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Abstract

Since 1983, the Maryland University Project in Physics and
Educational Technology (M.U.P.P.E.T.) has been investigating the
implication of including student programming in an introductory
physics course for physics mgjors. Many significant changes can
result. One can rearrange some content to be more physically
appropriate, include more realistic problems, and introduce some
contemporary topics. We also find that one can begin training the
student in professional research-related skills at an earlier stage
than istraditional. We learned that the inclusion of carefully
considered computer content requires an increased emphasis on
gualitative and analytic thinking.

|. Introduction

Since 1983, in an effort we refer to asthe Maryland Project in
Physics and Educational Technology' (M.U.P.P.E.T.), the authors
and their colleagues at the University of Maryland have been
studying what the impact is of introducing beginning students to
programming &t the start of the traditional cal culus-based
introductory physics course.

The computer is more than simply a powerful calculator that allows
students to multiply and add more quickly. The computer adds
orders of magnitudes to the individual's computational abilities. As
we know well in physics, when scales change by orders of
magnitude, we have to look carefully for qualitatively new
phenomena

The question we address in this paper is the following:

¢ What isthe implication of the computer for teaching
physics majors at the introductory level ?

To answer this we must considerthe answer to two related
guestions:

¢ What isit we want our studentsto learn?

¢ Inwhat waysisthe current introductory physics
course inadequate?

We assume that the broad general goal of the introductory physics
course isto begin to prepare students to be professional physicists
aswell asto introduce them to the basic physics content. We find
that having the computer as part of the course affects significantly
both the skills we can begin to train and the specific content.



A. Problemswith the traditional physics curriculum

The physics curriculum as presently taught was devel oped over
thirty years ago.” Although that change was a significant advance
at the time, the curriculum has failed to develop since then.

This might not be a problem if physicswere astatic field. It is not.
In the past thirty years we have seen an explosion of new
understanding and power in avariety of subfields of physics
ranging in scale from the substructure of the proton to the
clustering of galaxies. There have even been major breakthroughs
in fields long thought to be understood. Current developmentsin
Newtonian mechanics are evolving into a theory of non-linear
systems and chaotic behavior that may produce profound changes
in the way we think about physics.’®

Itis not only the content of physics that has changed. The
computer has changed the way the physics professional carries out
hisor her job. The introductory student rarely gets any hint of
modern developments or of the excitement of doing physics and
learning new things about the world that no one has known before.
The absence of active research and exciting new areasin the

introductory physics course is a serious distortion of the profession.

A second problem isthat, although standard instruction introduces
students to the basic content of physics, it provides almost no
activities that illustrate how research is done -- the kind of work
that professional physicists do day-to-day. This problem has been
noted in more general circumstances by education specialists who
recommend a professional education that is more like an
apprenticeship than current college education.®  Although many
physics departments have programs to "get undergraduates into the
research lab", in most cases their goal isto "expose" studentsto
"real" research. That is, the students become part of an existing
research project. Unfortunately, since most of them don't know
enough physics to actually participate in designing the project or
making research decisions, their activities tend to be menial.

To decide what activities an undergraduate needs to do to begin to
understand how to become a professional scientist ,we haveto
analyze the differences between the activities carried out by
professional research physicists and introductory students. Some
of these are summarized in Table 1.

Students: Professionals:

Solve narrow, pre-defined Solve broad, open-
problems of no personal ended and often self-
interest. discovered problems.

Work with laws presented Work with models to
by experts. Do not be tested and
"discover" them on their modified. Know that
own or learn why we "laws' are constructs.
believe them. Do not see
them as hypotheses for

testing.

Use analytic tools to get Use analytic and
"exact" answers to inexact numerical toolsto get
models. approximate answers

to inexact models.

Rarely use a computer. Use computers often.

Table 1: Comparison of students' activities with those of a
professional physicist.

To professional physicists, much of the pleasure of doing physicsis
associated with satisfying curiosity and learning surprising
relationships and analogies of structure. Stimulating and satisfying
one's curiosity requires starting with broad, naturally formulated
guestions and refining them successively in response to observation
and analysis. Very little of thisjoy of the professionis present in
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the traditional introductory physics course. Many students entering
college today, even some of those identified as among the brightest
and highest achievers, have been trained to associate learning
physics with rote memorization and application of memorized laws
in narrowly defined situations. The traditional introductory course
doeslittle to disabuse them of these views. Students who might
have become excellent research physicists change their majors
because they see physics as "solved": constraining, routine, and
dull.

A critical element in the activity of professional physicists, both
theoretical and experimental, is getting the physicsright. This
means understanding which physical principles can be ignored and
which must be kept given the accuracy one wants to calculate or
measure. In physics, no theory or experiment ever calculates a
result or measures an observable exactly, in the sense of a
mathematical theorem. Physicsis hot an exact science, rather, itis
a science where we believe we understand the accuracy of our
approximation.” The art and creativity of the profession liein
viewing a complex situation and having the "empathy for the
phenomena’ to extract the simple principles that dominate the
system. Because introductory students perceive that they are
working with laws and problems that have exact answers, they are
cut off from this fundamental aspect of the profession.

