOS

spreadsheet use, 365
NEC-APC, 100
NEC-APCIII, 100-101,104
networking and workshops,

485-511
not superior instructional medium,

362-365
orbital motion simulation, 117
parallel and sequential, 348f
particle animations, 95-96
PCs as terr inals to mainframes,

213

5,97

PDP 11,213
in chysics, 33-34
physics curriculum effects, 3-74
in physics laboratory, 159-254
physics lecture demonstrations,

431-442
problem-solving at the U.S. Air Force

Academy, 425
program developments, 96-99
programming, !09
research tool, 268
serial interface, /60-161
simulation proisTams, 107-108
sk-pticism, 309-316
spreadsheet use, 365
Sun 3/260

SMP use, 471-472
Sun

using er, 445
testing online at St. Louis Community

College, 510
text programs, 107
and theoretical physics, 6-7
tutor components, 291-292
tutorial programs, 107
use opposed, 243
used in introductory courses, 460
used in research, 233
utilities for teaching physics, 475-482
VAX11/780 computer, 356
VAX, 213
VAX network

SMP use, 471-472
VAX-750

instruction hardware, 237-238
VAX-8800/2,100
VIC-20, 1 1 1
vs. human tutors, 299-300
wave algorithms, 94-95
what can they do?. 34-36
word processing and number-crunch-

iug, 107
Zenith 248

U.S. Air Force Academy, 499
Zenith

TUDOR compatibility, 489



Zenith ATs
2t physics Computer Learning

Center, Mo., 501
Zenith Z-248

at U.S. Air Force Academy, 425
"Computers and the Broad Spectnim

of Educational Goals", 54-69
"Computers in Introductory College

Physics", 503-505
"Computers in Learning Physics:

What Should We Be Doing?",
32-39

"Computers and Research in Physics
Education", 257-282

computing
compared to programming and

coding, 378-379
as insight, 398

conutpts
Elematicr tutorials, 419

coNcurrent computer
imaginary missile launch, 359f

"Concurrent Supercomputers in
Science", 346-361

concurrent supercompiters use,
355-360

CONDUIT
software distributor, 12

Conservation of Angular Momentum
experiment, 222

Conservation of Lincar Momentum
experiment, 222

contemporary phys 1,40-44,48-49
bulletin board use, 511
needed, 15

"Contemporary Physics in the
Introductory Course", 40-44

Contemporary Physics Through
Phenomenology group, 41-42

continuum models, 84
Control Data Corporation

physics and problem-solving,
72-73
PLATO system, 72

Conway, John Horton
Cambridge University, 87

Index 553

cortex simulations
California Institute of Technology,

357
CORVUS network

for online testing, 510
Cosmic Ray experiment, 238
cost effectiveness

computer programming for physics,
302

Coulomb displays, 79
Coulomb simulations, 243
counting statistics

MBL radiation detection, 28f
"Coupling Numerical Integration with

Real Experience", 242
"Coupling Simulations with Real

Experience", 243
course logistics

computer use justified, 364
courses

compared, 36-37
proliferation, 64

courseware, 72-73
ppp for IBM PCs, 142-143

Crandall, Richard E.
"Automata on the Mac", 151

CRAY/XMP computer, 356,358
creativity encouragement, 56
Ci icket Graph software, 239-241
crystal defects animation

computer programs, 98
cT computer language

at Center for Design of Educational
Computing, 445-453

description, 446-450
design
Center for Design of Educational

Computing, 451-453
features, 453-454
formerly CMU TUTOR, 143-144
history, 451-452
as interface with LISP and FOR-

TRAN, 450
and its uses, 450-451
major features, 445-446
program statements generated, 447f
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using Apple Macintosh, 445
using IBM PS/2,445

curriculum
Ind cOmputers, 3-74
design using computers, 330-337
development of CAI, 282-290
development phase, 38-39
experimental phase, 38

crrve drawing
computer programs, 97

"Curvefit An Interactive Graphing
and Data-Analysis Program...",
475

Curvefit software, 475
Cyber machine development

Computer-based Education
Research Laboratory, 491

Cygilus experiment
Los Alamos, N.M., 214-215

DaDisp
equation solve: software, 478

Damp BASIC program, 119
damped oscillators software, 122
dark matter

gravitational dynamics, 153
dashed lines marquee effect animation

computer programs, 97
data acquisition

and analysis, 107
workshop at Ithaca College,

507-508
Data Analysis software, 246
data collection education, 247
data entry rules, 102t
data and formula ent7

spreadsheets, 408
Data-Input/Editor software, 200
DEC Microvax computer

using cT, 445
DEC-VAX11/780 computers, 100
decay curve

Ag(108) and Ag(110), 208f
Ba(137), 208f

DECNET link, 216

L.

Delson, Don
"Tbe 'Mechanical Universe'

Videodisc Project", 536
DeMamo, Michael J.

"VideoGraph: A New Way to
Study Kinematics", 244-245

"Demonstration of Diffusion-Limited
Aggregation and Eden Growth...,
152-153

"Demonstration of Physics Programs
written in cT", 143-145

demonstrations
physics lectures, 437-442
software aids, 437-442

"Density of Orbitals: A Tutorial",
429-430

"Design, Implementation, and
Performance...for General Phys-
ics", 218-220

desk-top publishing, 29-30
desk-top video software

for Amiga computer, 531-532
for Macintosh II, 531-532

detectable radiation, 207f
deterministic cellular automata, 85-87
"Developing CAI Programs with

Apple SuperPilot", 458-459
DeVries, Paul L.

"Teaching Computational Physics",
398

Dickinson College, Pa., 5
USI Macintosh project, 161
Workshop Physics Project,

239-241,241-243
diffraction plots simulation, 80
diffusion plots

computer programs, 96
diffusion-limited aggregation

Macintosh program, 152
Digital Equipment Corp.

help with Standing Waves, 12
MIT Project Athena funding, 9-11

Digital PRO/350 computers, 118
Digital Video Interactive, 526

development, 532-533



dipole antenna radiation
computer presentations, 108

direct time-dependent simulation, 135
disadvantages of computers in

laboratory, 202
discrete equations simulations, 135
display routines in cT, 447,448f
displays

computer as visual medium, 516
solution process role, 2971
task environment, 296

DLA, see diffusion-limited aggrega-
tion

dodecahedron plot simulation, 344f
Doppler effect

animation computer programs, 97
computer pmsentations, 108

Doppler program module software,
128

Doppler shift spreadsheet
single-answer approach, 371-372

Drexel University, Pa.
Macintosh computer use, 109-110

drills necessary, 302-303
Dubisch, Russell J.

"Instructional Scripts with SMP",
471-472

Duffmg software, 148
Du Puy, David L.

"Computer Interface for Measure-
ment of Coefficient of Linear
Expansion", 231

DVI, s^e Digital Video Interactive
Dykla, John J.

"Star Cluster Dynamics Simulation
with Dark Mauer, 153-154

Dykstra, Dewey I., Jr.
"Wondering about Physics...Using

Computers and Spread-
sheets...", 362-375

"Wondering about Physics...Using
Spreadsheets to Find Out",
412-413

Dynabook lessons, 60
"Dynamic Analyzer", 476-477

Index 555

dynamometer experiments,
225-226

"Early Experiences with Physics
Simulations in the Classroom",
77-83

earthquake waves
computer programs, 96
Eberfeld, John

"Computer Malysis of Physics Lab
Data", 245-246

education
MBL tools, 223
needs and prospects, 94
physics programs, 144
politics, 39
software, 515-517,519-520

"Educational Software: Oil Drop,
Schrodinger Equation,..., 130-131

"Educational Software for Under-
graduate Astronomy", 154-155

Educational Testing Service
Pascal use, 51

EDUCOM/NCRIPTAL award
Standing Waves Program, 11

EduTech
Data Analysis software, 246

"EduTech's Interface Kit", 233-234
effectiveness of CAI, 317
Efield software

electric fields simulation, 144
Einstein demonstration, 79
Elberfeld, John

"A Gentle Introduction to Apple
Game-Port Interfacing", 234

"Educational Software: Oil Drop,
Schrodinger Equa-
tion,...,130-131

"EduTech's Interface Kit",
233-234

electric circuit problems tutor, 266
"Electric Field Lines Simulation Lab",

132-133
Electric Field Lines Simulation Lab

software, 132
electric field plots

simulation using Logo, 470f
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Electric Rd& software, 201
electricity program

software, 431-432
electromagnetic radiation program

computers, 108
electromagnetism for simulations,

79-80
electron density

approximation program, 402-404
display, 215f

electron motion
program possibility, 98

Electron Wave software ani
95

Electron Waves software, 120
electronic mail, 508-509
electronic spreadsheets, see spread-

sheets
"Electronic Textbook: A Model CAI

System", 427
electronics techniques

experimental physics, 229
electrons in metals

introductory course, 41
elementary electricity course

PLATO system use, 488
elementary magnitism course

PLATO system use, 488
elementary mechanics course

PLATO system, 486-4157
elementary particles

program posbibilit, , 99
elementary physics

Physics Simulations,71
elementary students scientific experi-

ence, 168
elementary thermodynamics coursc

PLATO system use, 488
Elements of Picture Processing

experiment, 238
Elfield BASIC program, 118
elliptic waves animation

computer programs, 96
Email, see electronic mail
Enger, Rolf C.
"Microcomputer-Delivered Home-

work", 425-526

1:7 .1

"Teaching Physics with the Aid of
a Local Area Network",
508-509

EPSON FX grapt.::s printer, 149
equation solvers

software, 477-478
equilibration speed for simulations,

136
error propagation in laboratory, 373
ESC140/VT100/Tektronix computers,

10/
ESE, see Exploring System Earth

Consortium
Ettestad, David J.

