
REFERENCE FRAME

INTERACTIVE COMPUTATION
FOR UNDERGRADUATES
Leo P. Kodonoff

The practice of physics, and indeed of
all the sciences, has changed greatly
because of the existence and ready
availability of computers. Naturally,
practice has changed more rapidly
than education. Nonetheless, in the
last few years the computer revolu-
tion has resulted in some revision in
the style and content of undergradu-
ate physics instruction.

The tedium of lab data analysis has
been mitigated by the use of graphing
programs and other similar software
for data manipulation and display.
(For example the spreadsheet, which
is a business oriented display and
analysis program, can very easily
take a hundred estimates for Fand /,
convert them into a hundred esti-
mates for R and display the entire
result.) A few undergraduate and
first-year graduate courses are now
aimed at teaching future physicists
how medium and large-scale compu-
tations are performed.1

In this column, however, I would
like to concentrate upon another style
of computation, in which the student
or the scientist uses the computer
interactively to answer questions. In
the best realization of this style, a
student works at a graphics terminal
or workstation, enters instructions to
the computer in a "higher level"
language like Basic, Fortran, Pascal,
C or APL, and immediately sees the
result of these instructions in the
form of numbers and pictures. The
goal is to answer questions, such as
Given a particle trapped in central
force potential that goes like 1/r4, is a
typical orbit closed? (J9A9U ^souijy) Or
What can we say about the frequency-
dependence of the response of a forced
pendulum? (ox̂ oBqo ua^jo ;soui puB
xajdmoo A\I9A SI ;J).

Questions like these can be asked
and answered by the typical under-
graduate physicist or engineer who
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has mastered a year of calculus. In
my view, they should be posed to
students working in the setting of a
computational lab, with perhaps one
lab partner. The two would share a
workstation or terminal, have avail-
able some device to produce hard
copy, and would have a lab assistant
or professor available to answer or
pose questions. This computational
lab setup would have a somewhat
lower cost than the usual undergradu-
ate experimental lab setup. Some
texts related to interactive computer
use are available.2

Classical mechanics can provide
much material for such a course. The
US university typically teaches classi-
cal mechanics to potential physicists
at least thrice: freshman physics (Hal-
liday and Resnick), sophomore-junior
mechanics (Marion) and graduate lev-
el (Goldstein). (I list common texts in
parentheses.) None of these books
treats any modern topic in mechanics.
Thus there are probably many young
physicists who do not know that
classical mechanics is a subject of
intense research activity.l!

Motion inside a circle.

The modern period starts with
Poincare, who was interested in the
qualitative properties of motion in
classical mechanics and how long it
might take for the motion to repeat
itself. This question translates in
part into whether the motion is order-
ly or chaotic. On the mathematical
side these studies led to the work of
A. M. Liapunov, Andrei Kolmogorov,
Stephen Smale, Vladmir Arnol'd, Jas-
cha Sinai and others. On the physical
side the question was translated into
a line of excellent computer experi-
ments conducted, for example, by
Enrico Fermi, John Pasta and Stanis-
law Ulam, by Norman J. Zabusky and
Martin D. Kruskal, and most recently
by Gerald Sussman and Jack Wisdom
of MIT,4 who showed that the orbit of
Pluto (and hence of the entire solar
system) is chaotic. Such questions
have consequences for experiment
and engineering. One recent exam-
ple: John Hoffnagle and his collabora-
tors5 showed that the orbit of two
barium atoms caught in an ion trap
makes a transition from regular to
chaotic behavior as the depth of the
well is increased. In this case, the
experimental study was backed up by
a simulation showing that the pre-
sumed transition did indeed occur.

The recent progress in dissipative
systems'1 has in a remarkable degree
combined experimental, theoretical
and computational components. On
the computational side, most of the

Motion inside a stadium.
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progress has been achieved via inter-
active methods. Students can them-
selves follow the actual path taken by
this kind of research, and thus see for
themselves how the period-doubling
route to chaos was discovered, or how
people first understood the nonlinear
interactions of solitons.7 These
hands-on studies are well-suited to
help students develop their own phys-
ical intuitions.

There are certainly many different
ways of designing such a course. In
our University of Chicago course,2
Michael Vinson and I include treat-
ment of phase-plane portraits, the
Lorenz equations, closure of orbits,
order and chaos in dissipative maps,
stability analysis, Liapunov indices,
period doubling, fractals, random
walks and solitons. These topics are
quite elegant and have mathematical
depth. In addition, they are closely
related to some of the most fundamen-
tal questions of present-day physics.

To see the flavor I want, consider the
following "trivial" question: Start
with the circular and "stadium"
shapes shown respectively in parts a
and b of the figure on page 9 and
imagine that each container includes
a particle that bounces elastically off
its walls. Given typical values of
starting position and direction of the
particle, what is the long-run probabil-
ity distribution for finding the particle
at point r in the container? Of course
the student will need a few hints. But
any well-trained physicist can see at
once that one of these problems has a
trivial answer.. . . But which one?
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