Removing the curiosity and creativity from physics often leaves it
dry, obscure, and poorly motivated to the beginning student. Only
the most inspiring and dedicated teachers are able to even display
the presence of these components of the profession in the
introductory course. To actually get the studentsto feel not only
that the field possesses these characteristics, but that they
themselves can actually perform innovative investigative physics
seems like an unmeetable challenge. Fortunately, many bright
students still choose physics as a profession. But fewer physics
Ph.D.'s are granted today than two decades ago. Competition from
sciences that didn't exist in 1960 is becoming increasingly strong.
Can we continue to attract the best studentsif we hide from them
the excitement of contemporary problems and the roles of curiosity
and creativity in the profession?

B. Enter the computer

The primary constraint that has kept the profession from
introducing more creative science at an early stage isthe limited
mathematical ability of the introductory student. Creative and
open-ended problems using analytical tools require alevel of
mathematical sophistication not usually obtained by students until
their third year of college. Inthe past decade, however, there has
been an immense growth in the power and availability of computer
tools and technology. More power is packed into a desktop
computer the size of a breadbox than was available in mainframes
thirty years ago. Programming environments have been
transformed from complex line editing with batch compiling in
FORTRAN to systems with full-screen editors, fast compilers, and
interactive debuggersin unified, easy-to-use environmentsin
Pascal and structured Basic. These devel opments open the
possibility that students could be given the computer power to
solve more interesting problems in the introductory course with
little training.

A second aspect of computer use is that the power of the computer
has become a major element in modern research physics. Doing
physics with the computer is not the same as solving analytic
problems and is not the same as learning to use the computer in a
computer science course. In order that our mgjors learn to use this
critical tool properly, it isimportant to give them an early start and
specific training in solving physics problems with computers.

II. What are our goalsfor teaching physics majors?

Our primary goal isto transform the introductory cal culus-based
physics course so that students who have designated themselves as
prospective majors can begin to both get training in a wide range of
professional skills and develop an idea of what it would be like to
be aphysicist. Although there is considerable discussion among
physics educators of what content to include, discussion of the
general skillswe are trying to teach is much less common.
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A. Skill analysis

We analyzed the general skills we would want our students to have at
the point they begin research on a Ph.D. thesis. Certainly each
particular sub-discipline has particular content elements they would
like students to have (such as experience with a Camac crate or
ability to program fast Fourier transforms), but students who have a
good grounding in strong general skills are able to successfully do
research in amost any areathat interests them. An outline of the
general process skillsrequired isgivenin Table 2.

1. Basic skills
A scientific framework
Number awareness

2. Theoretical skills
Analytic skills
Estimation and natural
scales
Approximation skills
Numerical skills

3. Experimental skills
Error analysis
Mechanical skills
Device experience
Empathy for the apparatus

4. General skills
Intuition
Large-problem skills
Communication skills

Table 2: Skill analysis for physics students.

We define two basic skills: having a scientific framework and
number awareness. By having a scientific framework we mean that
the student must understand the "story-line" of science -- that
science means observation, hypothesis, analysis, and testing against
observation. By number awareness, we mean that the student must
understand that aspects of the real world may be quantified by
measurement and that the results of our mathematical analysis can
tell us about what is happening (or will happen) in the real world.
This skill isasine qua non of doing physics. It is often assumed
by the introductory physics teacher (incorrectly!) that students have
areasonable scientific framework. Nunmber awarenessis stressed
in some introductory courses.

We next add a set of theoretical or modeling skills. Thefirst in this
group are analytic skills: students should be able to write equations
from word problems, to solve a variety of equations, and to
interpret their resultsin terms of the physical world. Some aspects
of these skills are stressed in traditional introductory courses.

Other theoretical skills needed by physicists tend to be
shortchanged in those courses, even when they are restricted to
majors. estimation, approximation, and numerical skills.

These skills are essential in learning to model physical systems and
to understand the implications of models built by others. Since
physics is not an exact science, the "art" in the science is knowing
what physical laws to apply under what circumstances and what
additional complicating factors can be safely neglected. We call
this "getting the physicsright”. It involves being able to estimate
the size of an effect and to cal culate corrections by understanding
approximations. Today, it often involves putting physical insight
into and getting it out of a complex numerical calculation. Yet
these skills -- critical for both the professional physicist and the
engineer -- are almost completely ignored in traditional
introductory courses.

Since physicsis a science whose results are continually tested and
evaluated against the real world, a physicist needs experimental

skills as well as theoretical ones. Majors are often trained in error
analysis, mechanical skills, and given experience with a variety of
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devices. An experimental skill that we hope our students will
develop as a concomitant part of their experimental experienceis
an "empathy for the apparatus’. By thiswe mean an understanding
of what is happening in an experiment, what is being measured, and
where the information lies.’ Yet this skill is primary to their
understanding of what even basic physics means and how the
equations we write down relate to the behavior of the real world.

Finally, there are a number of general skillsthat all professionals
must develop. They must build an intuition for their field -- the
ability to understand which tools apply in which circumstances and
to have the complex network of internal checksthat let them look
at awrong answer and have it not "feel" right. They must learn
large-problem skills; the ability to take a significant problem and
break it down into component, solvable partsin an appropriate
manner while keeping track of the overall goal. They must also
build communication skills. In physics, asin any field, it does not
suffice to do brilliant work in a notebook or in your head. Physics,
asisany field, isasocial agreement of what it iswe know. To
interact with the community, a physicist needs to be able to present
his or her results both in oral and written formin a clear and
compelling fashion. This cluster of general skillsislargely
neglected in our professional training of physicists until they begin
research in the second or third year of graduate school!