"VideoGraph: A New Way to
Study Kinematics", 244-245

Eureka
equation solver software, 478-479

Evans, J.C.
"Educational Software for Under-

graduate Astronomy", 154-155
Excel

program graphics, 482
spreadsheet for Macintosh,

365-366
Excheck software, 318
experimental physics
computer enhancement, 203
experimental procedures, 201
experiments

U.S. Naval Academy physics
laboratories, 198-199

for undergraduates in experimental
physics, 204-213

"Exploring Nonlinear
Dynamics...with Graphics Anima-
tion", 14P -150

Exploring 5, stem Earth Consortium
classrr a learning projects,

432-433
Exxon Education Plundation research

funding, 114

falling in air
spreadsheet usc

investigation approach, 372
single-answer approach, 372



Faraday's Law
circuit diagram, 211f
experiment, 211-213
voltage vs. time, 212f
voltage vs. velocity, 2121

fast Fourier transform
optic& spectroscopy extx-riment,

204-205
white-light spectrum, 206f

fast Fourier transforms
sound analysis experiments, 236

Fast Graph software, 201
Fecictr, Gary M.

"Interactive Physics Problems for
the Microcomputer", 463-464

Feldker, Paid
"Online Computer Testing with

Networked Apple II
Microcomputers", 5!3-511

Fermat program module software, 128
Fermat's Frincipk, 124

computer programs, 96
Fermi software, 269
Fermilab Experiment E710,216
FFT routines software, 236
fmite difference grid, 3501
FIPSE, see Fund for the Imp: ment

of Pog-Seconary Education
Fischer, C.W.

"IEEE-488 Interface for a Voltage
Power Source...MBL", 246-24g

"Five Years of Using
Microcomputers...at U.S. Naval
Academy", 197-2C 1

Flip mode
Workbench, 149

Florida State University
computers in physics labs, 252

fluid flow display
computer programs, 98

forcemeter, see dynamometer
formal lectures eliminated, 24

format and simulations, 78
"FORTH in the Laboratory", 468-469
FORTH language

at Gettysburg College, 468-469
FORMAN 77 software, 399

Index 557

FORTRAN
in computational physics, 380

FORTRAN
computer language, 145,247

PORTRAN
cT as interface, 450
for scientific computation, 332

four-dimensional rotations display
computer programs, 97

Fourier analysis
soum: simulations, 1721, 173f

Fourier BASIC program, 118-1. '
Fourier transform display

computer programs, 97
Fourier transform simulation, 80
Fox, Geoffrey C.

"Concurrent Supercomputers in
Science", 346-361

Fox, ieffrey R.
"Microcomputer Simulations in

Statistical Physics", 136-137
Franklin and Marshall College

Visual Appearancl software use,
141

Fraurihofer diffraction
computer demonstration, 437

free-body force diagrams
expression difficulties, 306

free-fail resistance formulas, 83-84
Fresnel diffraction

computer demonstration, 437
frictional force understanding

expression difficulties, 305
Fuller, Robcrt G.

"HyperCard an Physics", 457-458
"The Personal Computer Impact on

Physics Education at USAF
Academy", 499-501

"Using Videodiscs Interactively
with IlyperCari", 535

"Wondering about Physics...Using
Spreadsheets to Find Out",
412-413

functional dependencies
exploration of relationships, 466

Fund for the Improvement of Post-
Secondary Education, 4
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at Dickinson College, 5-6

Gan*, Uri
"Software Packages for High

School Optics", 123-125
Gardner, John W.

"Density of Orbitals: A Tutorial",
429-430

gas simulation, 80
Gaussian quantum wave packet

evolution, 334f
gedanken experiment

CAI, 311-313
Geiger-counter interface circuit

diagram, 207f
general relativistic phenomenology

introductory ceurse, 42
general relativity Lamation

computer programs, 97
general science at University d

Southern California, 1'.2
general-skills profiles, 6f-68
gentility

spreadsheet use, 366
geometrical optics

law of reflection, 123-124
software, 123-125

geophysics
hypercube use, 358

geosatellite projects
KEPLER software,

Gettysburg College
FORTH lan,r:,uage use, 468-469

Ginzburg superconductor model, 81
Gleason, Edward

"VideoGrapt A New Way to
'tudy Kh. anaticz", 244-245

Goodman, Joel
"Simulation of a Rigid Pendulum",

114-115
"Teaching High School Students to

Write Physics Simulations",
110-111

Goodman, Jordan A.
"Online Data Analysis: Smart PC

Work Stations", 213-218

5 G 3

Good, R.H.
"Apple Simulations", 107-109

G-ble-Wallace, Lisa
"CAI: Suppkmenting the Noncal-

culus Introductory Course",
423-424

graduate laboratory courses
computerized experiments,

238-239
graduates

industrial research needs, 57
graph-plotting

SuperCalc3 and SuperCalc4,
407-408

Graphical Analysis softwaie, 236,
249-250

graphics
Excel program, 432
experimental phenomena, 437
interface programs, 476-477
motion representation difficult, 428
MUPgraph use, 461
physics curriculum, 52-53
physics demonstrations problems,

540-541
PLATO system, 487
and simulations, 78
software, 260-261
using cT, 446

"Graphics and Screen-Input Tools for
Physics Students", 456-457

graPhs
by students, 285f
Curvefit software, 475

Graphs and Tracks software, 260-26 1
graphs to motion

student experiments, 285-286
"Graphs and Tracks", 115-116
Graphs and Tracks simulations, 243
Graphs and Tracks software,

115-116,144,269,282-289
design, 288
integration into curri,mlurn,

288-289
gravitational dynamics

dark matter, 153



gravitational and inenial mass
disfinctions
expression difficulties, 305

Great Britain
computer simulations, 112

Green's function simulation
program possibility, 98

Griffin, C. Frank
"Tutorials on Motion", 417-423,

428-429
GROWIEDEN software, 152

Hak, Edward B.
"Physics Computer Learning

Center at the University of
hfissouri-Rolla", 501-503

half-life of Ba(1:27), 208f
hanging chain oscillation

program possibility, 98
hanlware

21X battery-operated logger,
248-249

at Ithaca College, 232
CAMAC, 214
for data collection projects, 247
general purpose, 159-163
MUX, 247
for optical videodiscs, 529-532
required for videodiscs, 535
requirements for QuickBASIC, 146
US. Naval Academy physics

laboratories, 198
Harmonic Motion Workshop software,

441
Harvard University

Visual Appearance software use,
141

HAT, see Hierarchical Analysis Tool
Hautekit4, G.

"Measurement of the Tension in a
Suing", 225-226

"The Tension in the String of a
Simple Pendulum". 226-227

Heat capacity Measure111.mt experi-
ment, 238-239

Heathaenith Z-100 computers,
121-122

Index 559

Hellemans, J.
"Measurement of the Tension in

String", 225-226
"The Tension in the String of a

Simple Pendulum", 226-227
help branches

hypermedia lessons, 64
HeNe laser

fast Fourier transform, 205f
Hept, George B.

"The Personal Computer Impact on
Physics Education at USAF
Academy", 499-501

Hierarchical Analysis Too* software,
264

high-data background
applications, 490-491

high-energy physics
hypercube use, 358

high-gain Hall Effect amplifer, 190f
high-resolution microcomputers

compared, 106
high-resolution spectroscopy

experiment, 208-213
histogram of radioactive decay, 387f
Holcomb, D.F.

"Contemporary Physics in the
Introductory Course", 40-44

Holmes, Johnny B.
"Electric Field Lines Simulation

Lab", 132-133
holograms

compion. programs, 96
hnmewc aror rates, 182f, 183
Hooks, Todd A.

"Computer fruc.aice for Measure-
ment of Coefficient of Linear
Expansion", 231

Huggins, Elisha R.
"The Macintosh Oscilloscope",

169-176
human tutors vs. computer tutors,

299-300
Huygens Program module software,

128
hydrogen

plots simulation, 80

004t'p A
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Hydrogen Atom software, 143
Hydrogen program, 81f
"HyperCard an Physics", 457-458
"HyperCard environment

for physics teachers, 481-482
HyperCard software for Macintosh,

532,535
hypercube, 347-353,354f

used in geophysics. 358
used in high-energy physics, 358

hypermedia, 60-61
buttons, 62f
development, 63-64
help branches, 64
prerequisite map, 65-66
printed distribution methods, 66

hypertext format
software, 532

hypothetico-deductive reasoning
expression difficulties, 307

IBM compatiCe coraputers, 111
at Sweet Briar College, 503-505

IBM computers
MIT Project Athena funding, 9-11
TUDOR compatibility, 489

IBM PC computers
Animated Waves and Pvticles, 121
at Physics Computer Learning

Center, Mo., 501
for CAI, 430
Dynamic Analyzer program,

476-477
FORM languagc use. 468-469
optics program, 125
optics software, 123
PPP courseware use, 142-143

IBM PC-compatible computeo
physics interactive courseware

development, 463-464
use in physics labs, 252

IBM PC/2 computers
adaptation, 155

IBM PC/AT computas
used in optics course, 437-438

IBM PC/AT/(PC/2) computers, 100
IBM PC/XT/AT computers, 149
IBM PS/2 computers

TUDOR compatibility, 489
using cT, 445

iBM RT PC computers
using cT, 445

IBM XT computers, 127
at Physics Computer Learning

Center, Mo., 501
IBM-3084 computers, 100
IBM-3090 computers, 100
ICM, see intelligent computer-

assisted instruction, 319-320
idea developm-it, 97-99
IEEE-488 interface

used with ASYST, 251

"IEEE-488 Interface for a Voltage
Power Sonrce and an Analog
Multiplex Unitin...MBL", 246-248