B. Principles of computer use

Our approach to the use of the computer in the classroom is based
on three powerful principles:

1. It is not enough to use the computer to illustrate
examples from the current curriculum. We must rethink
the curriculum entirely from the ground up, now assuming
the availability of the computer. What can we teach with
it that we couldn't teach before?

2. The computer should not replace anything in the current
environment: not the textbook, not the teacher, and not the
laboratory.

3. The student should run the computer, not the other way
round.

In our approach the student must play an activerole. Students must
learn to use the computer in an open ended way. The computer
must be a powerful servant for the student, not a master.

[11.. The M.U.P.P.E.T. Environment

For physics magjors, our view of appropriate computer use implies
that they will learn to program the computer themselves directly.
In the past, this has represented a formidable obstacle to the use of
the computer in physics courses. We could not expect all students
to come to the course prepared to devel op interesting programs,
nor could we afford to devote much time to teaching programming
in the physics class.

In order to overcome this barrier, we have developed modular
programming materials that can be linked together by students to
create sophisticated programs. With these materials built in Pascal,
we were able to reduce the programming overhead for the student.
Good Pascal programs are easy to read and easy to set up, so the
physics and the structure of the analysisis easy to understand. We
set up utilities for interactive input and for graphics output, and we
provide self-documenting sample programs that allow even non-
programmersto learn by example and to begin to build programs
themselves without extensive training. (See Fig.1 for an advanced
example.) Once they master Pascal, students can make an easy and
straightforward transition to other professional languages such as
FORTRAN or C.

A. Description and history of the project

We began M.U.P.P.E.T. in 1983. Because physics mgjors at
Maryland are taught in small classes separated from majorsin
engineering and other sciences, we decided to begin the project
with those classes. Theintroductory course for physics majors at
Maryland is a three-semester sequence (Physics 171, 272, and
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273). One semester of calculusis apre-requisite. Many students
arrive at Maryland with enough calculus to begin the course as
first-semester freshmen. Physics 171 is offered in two sectionsin
the fall and one section in the spring.

The computer and student programming have been used in
introductory physics for majors at Maryland since 1985. Our
meaterials development culminated in 1988 with the production of a
supplementary manual, Physics with the Microcomputer.” In the
past three years, the M.U.P.P.E.T. materials have been used with
more than 200 students in both lecture and lab sections. The
meaterials have been revised several times over the years as aresult
of student and faculty input.

Informal polling of our studentsindicates that our physics majors
enter college with a broad variety of backgrounds. About one third
of our incoming majors have extensive programming experience:
they can program comfortably in two or more languages. Another
third can program in one language. The rest of the students have
little or no programming experience. Even this group has had
significant exposure to computers. Almost all the students were
able to master the required programming quickly and with enough
skill to do computer homework problems and projects.

Because our group is self-selected as physics majors, they tend to
be somewnhat better prepared and have higher incoming SAT math
scores (average of verbal + math of about 1250) than our broader
group of engineering majors. This suggests that our results should
be interpreted and extended with some care.”

B. Theutilitiesand libraries

The M.U.P.P.E.T. environment provides a set of utilities for
handling I/0O and menus and a set of libraries to simplify various
tasks. The utilities package includes:

data input screen procedures -- These let the programmer include
exchange of data with a running program. The program
puts up a data window with variable fields. Anexampleis

shown on the left side of Fig. 2. The programmer can
include default values and the user can modify one or
more of the fields using the keyboard or mouse. The user
can modify the fields in any order and return to fields
previously modified before choosing to go on with the
calculation. The code to produce this data screen is given
in the procedure MakeDat aScr een shownin Fig. 1.

graph window procedures -- These et the programmer display
output in one or more windows. The programmer can plot
any number of curvesin awindow. The windows are
scaled to a unit screen so the user never hasto worry
about details of pixel count and the variety of graphics
displays and resolutions available. Two graph windows
are shown on the right side of Fig. 2. The code to produce
themis given in the procedures G- aphSet up and
Plotlt inFig.l.

menuing procedures -- These let the programmer give the user
choices to branch the program in a variety of ways. A
sample of a menu appears at the top of the screen in Fig.
4.

parsing procedures -- These permit the programmer to let the user
enter algebraic expressionsinto a running program and
have the program interpret the results as strings of code,
rather than just as strings of letters.

The utility procedures are provided to the students in compiled
form.

A number of libraries have also been written and are provided to
the students. The include a variety of routines for solving Newton's
second law in one and two dimensions, a set of binary search
procedures for solving equations, and an animation library.’
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C. Sample programs

About 25 sample programs were developed at Maryland for this
project using the M.U.P.P.E.T. utilities and environment. These
programs were carefully designed to make them easy to read and to
modify. They have been structured to provide examples of clear
programming style.

The code for the program PROJLD is shown in Fig. 1 and the
screen it produces is shown in Fig. 2. Thisisafairly sophisticated
program and is used about halfway through the first semester.
Students are asked to fill in the dummy procedure St epEul er to
provide a solution using the Euler method. A fourth order Runge-
Kuttaroutineis provided later using asimilar calling statement.

The sample programs play a critical role in the overall computer
use. Not only do they provide the students with concrete examples
of computer use, they are flexible enough to permit students with
limited programming experience to modify them to explore much
more complicated systems as part of their independent project
work.

D. Equipment required

The M.U.P.P.E.T. materials are designed to run on low end
computer systems so as to provide maximum accessibility. The
hardware required is:

e IBM compatible personal computer (XT, AT, or
PS/2) with

» two floppy drives or one floppy drive and a hard disk

e atleast 384 K of memory

»  graphics capability (CGA, EGA, VGA, or Hercules)

e« DOS2.1 or higher

The system will permit larger programs, run faster, and ook
substantially better if it is used with:

» afull 640 K of memory

*  EGA graphicsor better
* amath co-processor.

In addition to the hardware, the user needs to supply Turbo
Pascal ™ in one of the versions 4.0, 5.0, 5.5, and 6.0. (A version
for Turbo Pascal for Windows known as Window on Physicsis
also available but has not yet been classtested.) A complete
system running all of our M.U.P.P.E.T. programs and environment
is currently available for under $600.

V. What can we do with the computer in an
introductory class?

With the computer and the environments described above, we
considered a variety of curriculum changes:

» Firgt, the order of the elements in the course may be
changed to be more physically appropriate.

»  Second, many of the professional skills traditionally short-
changed at the introductory level can be introduced.

*  Third, more realistic problems may be treated than in the
traditional approach.

»  Fourth, contemporary topics may be introduced at an early

stage.

» And fifth, students may begin designing and carrying out
their own research, even in the introductory course.

A. Theorder of elements may berearranged to be
mor e appropriate

The order of the traditional curriculum is strongly controlled by the
mathematics the student takesin parallel. This often leads to
unnatural and unphysical presentations. The computer sometimes
allows us to bring the physics to the fore by introducing discrete
forms of the fundamental laws. These can be much simpler to
explain and understand than the continuous forms traditionally
presented.
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Example: Newton's Second Law

An example of thisisthe tradition of teaching uniformly
accelerated motion (referred to in M.U.P.P.E.T. as "flat-earth
gravity" to emphasize the approximate character of the model)
before Newton's second law. A plausible excuse for doing thisis
that the former does not require any calculus for its solution, while
the latter is a differential equation. The student taking calculus at
the same time will be able to get some calculus done in math before
being required to look at a differential equation.

Unfortunately, this approach runs counter to the underlying
physics. Students find it very difficult to understand the motivation
for the motion of falling bodies without the concept of force. The
confusions developed at this early stage are likely to haunt the
students throughout the course.

Inthe M.U.P.P.E.T. course, because we introduce the computer
immediately, Newton's second law isintroduced in avery simple
and intuitive discrete form first using impulses.”® The discussion of
falling bodies then uses the concept of force and the dynamic form
of Newton's second law.

B. Professional skills may beintroduced at an
earlier stagethan isusual

As discussed above, approximation plays acritical rolein
understanding how physics works. We are forever making
simplified models of real-world systems. Yet for our
undergraduates, especially at the introductory level, because of
their lack of mathematical sophistication, we are forced to treat
most problems as mathematics rather than as physics problems.™
The presence of the computer lets usintroduce corrections and
their sometimes striking effects.

Example: The large amplitude pendulum

One of the best examples of an approximate equation isthe large
amplitude pendulum. An excellent model equation for an idealized

pendulum is derived in most texts and is within the reach of most
of our students:
d?g :
—+ sno=0
dt® L
This equation, unfortunately, requires advanced specia functions
for its analytic solution.” For small amplitudes, the equation
becomes
d?o
— + g =0,
dti® L
directly equivalent to the simple harmonic oscillator equation.
Essentially al introductory texts give both these equations. The
first isignored except for the construction of the correct form of
the energy. Dynamics problems are done with the second eguation.

Inthe M.U.P.P.E.T. class, we are able to consider the large
amplitude equation in more detail. Because we are solving Eq. (1)
numerically, we have the situation shown in Fig. 3. Many students
assume that, because the analytic expression can be expressed in
closed form, it isthe "better" solution. We can bring them to a
dramatic contradiction of this viewpoint by asking them to consider
the analytic and numerical solutions for the cases:

8p=1750 ap=309/s
8p=3550 wp=0 9s

In the first case, the correct (numerical) solution goes "over the
top", spinning round and round the pivot. The analytic solution
goes over the top some distance, stops in midair, turns around, goes
back over the top. The second case is a small angle oscillation, but
the "analytic" solution doesn't recognize this. Instead of falling and
oscillating through a small angle, it rises over the top, oscillating
back and forth nearly afull circle each time.

The explanation of these strange resultsis fairly simple. The small
angle approximation doesn't hold for large angles, so the analytic
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form shouldn't be applied. But these simple examplesillustrate a
principle of great importance.

When approximate solutions are extrapolated beyond
their realm of validity they can give resultsthat are
qualitatively wrong.

Again, thisresult is obviousto the professiona physicist, but there
is essentially no example of thisimportant result anywhere in the
traditional introductory curriculum. If our students areto learn the
art of approximation, they must have simple touchstone examples
that clearly illustrate the possible pitfalls.

One additional point isimportant and illustrative about this case.
Note that the mathematics of solving the approximate equation is
simpler. But from the students' point of view, the ideal pendulum
requires one extralogical step to set up its equation of motion and
is therefore conceptually more difficult than the realistic one.
Indeed, many students have a poor understanding of the small
angle approximation. With M.U.P.P.E.T., we can discuss the exact
case first.

C. Morerealistic problems may betreated than in
thetraditional approach

Thetraditional curriculum islargely restricted to those problems
and methods that are analytically tractable. The powerful tools that
permit the solution of almost any problem are usually touched only
in passing since they require numerical methods. In a computer-
based course, they can be restored to their rightful importance.