"1LS/2: An Interactive Learning
System", 454-456

"Impact of the Computer on the
Physics Curriculum", 15-22

In:pulse Experiment software, 201
impulse measurement, 194f
individualization of CAI, 316-321
individualization necessity, 317-318
industrial research

graduates need more skills, 57
industry

skills needed, 57-58
information exchange

computer conferencing, 492-499
input analysis and communicafion

problems, 516
instiwtion ond large-problem s,-.1'.1s

physicist skills, 17
"Instructional Scripts with SMP",

471-472
instructional software

quizzes, 421-422
Instructional Software for University

Physics software, 441
instructional strategies, 297-298



development and testing, 261-265
"Intelligent Computer Simulations in

the Classroom...", 432-433
Intelligent Tutoring Systems software,

294-295
interaction quality, 35
interactive education

with videodiscs, 533-534
interactive graphics

Spacetime Software, 140
"interactive Inquiry with TK Solver

Plus SoRware...", 465-466
"Interactive Laser Videodi--...",

536-540
"Interactive Optics Software for the

General Student", 125-127
"Interactive Physia Problems for the

Microcomputer", 163-464
interactive programs

by skilled programmers, 445
development prGcess, 517
many controls, 517

interactive video, 524
levels, 529t

interactivity
displays as visual medium, 516

imerface
Dynamic Analyzer prt.,,,ram,

476477
experiments using FORTH, 468
IEEE-488

used with ASYST, 251
Interface Kit

Apple Il computer use, 233
Edulech, 233-234
LASER 128 printer compatibility

234
"Interfacing Physics Experiments to a

Personal Computer", 235
"Ir terference Phenomena Using

Spreadsheet Prop. ns", 409-412
interkrogrnm

white-light spectrum 206f

_

Index 561

International Business Machines, see
IBM
International Conference of
Physics Education

Hungary, 147
"Introducing Computation to Physics

Students", 375-381
introductory physics course

and computers, 45
topic selection, 44-45

"In-oductory Physics Videodisc
Lesson Guide", 533-334

Introductory University Physics
Project, 40-41,43

introductory physics course
student, 251

intuition
physics students, 46

"Intuition -Building Tool Kits for
Physical Systems", 462-463

investigation api-oach
Doppler shift spreadsheet, 371-372
fall with drag fare spreadsheet,

373f
falling in

spreadsheet use, 372
relativistic electronics in linear

accelerator
spreadsheet use, 369-371

simple harmonic motion
spreadsheet use, 368,369f

Ising model simulation, 136
Ithaca College

NSF grants for summer workshops,
507

rarallel data collector, 231-232
ITS, see Intelligent Tutoring Systems
IUPP, see Introductory University

Physics Project

Jain, Duli C.
"Electronic Textbook: A Model

CAI Syst-m", 427
Jet Propulsion Laboratory

space science, 358-359

JfS
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Johnson, Karen L
"Problem Solving, Pedagogy, and

CDC Physics", 70-74
Jones, Randall S.

"Smooth Animation on the IBM
PC for Lectures...", 540-541

JPL, see Jet Propulsion laboratory

Kaleidoscope software, 126
Kane, Dennis J.

"Applications of New Tech...for
large-Scale Computer-Based
Physics...", 485-492

Karlow, Edwin A.
"Design, Implementation, and

Perfonnanx... for General
Physics", 218-220

Karshner, Gary
"FORTH in the Laboratory",

468-469
Kelly, Don C.

"SAKDAC-Based Physics in
Introductory Labs at riati
University", 222

Kelly, Stewart A.
"SAKDAC-Based Physics in

Introductury Labs at Miami
University", 222

Kepler simulation, 79
KEPLER software

for geosatellite projects, 461
Kids Network project, :67
Kimel, J.D.

"Microcomputer-Based Integrated
Statistics, for Physics Labora-
tories", 251-253

Kinderman, Jesusa V.
"A Computing Laboratory for

Introductory Quanttun Mzchan-
ics", 406-407

kinematics
laboratory curriculum, 180-181
learning difficulties, 417
student understanding, 181-183
tutor fitr problems, 265

University of Oregon results,
183-187

"Kinesthetic Experience and
Computers...Laboratories,
323-325

kinetic theory animations
computer programs, 96

Koonin, Steven E.
MUM development, 6-7
"Teaching Computational Physics",

329-337
Kozma, Robert B.

"Students' Constniction of Concept
Maps Using Learning Tool",
325-326

"The Evaluation of Educational
Software: The EDUCOM/
NCRIPTAL...", 517-519

Kremser, Thurman R.
"The Use of an Elect-anic Spread-

sheet in Physics", 407-408
Krieger, Martin H.

"Simulation Laboratory for General
Education in Natural Science",
112-114

Kruse, Ulrich E.
"Computer Demonstrations for

Optics", 437-438

LabNet program proposed, 168
"Laboratories in Sound : -.lysis

Using Fast Fourier Transforms",
236-237

laboratory
interface design, 159-160
microcomputer-based tO0i3, 27
pedagogical successes, lis7-189
process studied at University of

Missouri-Rolla, 228
LAN, see Local Area Network
Lane, Eric T.

"Animated Waves and Particles",
119-120

"Animation on the IBM PC", 121



"Animation in Physics Teaching",
93-99

physics software development,
11-13

"Software Preparaf on Workshop",
515

"Sp:ctrum Calculator Results from
Student Use", 137-138

L.-place calculations, 79
Larson, Lee E.

"Upper-Level Experimental
Physics", 203-213

LASER 128 printer
Interface Kit compatibility, 234

laser videodiscs
storage capacity, 535

LaserDisc, see optical videodisc
LaserVision, 523
LaserVision discs

availability, 537
lattice-gas model simulation, 136-137
law of reflection

geometrical optics, 123-124
Laws, Priscilla W.

"Coupling Numerical Integration
with Real Experience", 242

"Coupling Simulations with Real
Experience", 243

introductory physics course, 5-6
"Linearization of Real Data", 241
"Popcorn, Nuclear Decay, and

Counting Statistics Using an
!ABU, 234-240

"Visual Photogate Timing and
Graphical Data Analysis",
240-241

"Wor;.shop Physics: Replacing
Lectures with Real Experience",
22-32

laws of life
Conway automation, 87

LCD, see liquid crystal display
learner-controlled laboratory, 223-224
learning

difficultie.., in kinematics, 417

Index 563

objectives
justify computer upe, 364
problems, 32-33,37-38
process and computers, 325-326
retention by students and comput-

ers, 268
"Learning Physics Concepts with

Microcomputer-Based Laborato-
ries", 223-224

learning skills, 15-16
media lessons, 60
professional, 58

"Learning to Use the cT Language",
453-454

Learning Tool software for Macintosh,
3z5-326

least-squares fitting
computer use, 336-337

lecture as learning tool, 58-59
LEGO TC program, 471
Lehtihet, Halim

"Chaotic Dynamics: An Instruc-
tional Model", 146-148

Lenses program module software, 128
Leo Schubert Award for Teaching

Redish as awardee, 4
-scmi options, 63

Lewis, LE.
"Computer Simulation of the

Scattering of a Wave Packet
from a Potential", 138-140

library data files
command line interface, 139
using cT, 449
Workbench, 3,39

library modules
for ILSI2, 455

linear expansion
copper exwiments, 231

Linear Optics software, 143
linear phenomena

quantum phygics, 146
linear relationships
expression difficulties, 304
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584 Index

linearization
spreadsheets and graphics, 25-26

"Linearization of Real Data", 241
liquid crystal display

projection systems for teaching
physics, 541

LISP
cT as interface, 450

Lissajous figures anirriation
computer programs, 96

Local Area Network
installed at USAF Academy,

508-509
logger

21X battery-operated, 248-249
"Logo in the Physics Classroom",

469-471
Logo software, 469-471
Lorentz-contraction spreadsheet

single-answer approach, 370f
Lorenzen, Gary L

"Microcomputer-Delivered
Homework", 425-426

Lorincz, Gyula J.
"Curvefic An Interactive Graphing

and Data-Analysis Program...",
475

Los Alamos, N.M.
Cygnus experiment, 214-215

Lotus 1-2-3
spreadsheet for MS DOS, 365

Lotus 1-2-3 software, 122
at U.S. Air Force Academy, 500

Lough, Tom
"Logo in the Physics Classroom",

469-471
Luetzelschwab, John

"Coupling Numerical Integration
with Real Experience", 242

"Linearization of Real Data", 241
"Popcorn, Nuclear Decay, and

Counting Statistics Using an
MBL", 239-240

"Visual Photogate Timing and
Graphical Data Analysis",
240-241

Lupton Foundation
help with Standing Waves, 12

LV, see Laser Vision
Lyke, Daniel B.

"Animation on the IBM PC", 121

M.U.P.P.E.T., see Maryland Univer-
sity Physics in Educational
Technology

McDermott, Lillian C.
"Computers and Research in

Physics Education", 257-282
MacDonald, W.

"Graphics and Screen-Input Tools
for Physics Students", 456-457

MacDonald, NA : un M.
"Physics Majors as Research

Scientists...", 459-462
MacFORTRAN computer language,

475
Macintosh computers, 108-110,243

at Drexel University Pa., 109-110
at Sweet Briar College, 503-505
CD ROM availability, 525
diffusion-limited aggegation

program, 152
interactive graphing, 475
sound simulations, 169-170
spreadsheet use, 365
TUDOR compatibility, 489
in Workshop Physics Project,

239-240
"Macintosh Demonstrations for

Introductory Physics", 109-110
Macintosh HyperCard software, 532,

535
Macintosh II computers

desk-top video software, 531-532
Macintosh Plus computers

with experimental physics, 229
McIntyre, John P.