Example: Projectile motion with air resistance

An example of the possihilities opened up by including the power
toolsisthe discussion of air resistance in the M.U.P.P.E.T. course.
The importance of including this topic goes far beyond the issue of
simply making our description of motion more realistic. With this
example, alarge number of valuable reasoning tools can be

introduced that are usually ignored until much later in the
curriculum.

A combination of dimensional reasoning and symmetry principles
can be used to construct the Newton drag law:

Fair res= - NPRIVIV = -blvjv

wheren isadimensionless parameter. This hasinteresting
consequences” and further discussion can be given during the
section on kinetic theory.

We then use aM.U.P.P.E.T. program to study the behavior of an
object under the influence of thisforce. The total amount of
programming required from the student isto put in the equation for
the force law into the program Pr oj 1D. The output of this
programis shownin Fig. 2.

The students can be asked to carry out an interesting mix of
qualitative and quantitative analyses. In studying the qualitative
behavior we can ask the student the following questions:

*  What isthe effect of including air resistance for an object thrown
straight up? When thereisno air resistance, it takes a projectile the
same time to go up as to come down. Does this change when air
resistance is added? Give a qualitative argument to show which way it
should work and use the program to demonstrate the correctness of your
reasoning.

*  What isthe effect of including air resistance for an object thrown at an
angle? When thereisno air resistance it travel s the same horizontal
distance while rising to its maximum height as it does descending.
Does this change when air resistance is added? Give aqualitative
argument to show which way it should work and use the program to
demonstrate the correctness of your reasoning.
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*  When the object is very light or the air resistance coefficient is large,
something strange happens to the velocity of afalling object. Use the
program to determine what thisis.

Once the student has observed the phenomenon of terminal
velocity qualitatively on the computer, we can ask them to derive
the expression for terminal velocity analytically. With the
computer program in hand, we can ask the students to study some
interesting realistic cases. Here are two sample homework
problems that can be done at the end of the unit:

Sample problem 1: A 10 gm sheet of paper is crumpled up into a compact
ball with aradius of 4 cm. When dropped, it takes 1.0 sec to fall a distance
of 2 meters. Usethisto determine the air resistance coefficient b in the
force law F4jy res = - blvlv. If awooden and a 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: A ball of mass 0.14 kg is thrown straight up with a speed
of 20 m/s. It comes down 1 second earlier than expected, if air resistanceis
ignored. Find the air resistance coefficient b for this object if the force has
theform

F=-bv |

Find the coefficient y if the force has the form

F=-yv.

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

The example shows that the actual computational work and the
programming involved is afairly small part of the unit. But having
it present permits usto bring in scale analysis, dimensional
analysis, and to demonstrate approximation techniques and ways of
extracting physics from computer programs. These are all skills

that the professional must know, but which we have had little
opportunity to teach in undergraduate courses.

D. Contemporary topics may beintroduced

Once power tools are put in the student's hands, a much wider
variety of problems can be addressed. These include more realistic
problems than are usually handled, as well as ones of contemporary
interest.

Example: Chaostheory

Recent developments in the theory of classical mechanics have
stressed the sengitivity of non-linear classical problemsto initial
conditions. Although this sensitivity has been known to workersin
the field, especially Lagrange and Poincare, when we teach
Newtonian mechanics we tend to tell only half the story. We
traditionally emphasize that:

In principle, classical systems are totally predictable once
starting conditions are specified.

However, it isequally important that the student understand the
contemporary lesson of chaos theory which emphasizes that:

In practice, it is usually impossible to predict the long-
term motions of any classical system with a finite
calculation since they are highly sensitive to the starting
conditions.

Inthe M.U.P.P.E.T. course, the presence of the computer alows us
to include a segment on chaos theory as a natural extension of
Newtonian dynamics at the end of the first semester. The students
find this topic of great interest, and many of them choose some
non-linear problem as a research topic in the second semester. A
screen from the M.U.P.P.E.T. sample program Iterate is shown in
Fig. 5. Thisprogram illustrates the phenomena of bifurcation,
period doubling, and repeatable randomness. The code for this
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program contains only 60 lines, many of which can be clipped from
the basic sample programs.

E. Students may begin resear ch at an early stage

Introducing the computer to students at an early stage gives them
the power to investigate a wide variety of complex problemsin an
open-ended inquisitive fashion and thereby begin to get area
exposure to how scienceis donein practice. We have had
considerable success with first and second year physics majors
performing independent projects in the M.U.P.P.E.T. course.

When one of us (EFR) taught the M.U.P.P.E.T. course, he required
project work of every student in every semester. An earlier attempt
to require projects of sophomore physics majorsin 1970-72 had
not been successful. Only about 15% of the students were able to
do projects that had any characteristics of normal scientific
research. Most students were severely hampered by not having
sufficiently strong analytic and mathematical skillsto carry through
an open-ended investigation. However, inthe M.U.P.P.E.T.
environment with freshman majors in 1986-1989, when each
student had access to a computer and the M.U.P.P.E.T. tools, the
results were strikingly different. About two thirds of the students
were able to do valuable and interesting projects.

The students were told to seek atopic they were interested in and
would like to know more about. It had to have some relation to the
content of the course, although we tended to be flexible if a student
showed strong interest in some other topic. They were told that
this was not to be a project where they read, organized, and
replayed other people's materials. They were supposed to design
their own project, carry out an investigation, and write a report.

Inanidea project, we believe that the student should carry out the
following activities:

»  Formulate a question of broad general interest.
»  Perform library research on the subject.

» Reformulate the question more sharply so it is amenable
to modeling or an experiment.

*  Set up the calculation or experiment and run it.

e Check the results for consistency, accuracy, and
correctness.

»  Extract some physical insight from the results.

»  Propose further research based on the results.

»  Present the results both in written and oral form.

The professional researcher does all of these. Consider for your
own undergraduate majors' curriculum: At what point in their
undergraduate training do each of your students get experience
with each of these kinds of tasks? Of course few of our freshman
projects succeeded in accomplishing all these goals. We were
surprised and delighted that some did, but we considered a project
successful if a student demonstrated five of the eight activities.

Some of the subjects investigated by students in conjunction with
our calculus-based physics course include:

Colliding galaxies
Tethered satellites
Theflight of the frisbee
Pumping a pendulum swing
The Lyapunov exponent in
the Sinai billiard problem
The effect of the backboard
in basketball on the Oort cloud
The motion of agolf ball Designing an airplane wing
The evolution of light from galaxies
The motion of a spinning ping-pong ball

Shepherd moons and Saturn's rings
Capture of a planet by awandering star
Grain boundary growth in crystals
Diffractive lens design
Period doubling and chaosin the

van der Pol oscillator
The planet Nemesis and its effect

It would have been a substantial burden on the teacher of the class
to advise semester long research projects for even a class of 25
students. Fortunately, we had the support of the Maryland physics
department. In most cases, students were sent to other faculty with
particular relevant expertise for advice.* Thisturned out to have a
substantial benefit. The undergraduate majors met faculty on a
personal basis at an early stagein their careers. Thisresulted in
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students making val uable contacts that often developed into
research projects when they became juniors and seniors. Since the
start of project work in the introductory courses, the number of
upperclass majors seeking to do independent research projects has
grown from essentially zero (1-2 per year) to a substantial fraction
of the class (10-12 per year).”

At universities with very high admission standards, it is well known
that freshman can do independent research (viz. winners of the
Westinghouse competition). What was not widely appreciated
before M.U.P.P.E.T. was that freshmen with a wide range of
abilities and backgrounds can begin to design their own research
projects and carry them out successfully if the physics courseis
tied to the computer and the students empowered in its use.

Perhaps the most surprising result was the distribution of good
projects. Students who would have been identified as mediocre
students by their exam grades occasionally did outstanding
projects. A careful analysis of these students showed that they had
"stylistic” rather than content problems. They did not perform well
under exam pressure, but preferred to work slowly and carefully.
Some of them had extraordinary intensity and persistence when
they were interested and involved in a project. Otherswho did
well on exams could find no topic at al to interest them and turned
in very poor research projects. These observations raise the
guestion whether it is a good idea to use a student's performance on
traditional timed hour exams asa "first cut filter" to weed out
those who should not be physicists. This automated hoe may be
chopping some valuable flowers!

F. M.U.P.P.E.T. can beused in association with the
Laboratory

The M.U.P.P.E.T. approach has been used by one of us (IMW) to
provide modeling and analysis tools in conjunction with the
laboratory that accompanies the first semester introductory physics
course (mechanics).” (M.U.P.P.E.T. can also be used in the
laboratory directly to serve as a user interface with the computer to
accumul ate data directly from analog to digital converters.”) The

laboratory was taught by alternating between a traditional "hands-
on" laboratory one week and a computer modeling/data analysis
session the next. The studentsused M.U.P.P.E.T. to calculate
means and standard deviation and performing linear least square
fits. They also developed computer models and compared the
model's predictions with experimental observations.

For example, in one of the laboratories, students observed and took
data on the motion of a pendulum using a stroboscope and a
Polaroid camera. They then used their graphing and data analysis
package to plot the observed angle, and to calculate and plot the
angular velocity, angular acceleration, kinetic energy, potential
energy, and total energy vs. time. They then used M.U.P.P.E.T. to
build a mathematical model of the system on atemplate we
provided. With their program, they were able to compare the
prediction of a mathematical model with their observations and
make an estimate of the damping. With this model, students were
able to extend their analysis of their investigations to consider large
angle corrections, driving forces, and resonance.

Instead of listening to lectures about modeling and error analysis
(as had been the previous practice -- even in the lab section of the
class!) the students performed the activities themselves using our
computer tools. The students projects were significantly improved
in quality and showed a better understanding of the phenomena
than when they worked in the traditional mode.

V. What did we have to leave out?

We are certain that many of our readers will respond to our claims
with skepticism. Everyone who has taught the traditional
introductory cal culus-based physics course has had the problem of
having too much material to cover. How could we possibly teach
programming, add more realistic problems, include the large
amplitude pendulum, air resistance, random walks, and integrals
over non-simple charge distributions (among others)? What did we
leave out?
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Indeed, some materials were |eft out that are included in the
traditional course. Rigid body motion was suppressed, as was fluid
dynamics and much discussion of sound. In our three semester
sequence we did not do any modern physics or relativity, in part
since the sequence is followed immediately by a full two semester
sequence on modern physics.

The additional materials, however, did not take very much time to
include. The programming handouts were read in parallel with the
standard reading, a few pages per week. Lessthan 5% of the
lecture time was used to discuss programming. Two to three
lecture hours per semester were actually spent in the
microcomputer |aboratory with the students getting started on some
of the more computer oriented homework assignments.