"Pascal Programming Templates",
466-468

MacPascal software, 110
MacScope file

sound simulations, 170



magnetic fields measurement
computer use, 189-190

magnetism program
software, 431-432

Magneto-Optical Erasable Compact
Discs
storage capability, 525-526

Mahoney, Joyce
"CAI: Supplementing the Noncal-

culus Intrcductory Course",
423-424

Makewave software, 139
"Making Waves: Software for

Studying Wave Phenomena",
129-130

Making Waves software, 129-130
Mars Rover

Jet Propulsion Laboratory project,
358-359

Marx, George
"Cellular Automata", 83-93

Maryland University
M.U.P.P.E.T. project, 456-457

Maryland University Physics in
Educational Technology, 3-5

Maryland University Project in
Physics and Educational Technol-
ogy, 456-457

Massachusetts Institute of Technology
Visual Appearance software use,

141

Massachusetts Institute of Technology
Project Athena, 9-11

massless strings understanding
expression difficulties, 306

"MathCAD in the Modern Physics
Course", 480

MathCAD software
at Physics Computer Learning

Center, Mo., 502
MathCAD software
equation solver software, 478-480
Mathematica program language,

338-346
compared to C or Pascal, 342

Index 565

user interaction, 345
mathematical curriculum
physics students, 46-47

mathematical physics
at Miami University, 398

"Mathematics by Computer", 338-346
Mathews, Kirk A.

"Interactive Inquiry with TK Solver
Plus Software...", 465-466

Maxwell's Demon simulation
computers, 108

Maxwell's equations
program possibili]ty, 98

MBL, see microcomputers
laboratory tools

MDB, see multibranch driver
MDP, see Microcomputer-Delivered

Problem
"Measurement of the Tension in a

String", 225-226
mechanics

experiments, 225-227
for simulations, 78-79

Mechanics software for CAI, 431
media

constraints for CAI, 318
for learning, 362
lessons as learning tool, 60
principle for education, 313-314

mediamedia confounding, 315
mediamethod confounding,

314-315
Membrane excitation propagation

software, 142-143
method and contem constraints for

CAI, 318-31:
Miami University, Ohio, 222

mathematical physics, 398
"Microcomputer Simulations in

Statistical Physics", 136-137
"Microcomputer Tools for Chaos",

145-146
"Microcomputer-Based Integrated

Statistics,...for Physics Laborato-
ries", 251-253
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566 Index

"Microcomputer-Based Laboratories
in Introductory Physics Courses",
220-221

microcomputer-based laboratory
instruction, 261-262
"Microcomputer-Based Logger",

248-249
"Microcomputer-Delivered Home-

work", 425-426
Microcomputer-Delivered Problem

software, 425-426
microcomputers

animated simulations, 93
as flexible tool, 24-25
laboratory, 7-9

Classroom Computer Learning
award, 8

for general physics, 218-220
hardware, 159-162,164-165
tools, 27,177-189

Microsoft BASIC
diffusion-limited aggregation

program, 152
Microsoft FORTRAN 77,2 i4
Microsoft QuickBASIC software, 232
Microsoft Works software, 239-240,

242
MicroTutor language

developed at Computer-based
Education Research Laboratory,
451

Miller, Bruce N.
"Chaotic Dynamics: An Instruc-

tional Model", 146-148
Miller, Irvin A.

"Macintosh Demonstrations for
Introductory Physics", 109-110

Milne software, 143
mirrors

computer programs, 123-124
Misner, Charles W.

"Spreadsheets in Research and
Instruction" 382-398

MIT, see Massachusims Institute of
Technology

'7 1

Model 33 Teletype remputer, 169
"Modeling of Physics Systems:

,ixamples Using Physics and
AutoCollisions"...", 433-434

modern physics, 80-81
Modwave software, 139
molecule size simulation, :31
monopole simulation, 80
Montana State University

United States Energy Simulator
software. 133-134

More Able software, 269
Morgan State University

Apple computer use, 458
calculus-based CAI program

development, 458
Motion: A Microcomputer-Based Lab

software, 440-441
motion

detectors
TERC, 220-221

student-generated graphs, 272-274
to graphs

student experiments, 286-288
tutorials, 428429

motivation
technological and scientific,

n7-351
moving objects simulations, 269-272
MS DOS

spreadsheet use, 365
MS QuickBASIC software, 155
MSUutil

utility template, 467-468
Muir, Robert B.

"A Summer Insetute on
Electronics...for High School
Science Teachers", 505-507

Multi software, 213
innel Read1PlotIStore

software, 201
Mu&-Channel Voltammeter software,

201
multibranch driver inter face, 214
multicourse menu, 376-378



multislit interference
computer programs, 96

MUPgraph
used in graphics, 461

MUX hardware, 247

NASA Goddard Space Flight Center,
155

National Academy of Sciences
Calculus for a New Century

conference, 47
National Center for Research to

Improve Postsecondary Teaching
and Learning
software, 517-519

national defense
battle simulations, 359

National Science Foundation
gravs to Ithaca College, 507
Project Archimedes, 505-506
project funding, 55

National Science Foundation centers,
346

National Science Foundation College
Scientific Instrumentation funding,
125-126

National Science Teacher's Associa-
tion, 33

natural scales and estimation skills
physicist skills, 16

Nave, Carl R.
"Computer Desk-Top Management

for the Physics Teacher",
481-482

"HyperCard an Physics", 457-458
"Laboratories in Sound Analysis

Using Fast Fourier Transforms",
236-237

NCRIPTAL, see National Center for
ReFearch to Improve Postsecondary
Teaching and Learning

NEC-APC computers, 100
NEC-APCIII computers, 100-101,

104

network cost effectiveness, 489-490
networking and workshops

computers, 485-511

Index 567

networks
BITNET, 217
DECNET link, 216

new course framework, 42-44
Newtonian cosmology

introductory course, 42
nonlinear elliptic equations

problem-solving, 333-336
Nordling, David A.

"Five Years of Using
Microcomputers...at U.S. Naval
Academy", 197-203

North Carolina State University
CDC software use, 72
computer lessons in physics, 423

Novak, Robert
"Interference Phenomena Using

Spreadsheet Programs",
409-412

NovaNET system
cost effectiveness, 489
improved PLATO system use,

485-592
nuclear physics

introductory course, 41
nuclear reactions

program poss;hility, 99
number awareness

physicist skills, 16
numerical methods

physics curriculum, 50
numerical skills

physicist skills, 17
physics students, 46

"Numerical Solution of Poisson's
Equation with Applications...",
404-405

numerical solutions
for Bessel function

Mathematica program, 339f,
340f

observable phenomena, 24
O"Connor, Chris E.

"Interactive Physics Problems for
the Microcomputer", 463-464

Ode software

572



568 Index

for differential equations, 480-481
Ohio State University

computers in physics education,
224-225

Oil Drop simulation, 131
"Online Computer Testing with

Networked Apple II Microcompu-
ters", 510-511

"Online Data Analysis: Smart PC
Work Stations", 213-218

online reference manual, 449f
Optical Illusions software, 126
optical videodisc (LaserDisc),

528-529
optics

experiments, 253-254
software use, 424

Orbit BASIC program, 118
Orbit mode

Workbench, 149
orbital motion simulation

computers, 117
ORBITS software
simulations, 461
orthogonal functions disnlay
computer programs, 97
Oscillator program, 79f
oscillator simulation, 78
OSCILLATOR software, 461
oscilloscopes

finger snap sound, 171f
sound simulation, 169-176
thermocouple, 172f

Palette soft.:vare, 122
parallel comnuters

performance, 348f, 351-355
vision studies, 357

parallel data collector
Ithaca College, 231-232

parallel processin, 347
simulations, 92

parity of media, 311-316
Park, John C.

"The Effzets of Microcomputer-
Based Lab...Refraction of
Light, 322-323

573

Parker, G.W.
"Demonstration of Diffusion-

Limited Aggregation and Eden
Growth..., 152-153

"Numerical Solution of Poisson's
Equation with Applications...",
404-405

"Solution of the Thomas-Fermi
Equation for Molecules...",
402-404

partial differential equation software,
134-135

Participate software, 494
particle animations

computer use, 95-96
Particle Motion software, 120
particle physics

introductory course, 41
prticle scattering animation

computer programs, 98
Pascal computer language, 247

in computational physics, 380
used at Reed College Ore., 52

"Pascal Programming Templates",
466-468

PDC, see parallel data collector
PDE, see partial differential equation
PDP 11 computers, 213
Pechan, Michael J.