From this small basis of computer instruction, we were able to
include one to two homework problems per week that were
somehow associated with the computer. (These were occasionally
estimation, analytic, or qualitative problems.) These were done at
the cost of reducing the number of standard "plug-and-chug"
problems the students were assigned.

VI.IsM.U.P.P.E.T. transferable?

One question to consider is whether the M.U.P.P.E.T. environment
istransferable. Many educational developments work well aslong
asthey are taught by their creators, but do not succeed when taught
by anyone else. Thereisgood evidence that M.U.P.P.E.T. is
usable elsawhere.

The University of Maryland is a reasonably typical university
environment.

The College Park campus of the University of Maryland isalarge
state university with alarge student body having a wide range of
interests, backgrounds, and levels of ability. Materials devel oped
and tested at Maryland should be usable at many campuses across
the nation.

M.U.P.P.E.T. at Maryland has not been restricted to its
developers.

The M.U.P.P.E.T. course for physics mgjors has been and is being
taught at Maryland by faculty not involved in the development of
M.U.P.P.ET.

New cour ses have been developed with M.U.P.P.E.T. materialsin
Australia.

Prof. lan Johnston at the University of Sydney became acquainted
with the M.U.P.P.E.T. idea a the Raleigh Conference on
Computersin Physics Instruction in the summer of 1988.”° Since
then, he and his colleagues have devel oped materials for second
year physics majors on numerical methods and quantum
mechanics. 1n 1989-90, he used the M.U.P.P.E.T. environment to
integrate computational physics into the undergraduate courses at
Sydney University.”

Johnston tested M.U.P.P.E.T. in three successive semesters. Inthe
first test, 18 volunteers, chosen from a class of 200 second-year
students, were given six four-hour microlab sessions in addition to
the normal work in a course in quantum mechanics. In the second
test, this was repeated with 92 students out of a class of 202. The
third test involved 24 studentsin the third year class. These
students were asked to work through four computer modeling
problems in diverse areas of physicsincluding solid state, kinetic
theory, plasma physics, and Fourier transforms. Johnston and
McPhedran conclude:

(1) Students do not need to be able to program before they can
handl e these materials. Students who had no previous
programming experience (about 25% and 16% of the studentsin
the first two trials) had to work harder at first, but had little trouble
once they got started.

(2) The students' understanding of a number of traditional subjects
was significantly improved by adding computer modeling problems
as shown by grades in a comparison of the students in the test and
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traditional groups on traditional tests. Thiswas because the
computer programs allowed students to explore many more cases
than they could by hand. For example, because the studentsin
these trials had seen the shapes of many different wave functions,
they could easily answer questionsin ordinary texts dealing with
the geometrical property of eigenfunctions and performed
significantly better than studentsin the traditional group on such
guestions in exams.

(3) Inthe last microlab, students were asked to investigate broadly
posed problems. They were able to successfully design and
complete projects in a one week period, thanksin alarge part to the
ease of building models with the M.U.P.P.E.T. software package.
This confirms our experience with projects at Maryland.

We conclude from these experiences that the M.U.P.P.E.T.
environment is robust and survives being transferred to other users.

VI1Il. Conclusions

Summary

We have reported on the development of the M.U.P.P.E.T. utilities
-- aflexible and powerful computing environment that permits
introductory students to add programming to their tools for solving
physics problems quickly and easily and with minimal overhead.
When these tools are added to the traditional calculus-based
introductory physics course, the students' power to solve problems
expands enormousdly. This opens many possibilities for changing
the curriculum. Elements may be rearranged in a more natural
order; professional skills may be introduced at an earlier stage than
istraditional; contemporary topics such as chaos and quantum
theory may be introduced; and students may begin research
immediately.

Our conclusion isthat M.U.P.P.E.T. works well for magjorsin
small classes. We have not yet tested whether these methods can
be extended to large classes with other scientists such as chemists

and engineers. It may be possible if the infrastructure existsto
provide students with sufficiently accessible networked computer
resources. Success in this environment could also be aided
substantially by good coordination with other departments.

Future developments

Asaresult of its strength as an open environment capable of
growing as the student's strength grows (and as the power of the
computer grows), the M.U.P.P.E.T. utilities have been adopted as
the basis for two multi-university projects of national scale --
CUPS and CUPLE.

The Consortium for Undergraduate Physics Software (CUPS) isa
project based at George Mason University and funded by the NSF
to add computers to upperclass physics courses. A group of 27
physics faculty with software design experience are developing six
manual s to accompany upperclass physics courses. Each manual
contains nine simulations, each of which will add an element of
new physics, not easily includable without the computer.

The Comprehensive Unified Learning Environment™ (CUPLE) isa
project to bring together in a single unified computer environment
some of the successful attempts to reach more introductory physics
students and to train them more effectively and professionally.
CUPLE is bringing together sophisticated tools for handling
graphing, student programming, laboratories, and video with
modularized text materials and a database of information. The
M.U.P.P.E.T. environment is being upgraded for this project to an
object-oriented approach now called Window on Physics (or
WinPhys for short). WinPhysis built on Turbo Pascal for
Windows™ and takes full advantage of the Graphical User
Interface (GUI) Microsoft Windows™ 3.
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Figure Captions

Fig. 1: The Pascal source for the program PROJLD.

Fig. 2: Theinput and graphics screens produced by the program
PROJ1D.