"Advanced Electronics with
Physics Applications", 229-230

Peirce:, Charles E.
"Using Computer Simulations of

Orbital Motion", 117
pendulum

computer program, 114-115
differential equation formulae, 388f
experiments, 225-227

percolation
cellular automata, 90

personal science lab interface,
161-162,165f

Peters, Philip B.
"Computer Interface for Measurement

of Coefficient of Linear Expan-
sion", 231



Peterson, R.S.
"Spectrum Calculator Re wits from

Studtnt Use", 137-.138
PGA, see Professional Graphics

Adaptor
phase transition problems, 88-89
philosophy of physics simulation3,

77-78
photogate timing

acceleration measurement, 29f
physical intuition development

in physics laboratory, 178-179
physicist skills, 16-17
Physics 1 and 2 problem solving

program, 72-74
physics

computers
tutorials, 417-434

computations, 375-381
computers

simulations, 77-155
use, 33-34

courses
design at University of North

Carolina, 379-380
requirements, 493-494

electronic textbook CAI system,
427

interactive courseware deN. Jop-
ment
U.S. Military Academy,

463-464
introductory course, 459-562
LCD use for teaching, 541
lecture demonstrations with

comput 437-442
PLATO system use, 485-486
research

cosmic ray everiment, 238
simulations

curriculum, 1 1 1
philosophy, 77-78

replay, 103t
VPI programs, 101,104t, 105-107

software publishing, 515-520
and sports videodiscs, 433-434

Index 569

spreadsheets
development guidelines

374-375
teachers

spreadsheet use, 412-413
Aching with optical videodiscs,

528-530
videodiscs

availability, 538t-539t
and visualization, 523-541

"Physics Academic Software: A New
AIP Project io Publish Educatimal
Software...", 519-520

Physics Academic Software develop-
ment
American Association of Physics

Teachers, 519-520
Amerkan Institute of Physics,

519-520
American Physical Society,

519-520
physics calculations

spreadsheet use, 366
"Physics Computer Learning Center at

the University of Missouri-Rolla",
501-503

physics education
at University of West Florida,

494-495
basic concepts, 305-308
computer-based, 257
computing, programming, coding

differentiation, 378-379
course design, 379-s80
focus, 283
problems, 177-178
researth, 301-309

and computers, 257-326
Special Relativity, 494-495
underpinninp effects, 303-305
using ASYS7 oftware, 250-251

Physics Education Group
University of Washington, 259,

269,274
physics laboratory

computer use, 159-254

, A



570 Index

physical 1. *ion development,
178-179

PHYSCIS program
VPI VAX cluster, 100

Physics Program Pool
courseware, 142-143

"Physics Simulations for High-
Resolution Color Micncomputers',
100-107

PLATO
tutorial system, 53

PLATO PROJECT, 451
PLATO system

at University of Illinois, 485-492
Control Data Corporation, 72
elementary mechanics course,

486-487
used in elementary electricity

course, 483
used in elementary magnetism

course, 488
used in elementary thermodynam-

ics course, 488
plot simulations, 343f
Pluck and Bow music software, 144
Point Five

equation solver software, 478
Poisson's quation

numerical solution program, 404
politics of education, 39
Polynomial Fit software, 201
Pomilla, Frank R.

"Electronic Textbook: A Model
CAI System", 427

"Popcorn, Nuclear Decay, and
Counting Statistics Using an
MBL", 239-240

potential simulation, 78
"Potpourri of Color Graphics En-

hancements of Classroom Presenta-
tions", 121-123

PowcrPan
spreadsheet for Commodore, 365

"PPP: A Physics Program Pool for
Undergraduate Level", 142-143

573

PPP, see Physics Program Pool
"Practical Advice for the Creator of

Educational Software", 515-517
Practice Exam software, 126
1.a-computer printed versions, 62-63
Precession

experiment, 222
Preece, BI P.

"CM (.)....netric Optics for Pre-
College", 424

"Using Vernier's Graphical
Analysis in Physics Labs",
249-250

prerequisite map
hypermedia lessons, 65-66

pressure sensors, 194-195
Priest, Joseph

"Computer-Based Instuction for
University Physics", 430-432

"Interfacing Physics Experiments
to a Personal Computer", 235

Prism program module software, 128
"Problem Solving, Pedagogy, and

CDC Physics", 70-74
problem spaces, 292-294,295f
problem-solving, 265-266

complexities, 70-71
with microcomputers, 71-72

expertise, 292,294-295
for PCs, 406-407
in physics, 425-426
using nonlinear elliptic equations,

333-336
using TK Solver Plus, 465

problematic research procedures, 362
processes research, 291
processor's roll, 351f
Professional Graphics Adaptor

used in MIT Project Athena, 10
professional learning skills, 58
professional training skills

lacking in undergraduates, 16
proj un description for simulations,

78-81
program developments for computers

96-99



programming
compared to computing and

coding, 378-379
programming languages, see computer

languages
Project Archimedes

NSF goat, 505-506
Project M.U.P.P.E.T., 3-5,15

computer requirements, 17-18
course, 18
course topics, 51
environment, 17-18

Project Physics Curriculum, 527
Project Socrates research funding, 114
projectile motion in air example,

r-20
projei..motion simulation

stintent project, 111
omtocol studies

expen tutors, 298-299
PSHELL software, 110
PSL, see personal sciene. lab
PSL To lit software, 163-164,165f
public domain programs

quality, 422
publishing physics software, 515-520
Pulses on a String software, 274-276

Q software, 213
quantification skills

physics students, 45
quantitative momentum-impulse

experiment, 192-194
quantum chemical reactions

simulations, 357
quantum concepts

physics curriculum, 49
quantum mechanics

common scattering problems, 139
computer programs, 98
raftware, 138

quantum physics
linear phenomena, 146

quantum scattering
computer programs, 98

Index 571

Quantum Well software, 144
in cT, 450

Quattro
spreadsheet for Macintosh, 365
spreadsheet for MS DOS, 365

QuickBASIC
computer language, 145
oftare

at Florida State University, 252
quizzes

PLATO system, 486-487

radian measure
expression difficulties, 304-305

Radiation program, 80f
r diation simulation, 79
radioactive decay

spreadsheet example, 3F2-386
Radioactivity software, 143
Rainbow ray diagrams software, 126
Ramakrisluxii, Prabha

"CAI. Supplementing the Noncal-
culus Introductory Course",
d23-424

Rao, Vallabhaneni S.
"Microcomputer-Based Laborato-

ries in Introductory Physics
Courses", 220-221

Rapp!eyea, Anneue
Intelligent Computer Simulations

in the Classroom...", 432-433
ra sr. : 'soning

Apression difficulties 304
rational environment, 56
Ray Tracing with Lensea - aftware,

126
Ray Tracing with Spherical Mirrws

software, 126
reactor simulation

computer programs, 97
real-wond complexity problems

physics curriculum, 50
REAP, see Research and Engineering

Apprenticeship Program
rectilinear studies

expression difficulties, 306
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Radish, Edward F. (Joe)
"Impact of the Computer on the

Physics Curriculum", 15-22
Project M.UP.P.ET., 3-5
Reed College, Ore.

Pascal use, 52
references on CD ROM, 525
reflection and refraction

computer programs, 96
Reilly, Jeremiah P.

"Automata on the Mac", 151
relativistic electrons in linear accelera-

tor
spreadsheet use, 369-371

relativistic shapes animation
computer programs, 96

relaxation tmhniques
computer programs, 98

Retnediating Physics Misconceptions
Using an Analogy-Based Computer
Tutor software, 263-264

research
CAI effectiveness, 310-312
complex systems for physics, 329
computers

at University of Pittsburgh, 257
in physics education, 257-326
as tools, 268

curriculum development, 220f
funding

by Exxon Education Founda-
tion, 114

Project Socrates, 114
future projets, 276-279
grants

Redish as principal investigator,
4

media for education, 311-30
physics

education, 301-309
majors, 459-462
and math education, 283-284

problan spaces, 292-294
proloman-solving, 292
problematic procedures, 362
processes, 29 i

577

program development guide, 258
questions remain, 266-268
spreadsheets use, 395-396
student difficulties, 259
Texas Christian University, 147

Research and Engineering Apprentice-

abiP Program
sourod smalysis, 236

resource allocation through CAI, 317
reversible cellular automata, 90-92
Risky, John S.

"Physics Academic Software: A
New AIP Project...",
519-520

"Software for Physics Demon-
strations in an Introductory
Physics Class", 440-442

Rogers, John A.
"Interactive Laser Videodisc",

536-540
Rollins, R.W.

"Exploring Nonlinear
Dynamics...with Graphics
Animation", 148-15P,

Roper, L David
"Physics Simulations for High-

Resolution Color Microcmpu-
ters", 100-107

rotating three-dimensional display
computer programs, 97

Rouse, Ivan E.
"Design, Implementation, and

Performance...for General
Physics", 218-220

Ruiz, Michael J.
"Interactive Optics software for the

General Student", 125-127
Rundel, Robert

"The Use of Er, ation Solvers in
Physics Iwo action and Re-
search", 477-479

Russian mathematicians, 146-147

Sadler, Philip
"Intuition-Building Tool Kits for

Physical Systems", 462-463



St. Louis Community College
online computer testing developed,

510
"SAKDAC-Based Physics in Intro-

ductory Labs at Miami University",
222

Salwen, Harold
"Simulation Programs for Elemen-

tary Physics Courses", 118-119
Sampling of Analog Signals experi-

ment, 238
scales and estknation

phylics students, 46
Scatter software, 139
Schrodinger equation

plots simulation, 131
problem-solving, 332-333
simulation, 139

Schrodinger wave function integra-
tion, 144

scientific exploration
MBL effects, 322

scientific inquiry process, 23-24
scienfific intuition tools

Technical Education Research
Center, 179

scope of simuk.tion programs, 78
Sefigmann, Peter

"A Workshop for Secondary
School Teachers on Using
Computers...", 507-508

Semiconductor Characteristics
experiment, 237

semiconductors
introductory course, 41

Semiconductors softwaie, 143
sensor-monitoring

software, 234
sequential computers performance,

348f
shareware programs

at Physics Computer Learning
Center, Mo., 502

Sherwood, Bruch Arne
"Demonstration of Physics Pro-

grams written in cr, 143-145

"Learning to Use the cT Lan-
guage", 453-454

"Practical Advice for the Creator of
Educational Software", 515-517

"The cT Language and Its Uses: A
Modern Programn.ing Tool",
445-453

Sherwood, Judith N.
"Learning to Use the cT Lan-

guage", 453-454
"The cT Language and Its Uses: A

Modern Programming Tool",
445-453

SHM
see simple harmonic motion

short half-life
experiment, 205-208

side effects of CAI, 317
Siena College

computer algebra system SMP,
471-472

SIGMA software, 252
Signell, Peter S.

"Computers and the Broad Spec-
trum of Educational Goals",
54-69

similarity
spreadsheet use, 365-366

simple geometrical terms
expression difficulties, 304

simple harmonic motion
spreadsheet use, 368

simple pendulum
spreadsheet example, 386-390
Simulation Lab software, 113-114
"Simulation Laboratory for General

education in Natural Science",
112-114

"Simulation Programs for Elementary
Physics Courses", 118-119

"Simulation of a Rigid Pendulum",
114-115

"Simulation Softwarc...: Electrody-
namics and Quantum Mechanics",
134-136

3imulations, 27-29



ampule: programs, 107-108
Coulomb, 243
course at Stanford Jniversity,

81-82
direct time-dependent, 135
graphs of movizg objects, 269-272
Graphs and Tracks, 243
as intuition-building tools, 462-463
national defense battles, 359
needed, 93-94
ORBITS software, 461
quantum chemical reactions, 357
and real experience, 243star,cluster, 153
two-dimensional Maxwell equa-

tions, 135-136
used in PLATO system, 487
vector problems, 469f

Sine Wave Generator software, 201
Singer, David

"Software Packages fix High
School Optics", 123-125

single-answer approach
Doppler shfit

spreadsheet, 371-372
falling in air

spreadsheet use, 372
Lorentz-contraction

spreadsheet, 370f
relativistic electrons in linear

accelerator
spreadsheet use, 369

simple harmonic motion
spreadsheet use, 368

Sipson, Roger F.
"Dynamic Analyzer", 476-477

skepticism about computers, 309-316
skills development

computer use justified, 364-365
skills needed by industry, 57-58
sky simulation software, 154
slit structure '

sound simulations, 174f
Gmith, Richard C.

"Computer Confuencing: A New
Delivery System for College
Coursework", 492-499

"Smooth Animation on the IBM PC
for Lecture Demonstrations Using
Page Flipping", 540-541

Snider, John W.
"Interfacing Physics Experiments

to a Personal Computer", 235
Snir, Joseph

"Making Waves: Software for
Studying Wave Phenomena"
129-130

sodium doublet
visible spectrum., 210f

software
Able, 268-269
Albert

kinematics tutor, 265
algebra-based, 471-472
ANAGRAPH, 252
Analogy-Based Computer Tutor,

263-264
Animated Waves and Particles,

119-120
Animation Demonstration, 441
Apple Graph, 200
Applesoft BASIC, 108,117
ASYST, 250-251
ASYSTANT+, 228
at Physics Computer Learning

Center, Mo., 501-502
Author muode for I1.5I2 , 455
BASIC, 110,234

for online testing, 510
sound analysis experiments, 236

Billiard, 143
CAD, 111
CAI use, 363-364
Calculator, 200
Camera Lenses, 126
Collision, 140-142
Computer-Dased Instructions for

College (or University) Physics,
441

Coulomb, 28
Cricket Graph, 26,239-241
Curvefit

for interactive graphing, 475
DaDisp as equation solver, 478



damped oscillators, 122
Data Analysis, 246
DatanputlEditor, 200
as demonstrations aids, 437-442
Density of Orbitals, 429-430
description of tutorials, 418-420
design criteria, 518-519
desk-top video, 531-532
development at Technical Educa-

tion Resources Centers, 240
Doppler program module, 128
Duffing, 148
educational, 515-517,519-520
Meld, 144
Electric Fields, 201
electricity program, 431-432
Electron Waves, 120
equation solvers, 477-478
Eureka as equation solver, 478480
Excheck at Stanford Udiversity,

318
Fast Graph, 201
Fermat program module, 128
Fermi, 269
FFT routines, 236
FORTRAN 77 software, 399
geometrical optics, 123-125
Graphical Analysis, 236,249-250
Graphs and Tracks, 115-116,144,

260-261,269,282-289
GROW1EDEN, 152
Harmonic Motion Workshop, 441
Hierarchical Analysis Tool, 264
Huygens prog-am module, 128
Hydrogen Atom, 143
hypertext format, 532
ILS'12 for interactive courseware,

454-456
Impulse Experiment, 201
instructional features, 421
Instructional Software for Univer-

sity Physics, 441
integrated, 163-164
Intelligent Tutoring Systems, 295
Kaleidosope, 126
KEPLER, 461
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Learning T 21 for Macintosh,
325-320

Lenses program module, 128
linear Optics, 143
Logo, 469-471
Lotus 1-2-3, 122,409
Lotus 1-2-3

US. Air Force Academy, 500
low instructional quality, 301
Macintosh HyperCard, 532
MacPascal, 110
magnetism program, 431-432
Makewave, 139
Making Waves, 129-130
MathCAD

at Physics Computer Learning
Center, Mo., 502

MathCAD as equation solver,
478-480

MBL success studied, 187-189
Meckanics for CAI, 431
Membrane, 142-143
Microcomputer-Delivered Prob-

lem, 425-426
Microsoft QuickBASIC, 232
Microsoft Works, 239-240,242
Milne, 143
Modwave, 139
More Able, 269
Motion: A Microcomputer-Based

Lab, 440-441
MS QuickBASIC, 155
Multi, 213
Multi-Channel Read/Plot/Store,

201
Multi-Channel Voltammeter, 201
National Center for Research to

Improve Postsecondary Teach-
ing and Learning, 517-519

National Science Foundation
College Scientific Instrumenta-
tion funding, 125-126

Ode
for differential equations,

480-481
Optical Illusions, 126



"fs

t,

for optics course, 424
ORBITS, 461
OSCHLATOR, 461
Palette, 122
partial differertial equation,

134-135
Participate, 494
Particle Motion, 120
Pluck and Bow for music, 144
Point Fiw as equation solver, 478
Polynomial Fit, 201
Practice Exam, 126
Presentor mode for ILSI2, 455
Prism program module, 128
PSHELL, 110

Toolkit, 163-164,165f
publishing for physics, 515-520
Pulses on a String, 274-276
Q, 213
quantum mechanics, 138
QuantumWel1,144

software in cT, 450
QuickBASIC at Florida State

University, 252
Radioaaivity, 143
Rainbow ray diagrams, 126
Ray Tracing with Lenses, 126
Ray Tracing with Spherical

Mirrors, 126
Remediating Physics Misconcep-

tions Using an Analogy-Based
Computer Tutor, 263-264

Scatter, 139
Schrodinger equation simulation,

139
Semiconductors, 143
sensor-monitoring, 234
SIGMA, 252
Simulation Lab, 113-114
Sine Wave Generator, 201
sky simulation, 154
Solar Neighborhood Cluster

Dynamics Sinudator, 153
Spacetime Softare, 140
Spec* Heat and Latent Heat, 201

Spectrum Calculator,137-138
spreadsheet use in physics educa-

tion, 365-375
Stella, 166
superCak3, 407-408
SuperCak4,122, 407-408
SuperPilot for Apple, 458-459
Swing, 143
system description, 216-218
Tabula, 143
task nuwagement approach to

construction, 401
The Wheel

as equation solver, 478
thermodynamics program, 431
Tuner, 201
TK Solver Plus for graduates,

465-466
torsion pendulum program, 143
Ture BASIC, 399
U.S. Naval Academy physics

laboratories, 200-201
Utilities, 201
Valid
at Stanford University, 318
Videograph, 244-245
Vsival Appearance, 141-142
Volkswriter
at Physics Computer Learning

Center, Mo., 502
wave phenomenon, 130
Wavepacket, 143
Waves

program, 431
program module, 128
tutorial, 144

Waves and Pulses, 119-120
Wedge, 147
Workbench, 148-149

"Software Packzges for High School
Optics", 123-125

"Software for Physics Demonstrations
in an Introductory Physics Class",
440-442

"Software Preparation Workshop",
515



Solar Neighborhood Cluster Dynam-
ics Simulator softare, 153

solltion process
role of displays, 297f

"Solution of the Thomas-Fermi
Equation for Molecules by an
Efficient Relaxation Method",
402-404

sound
compiler programs generation, 98
integrity of compact disc, 525
simulations

oscilloscopes, 169-176
sound waves study, 191-192
space science

at Jet Propulsion Laboratory,
358-359

Spacetime program, 141f
"Spacetime Software: Computer

Graphics Utilities...Special
Relativity, 140-142

Spacetime Software
interactive graphics, 140

Sparlin, Don M.
"Advanced Laboratory Computer

Data Acquisition and Analysis",
227-229

"MathCAD in the Modem Physics
Course", 480

Special Relativity
physics education, 494-495

Spec* Heat and Latent Heat
software, 201

sp,ctrometers
experiments, 208-213
with reticon detector, 209f

"Spectrum Cakulator Results from
Student Use", 137-138

Spectrum Calculator
software, 137-138

Spencer, Charles D.
"A Parallel Approach to Data

Acquisition and Control",
231-233

"A Workshop for Secondary
School Teachers on Using
Computers...", 507-508

spreadsheets
applications, 408
commaiJs and functions, 408
commercial, 409
and computational physics,