Fig.3: The structure of the solutions to the large amplitude
pendulum equation

Fig. 4: The screen displaying large amplitude "over-the-top"
motion for a pendulum. From the M.U.P.P.E.T. sample program
Pendul um

Fig. 5: Result of iterations of the logistic function in the chaotic
regime. Fromthe M.U.P.P.E.T. sample program| t er at e.
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PROGRAM Proj ecti | elD; { proj1d.pas } VAR xQut, vQut, tQut, aQut: Real );

{***********************************************} VARX|_|a|f'V|_|a|f Real,
tHal f,aHal f : Real;
{* Programto cal cul ate notion of *1 BEG N
{* a particle in 1D with gravity *1 tHalf :=tln + 0.5*t Step;
* and air resistance using RK2. *1 xHalf := xIn + 0.5*vln*t Step;
{* *1 vHal f := vin + 0.5%al n*t Step;
{***********************************************} a|_|a|f = FOI’CG(XHa|f,VHa|f,tHa|f)/m
t Qut =tln + tStep;
USES xQut = xln + vHal f*t St ep;
Crt, Dos, Graph, Pri nt er, MJPPET; vQut = vln + aHal f*t Step;
aCQut = Force(xQut,vQut,tQut)/ m
CONST END;
nunData : I nteger = 200; {Nunmber of points to
pl ot} {*--------- Data Screen Procedures ------------ *1
g . Real = 9.8; {nl sec/ sec}
PROCEDURE MakeDat aScr een;
VAR BEG N
t, X Dat aVect or; { tine, position } Deflnelnputport(0045009)
v, a . Dat aVector { velocity, accel } _A01]:="MUPPET.'
x0, vO . Real ; { initial conds. } _A02]:=""University of Maryl and"
m . Real ; { mass } _A03]: =
b . Real ; { air resis. coeff. } _Al 04] : =" "PRQIECTI LE PROGRAM 1D"
dt . Real ; { tine step } _A05]:=""F = -ng - bv*abs(v)"
i . Integer; { loop variable } _A06]: =
IC : Scr een; { data screen } _Al 07]: =" " PARAVETERS"
act Char; { control character } _A08]:= "Mass m=" 0.14++ "kg"
{ The types ' Dat aVector and "Screen" are defined } _A[09]:=
{ inside the unit MJPPET. } _A10]:= "Air Resistance" "
A 11]: = "Coefficient, b =" O+++++ "kg/nl'";
_A[12]: = '
{*--meemee - Physics Procedures ------------- *1 _A13]:= "Time step, dt =" 0.050+ "sec"
A 14]: =
FUNCTI ON Force(x, v, t: Real) : Real; _A[15]:=""INITI AL CONDI TI ONS"
BEG N _A16]: = "Position: X0 =" O++++ "nf ;
Force := -nfg - b*v*abs(v) A 17]: = "Vel ocity: vOo = " 30+++ "m sec"’
END; LoadScreen(1C, 17);
END;
R Mat hemati cs Procedures ----------- *1

PROCEDURE Get Scr eenDat a( VAR m b, x0, vO, dt: Real ) ;
{ Second order Runge-Kutta routine for stepping } BEG N
{ fromvariables at tinet (In variables) to } Cl ear MUPPETport;
{ variables at tinme t+dt (Qut variables). } Message(' Press <ENTER> to plot, <ESC> to quit');
Accept (1 0); {di spl ays screen}
PROCEDURE St epRK2(xIn, vin, tln, aln,tStep: Real; m := Valu(lC 1l); {puts 1lst entry on ICinto n}
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b = Valu(1C, 2) {puts 2nd entry on ICinto b}
dt := Valu(IC, 3)
x0 := Valu(IC, 4) {etc...}
v0 := Valu(lC, 5)
END,
{*----------- G aphi cs Procedures ------------- *1

PROCEDURE G aphSet Up;
BEG N
G aphBackCol or : =Dar kG- ay;
Defi neVi ewport (1, 0.55,1, 0.5,0.9); {Define
Vi ewPort 1}
Def i neVi ewport (2, 0.55,1, 0.05,0.45);
{Vi ewPort 2}
DefineScal e(1, 0, 10, -75.0, 75);
Scal e 1}
DefineScal e(2, 0, 10, -75.0, 75);
Scal e 2}
END;

{Defi ne

{Defi ne

PROCEDURE Pl ot 1t (viewPort, color:Integer; x,y:DataVector;
nanelLabel : Bi gStr);

BEG N
Setcol or(col or);
Sel ect Scal e(vi ewPort);
QpenVi ewport (vi ewPort);
Axi s(0,0,1,20);
Pl ot Dat a( x, y, nunDat a) ;
Put Label (I nsi de, naneLabel ) ;

END;

BEG N
MUPPETI ni t ;
MakeDat aScr een;
Gr aphSet Up;
REPEAT
Get ScreenDat a(m b, x0, v0, dt);
| F EscapedFron(1 C) THEN
BEG N
MUPPETdone;
EXIT
END;

t[1] := 0; {initializes first
step}
x[ 1] := xO0;
v[1] := v0;
a[l] := -g - b*vO*abs(v0)/m
FORi := 2 to nunbData DO {sol ve the
equati on}
StepRK2(x[i-1],v[i-1],t[i-1],a[i-1],dt,
x[i], v[il, t[i]l, a[i]);
Message(' Press <ENTER> for new data, <ESC> to
quit');
Plotlt(1l, lightGeen, t, x, 'Xvs T);
Plotlt(2, |ightRed, t, v, 'Vvs T);
act := ReadKey;
UNTIL ord(act) = 27;
MUPPETdone;
END.
Fig. 1
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