329-413
cost survey, 393
creating template, 408
electronic, 407-408
example, 382-398
Excel, 365-366
and graphics

calculations and modeling, 27
linearization, 25-26

Lotus 1-2-3 software, 365,500
Lotus Symphony, 366
organization and operation, 408
PowerPlan, 365
problem-solving tool, 406-407
qualities, 396-397
Quattro, 365
research use, 395-396
software

use in physics education,
365-375

SuperCalc, 365
teaching uses, 393-395
used in simple harmoi ic motion,

368,369f
"Spreadsheets in Research and

Instruction", 382-398
square wave analysis

sound simulations, 174f
staff use, 68
standardization and quality control

with Citl, 317
Standing Waves

EDUCOM/NCRIPTAL award, 11
software animations, 95
software development, 12
spreadsheet use, 410f, 41 If
University of Tennessee program,

11-13
Stanford University

simulation course use, 81-82
Valid software use, 318

I



"Star Cluster Dynamics Simulation
with Dark Matter, 153-154

star cluster simulation, 153
Starobinets, Boris

"2IX Mcrocomputer-Based
Logger", 248-249

states of matter
introductory course, 41

Staudearnaler, H.M.
"Computerized Experiments in

Physics Instruction", 237-239
Stella software, 166
Stevens Institute of Technology, NJ.

simulation programs, 118-119
stochastic cellular automata, 92
stooge

CD ROM capability, 537
streamlines patterns, 335f
string manipulations

usiug cT, 448
structures calculations

using cT, 448
students

computer-literate, 233
computers and research, 266-268
graph SW' lations, 269
incorrect graphs, 285f
individualized evaluation of

solutions, 319-320
introductory physics laboratories,

251
with laboratory

compared to those without, 186t
learning

evaluation, 422-423
retention and computer use, 268

Microcomputer-Delivered Problem
software use, 426

multicourse menu in physics,
376-378

physics interactive courseware at
U.S. Military Academy,
463-464

problem-solving projects, 406-407
Projects, 20

5 3

projectile-motion simulation, 111
requirements for BASIC, 110
research on difficulties, 259
as scientists, 166-168
spreadsheet use, 367
understanding studies

University of Washington, 269
wave motion studies, 276

"Students' Construction of Concept
Maps Using Learning Tool",
325-326

Sun 3f260 computer
SMP use, 471472

Sun computer
using cT, 445

SuperCalc3 and SuperCalc4
for graph-plotting, 407-408
software, 407-408

SuperCalc4 software, 122
SuperCalc

spreadsheet for Apple II, 365
supercollider

computer programs, 98
supercomputers, 349f, 355-360
supercomputing in science, 346-361
superconductors

introductory course, 41
program possibility, 99

superfluid
program possibility, 99

SuperPilot software for Apple,
458-459

Swanson, Richard E.
"Teaching Physics with the Aid of

a Local Area Network",
508-509

Sweet Briar College
computers in college physics,

503-505
Swing software, 143

Tabula software, 143
Tanner, James M.

"ILS/2: An Interactive Learning
System", 454456



"Interactive Physics Problems for the
Microcomputer", 463-464

Tarma, Richard W.
"The Animated Chalkboard

(Updated)", 438-440
"United States Energy Simulator",

133-134
task environment

CAI expertise, 296-297
displays, 296

task management
computer program construction,

400-402
Taylor, Edwin F.

"Spacetime Software: Computer
Graphics Utilities...Special
Relativity", 140-142

"What Works: Settings for Com-
puter Innovators...", 3

teacher workshop on sensor-monitor-
ing software, 234

"Teaching Computational Physics",
329-337,398

"Teaching High School Studenis to
Write Physics Simulations",
110-111

teaching physics
LCD use, 541

teaching problem solving, 265-266
Technical Education Research

Centers, 7-9
MBL probes, 220-221
scientific intuition tools, 179

Technical Education Resources
Centers
software development, 240

templates
for Pascal programming, 466-468
for spreadsheets, 408

tension in strings
expression difficulties, 305

TERC, see Tmhnical Education
Research Centers Inc.

taminals
cost effectiveness, 489

tetrahulron plot simulation, 344f
Texas Christian University

research, 147
text dominance, 33
text programs

computers, 107
'The Animated Chalkboard (Up-

dated)", 438-440
"The cT Language and Its Uses: A

Modem Programming Tool",
445-453

"The Effects of Microcomputer-Based
Lab...Refraction of Light",
322-323

"The Evaluation of Educkonal
Software: The EDUCOM/NCRIP-
TAL Higher Education Soft-
ware...", 517-519

"The Evolution of Computer Simula-
tions in Physics Teaching", 112

"The 'Mechanical Universe' Vide-
odisc Project", 536

"The Personal Computer Impact on
Physics Education at USAF
Academy", 499-501

"The Tension in the String of a Simple
Pendulum", 226-227

"The Use of Equation Solvers in
Physics Instruction and Research",
477-479

The Wheel
equation solver software, 478

Thematic Option Honors Program
USC research, 114

theoretical physics and computers, 6-7
theory-building tools, 164-166
thermodynamics

experiments, 253-254
reversible cellular automata. 91
software program, 431

thin lenses tutorial, 124-125
Thompson, J.D.

"ASYST, a Tool for Physicists",
250-751

584
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Thompson, William J.
"Introducing Computation to

Physics Students", 375-381
Thornton, Ronald K.

"Learning Physics Concepts with
hecrocomputer-Based Laborato-
ries", 223-224

"Tools for Scientific Thinking:
Learning...Measurement
Tools", 177-189

Timer software, 201
Tinker, R.F.

"Computer-Based Tools: Rhyme",
159-168

Tinker, Robert
not in favor of TERC, 7-9

77( Solver
algebraic equation solvers program,

482
TX Solver Plus software for graduates,

465
Tolxrhnik, Jan

"Using Computer Experiments in
Standard Physics Courses",
399-400

"Tools for Scientific Thinking:
Learning...Measurement Tools",
1*/ /-189

Tools for Scientific Thinking project,
179-181, n3

torsion pendulum software, 143
traditional physics

compared to courseware, 73t
traditional curriculum, 15-16
transistor buget, 350f
transition simulation, 81
aansverse displacement graphs, 275f
transverse pulses graphs, 274-276
Trowbridge, David

"Gmphs and Tracks", 115-116
Trowbridge, David E.

"Applying Research
to...DevelopmentComputer-
Assisted Instruction", 282-29

I I IMICF A

"Demonstration of Physics Pro-
grams Written in cr, 143-145

True BASIC software, 399
TUDOR

IBM compatibility, 489
Macintosh compatibility, 489

Tufillam, Nicholas B.
"Automata on the Mac", 151
"Bouncing Ball Simulation

System-, 150-151
"Ode: A Numerical Simulation a

Ordinary Differential Equa-
tions", 480-481

Tufts University
Center for Science and Mathemat-

ics Teaching, 179
Turbo Pascai 4.0 software

templates, 467
Turbo Pascal

computer language, 148, 425
for M.U.P.P.E.T. project, 456

for introductory physics courses,
460

Turner, Louis C.
"Tutorials on Motion", 428-429

tutor
electric circuit problems, 266

TUTOR computer language
used in NovaNET system, 485, 489

tutorials
on acceleration, 419-420, 428
computer programs, 107
Density of Orbitals, 429-430
episode phases, 298f, 299
on motion, 428
PLATO system, 486-487
self-paced

at Sweet Briar College, 504
simulation

connecting graphs and actual
motions, 260-261

velocity concept, 159-260
"Tutorials on Motion", 417-423,

428-429

I



two-dimensional Maxwell equations
c4mulations, 135-136
US. Air Force Academy
computers and problem-solving,

425
LAN installed, 508
Zenith 248 computers use, 499

U.S. Department of Education
MISIP grant to Morgan State

University, 458
U.S. Military Academy

interactive physics courseware
development, 463-464

U.S. Naval Academy
computer use, 197-203

UAL, see universal analog lab
ubiquity

spreadsheet use, 365
UHE, see Ultra-High Energy, 214
Ultra-High Energy

experiment, 214
uncertainty principle

sound simulations, 175f, 176f
undergraduates

astronomy course, 154
computer use, 54-69
experimental physics, 204
professional training skills lacking,

16

underpinning physics education,
303-305

"United States Energy Simulator",
133-134

United States Energy Simulator
software
Montana State University, 133-134

universal analog lab, 160
universal serial interface, 161
University of Akron, Ohio

Apple computer use, 421-422
University of California, Irvine

course development, 37
PLATO tutorial system, 53

University of Illinois
NovaNET system use, 485-492

IfIGIVA DO I

PLATO system use, 485-492
University of Karsruhe, FRG

computerized experiments in
physics insuuction", 237-239

University of Maryland
I roject M.U.P.P.E.T., 45-46

University of Missouri-Rolla
data acquisition experiments,

227-729
Physics Computer Learning Center,

501

University of Nocth Carolina
physics course design, 379-380

University of Oregon
results of kinematics study,

183-187
University of Pittsburgh

research on computer use and
education, 257

University of Southern California
general science curriculum, 112

University of Tennessee
Standing Waves program, 11-13

University of Washington
Physics Education Group, 259,

269,274
University of West Florida

physics course, 494-495
UNIX operating system

Ode software, 481
unmanned probes

Jet Propulsion Laboratory project,
358-359

"Upper-Level Experimental Physics",
203-213

USC, see University of Southern
California

"Use of Microcomputer in Introduc-
tory Laboratories at Ohio State",
27A-225

USI, see utiversal serial interface
"Using a Coinputer Bulletin Board",

511
"Using Computer Experiments in

Standard Physics Courses",
399-400

5 8 6
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"Using Computer Simrtations of
Orbital Motion", 117

"Using Vernier's Graphical Analysis
in Physics labs", 249-250

"Using Videodiscs Interactively with
HyperCard" ,535

utilities
for teaching physics, 475-482
Udlides software, 201

Valid software, 318
variable-gain Hall Effect amplifier,

190f
VAX11/780 computer, 356
VAX computers, 213-214
VAX network

SMP we, 471-472
VAX-750 computer

instruction US.% 237-238
VAX-8800/2 comPuters. 100

ector problems simulation, 469f
OCIOrs

expression difficulties, 305
VELA, see Versatile Laboratory Aid
velwity-vs.-time graphs

question results, 184f
verbal interpretation of ratios

expression difficulties, 303-304
Vernier, David L.

"A Collection of Laboratory
Interfacing Ideas", 189-197

Versatile Laboratory Aid
FFT routines use, 236

vibrating beam animation
compute: programs, 97

Vic-20 computers, 111
videodisc players, 530,534
videodisc systems available, 534
vkkodisaccoPuter graphics overlay

my diagrams and optical systems,
262-263

videodiscs
in physics education, 433-434,

523-541
"VideoGraph: A New Way to Study

Kinematics", 244-245

58 7

Index

Videograph software, 244-245
Virginia Polytechnic Institute and

State University
PHYSICS program, 100

vision
parallel computers use, 357

Visscher, P.B.
"Simulation Softwaie...: Electro-

dynamics and Quantum Me-
chanica", 134-136

Visual Appearance demoustration
program, 141-142

visual metaphors creation, 13F
"Visual Photogate Timing and

Graptic.1 Data Analysis", 240-241
visualization

expession difficulties, 307-308
for physics, 523-541

visualizing functions
using TK Solver Plus software,

465-466
Vokswriter software

sit Physics C aputia Learning
Center, r 502

voltage reference circuit, 196f
VPI, see Virginia Po'vtechnic Institute

Walker, David
"Concurrent Supercomputers in

Science", 36-361
water waves

computer programs, 96
Wave BASIC program, 118
wave packet spatial broadening

undergraduates, 139
wave phenomena

commercial spreadsheets use, 409
software, 130

wave pulses
expression difficulties, 307

wavelengths computations, 138
Wavepacket software, 143
waves

algorithms on computers, 94-95
demonstration, 80



vonps animation
compiler programs, 97
and interference, 86
reflections animation
compiler programs, 98
Waves
snawat, 144,431

softwsre program module, 128
Waves and Pulses software, 119
Wedge software, 147
Weir, Harvey

"The Evolution of Computer
Sirwlations in Physics Teach-
ing", 112

Western Reserve Academy
software use by students, 421-422

white dwarf eqation of state
spreadsheet example, 390-392

Whitney, Charles A.
"Int ution-Building Tfaal Kits for

Physicn1 Systems', 462-463
Wilson, Jack M.

"Changing the Introductory Physics
to Prepare Physics Students ot
1990s", 44-54

"Graphics and Screen-Input Tools
for Physics Students", 456-45't

Wmdt, David M.
"HyperCard and Physics", 457-458
"Introductory Physics Videodisc

Lesson Guide", 533-534
"Using Videodiscs Interactively

with HyperCard', 535
Wolf, Alan

Microcomputer Tools for Chaos",
145-146

Wolfram, Stephen
"Mathematics by Computer",

338-346
"Wondering About Physics...Using

Compute:5 and Spreadsheet
Software...". 362-375

"Wondering About Physics...Using
Spreadsheets to Find Our,
412-413

Index 583

word processing and number-crunch-
ing
compilers, 107

Watbench
library data Eles, 139

Workbench
softwae, 148-149

"V'xIcshop Physics: Replacing
Lectures with Rul Experience",
22-32

wodcshep physics, 5-6
practice, 25
premises, 23-25
roll of computer, 25-30

Workshop Physics Project
at Dickinson College, Pa, 239-243

WORM, see Write One-Read Many
Times

Write One-Read Many Times
archival storage, 525-526

Yale Brig's: Star Catalogue, 155
Young's slits intensity pattern, 412f

Zenith 248 computers
at USAF Academy, 499

Zenith
TUDOR compatibility, 489

Zenith ATs
at Physics Computer Learning

Center, Mo., ./01
Zenith Z-248 computer

at USAF Academy, 425
Zolknan, Dun

"Beyond TVInteractive and
Digital Video in Physics
Teaching", 527-533

"Modeling of Physics Systems:
Examples of Physics and
Auto...CoUisions...", 433-434

'Mx 'Mechanical Universe'
Videodisc Project", 536

"Using a Computer Bulletin
Board", 511

5 8 8



Software Contents 585

Software Contents

For the Macintosh
(511,1a. oiskettes)

Disk 1
Spacedme and
Collision
E. F. Taylor

Mac Scope
E. R. Huggins

Disk 2
Density of Orbitals
J. W. Gardner

Bouncing Ball
N. B. Tufillaro and
T. A. Abbott

Fixed and Free Reflection,
Friction, Car & Truck, and
Hunter & Monkey
I. A. Miller

For the Amiga

Disk 3
Scattering of a Wave
Packet from a Potential
J. E. Lewis

For the IBM-PC

Disk 4
Sample Chapters from
Computer-Based
Instruction for
University Physics
J. R. Priest

Rigid Pendulum Simulation
J. A. Goodman

Disk 5
Optics Demonstrations
U. E. Kruse

Disk 6
Microcomputer-Delivered
Problem System
R. C. Enger and
G. L. Lorenzen

Disk 7
Sample Simulations from
Fields and
Electromagnetism
P. B. Visscher

Disk 8
Spacetime
E. F. Tityka

Disk 9
Collision
E. F. Taylor

5R2q

Disk 10
Dynamic Atudyzer
R. F. Simpson

Disk 11
Simulation Lab
M. H. Krieger and
R. N. Martin

:No-Dimensional Ising
Model SimulaCon
J. R. Fox

Billiard in a
Gravitational Field
B. N. Miller and
H. Lehtihet

Solar Neighborhood
Cluster Dynamics
Simulator
J. J. Dykla

Disks 12 and 13
The Ohio University
Chaotic Dynamics
Workbench
R. W. Rollins

Disk 14
Physics Spreadsheets
for Lotus 1-2-3
R. Novak

Physics Spreadsheets
for Student Edition 9f
Lotus 1-2 3
G. Hept

4 r
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Disk 15
Analysis and
Graplics Package
J. D. Kimel

For the Apple II

Disk 16
AnimatedWaves and
Particks
E. T. Lane

Disk 17
Electricity Instruction
R. J. Boye

Disk 18
Orbital Motion
C. E. Pzirce

Disk 19
Electric Fields Lab
Diskette
J. B. Holmes

Disk 20
A Sample Program from
Chapter 1 of Electronic
Textbook: Waver and
Sound
D. C. Jain

5;3

Software Contents

For the
Commodure 64

Disk 21
Physics Demonstrations
R. W. Tarara



Computers in Physics Instruction: Software

A collection of software programs selected from the Conference on Computers in
Physics Instruction is available for $90.00 plus $4.00 shipping and handling per
set. Each set contains 21 diskettes (for five computers) and an insnuction booklet
describing the 34 software programs. Diskettes are not available individually.

Send check, money order, credit card number, or purchase order to the following
address and allow two to four weeks for delivery:

CPI Conference
Department of Physics
North Carolina State University
Raleigh, NC 27695-8202
Tel. (919) 737-7059

ORDER FORM
(Cut out or photocopy form and mail to address above.)

Please send sets of Computers in Physics Instruction: Softwar- for $90.00
each, plus $4.00 shipping and handling for each set.

Enclosed is $

Check (make payable to North Carolin t State University)
Money Order

___ Purchase Order No
Charge Card: ____ MasterCard ___ VISA

Card No. Exp. Date

Authorized Signore

Ship to:

5 91
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About the Book

The role of computers in physics education is fast becoming a critical
topic for physicists; how can the computer be used to teach physics most
effectively? The Conference on Computers in Physics Instruction: Proceedings
offers collective guidance and strategies for effective use of the computer in
physics education. It provides an important link to relevant literature as
well as a comprehensive overview of the progress made in computer-aided
physics instruction.

The proceedings volume is derived from the Conference on Computers in
Physics Instruction held at North Carolina State University in August, 1988.
Physics teachers and software developers in physics education met to
discuss state-of-the-art techniques for teaching physics with computers.
The papers contained in this volume reflect the diversity of issues physicists
need to address in today's high-tech classroom:

Analyzing and displaying data quickly and easily

Building models and simulating experiments

The process of producing physics courseware

Using the computer for advanced computation in such fields as
nonlinear dynamics and chaos

About the Editors:

Edward F. Redish is a Professor of Physic-, at the Univers: of Mat yland,
Corege Park. He served as chairman of the Department of Physics and
Astronomy at the university from 1982-1985, and is a co-found:r of the
Maryland Project in Physics and Educational Technology, a project that
investigated the microcomputer's role in the content and structure of
physics curriculum. Dr. Redish received h:-; Ph.D. from the Massachusetts
Institute of Technology. He is a recillient of the Leo Schubert k /ard for
the Teaching of Sdence of the Washington Academy of Science and Ft

Maryland Association for Higher Education Award for Outstanding
Educators.

John S. Risley is a Professor of Physics at North Carolina State University.
He serves as director of the Physics Courseware Evaluation Project at
NCSU and also conducts research in the university's Atomic Collisions
Laboratory. Dr. Risley is the editor of two conference proceedings, serves
as an editor for Physi,-s Academic Software, initiated the column "Course.ware
Review" in The Physics Teacher, and is on the editorial board for Cmnpurers
in Physio. He received his Ph.D. from the University of Washington.
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