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skills by the time they complete their studies. However, the
depth and range of   skills needed varies considerably—even
in a single discipline such as physics. Moreover, the inter-
ests, backgrounds, and abilities of students taking physics
courses vary widely, whereas the number of teachers with
scientific computing skills is often limited. Providing ap-
propriate courses for such diverse student groups is thus a
challenge. 

Computational physics provides exciting new teaching
opportunities that can complement traditional methods of
teaching in the lecture theater or experimental laboratory.
Students usually realize that computing skills enhance their
job prospects after graduation, and the hardware and soft-
ware available for teaching such courses is relatively inex-
pensive and easy to maintain. 

I have taught computational physics courses at Trinity
College Dublin (TCD) for approximately 10 years, ini-
tially through a theoretical physics degree class in which
final-year students must solve a problem in nine weeks by
using computational methods. More recently, I have di-
rected a degree course in computational physics that
started in 1997. The computational parts of the syllabus
are mainly taught together with a computational chemistry
degree program. Two important factors led to the course’s
introduction: a skills initiative by the Irish Higher Educa-
tion Authority and a need to increase the level of training
of potential postgraduate students for work in computa-
tional science. (The IHEA aims to increase the number of
graduates from Irish universities with skills in information
technology and provides extra funding for two additional
staff members and equipment.) This article describes two
approaches to teaching computational physics to these and
other student groups.

Computing and mathematics in physics
Two important uses of computing in an undergraduate

physics syllabus are to teach students to combine their
knowledge of mathematics with an understanding of its
meaning in physical problems and to teach the emerging
discipline known as computational physics. Numerical
methods, programming, and the use of applications are ob-
vious topics that should be part of any syllabus for a com-
putational science or engineering degree course. However,
not all student groups in any discipline need, or have the
time, to take the full computational syllabus. Moreover,
there is no single syllabus in computing suitable for all
groups of physics students.

Physics students usually learn mathematics and physics
topics requiring mathematics in different years. Generally,
they learn mathematics first, but when they’re taught
courses requiring an understanding of that mathematics in
physics in later classes, they frequently have difficulty con-
necting the two. 

An appropriate course that instructors can teach in the com-
puter laboratory could help students make the necessary con-
nections. The type of problem that a laboratory class can
tackle differs significantly from that which students can suc-
cessfully tackle in the lecture theater. In the lecture theater, for
example, it is sufficient and desirable for the teacher to solve a
relatively simple problem analytically and explain that a fuller
solution is achievable if the students apply numerical meth-
ods to the problem’s solution. However, in many cases, it is
more satisfactory to be able to solve a more complex prob-
lem numerically and to use the solution to this type of prob-
lem to reinforce the students’ understanding of the prob-
lem’s physics and mathematics as well as their understanding
of how mathematics is applied in physics.

Programming
An early lesson I learned from teaching courses is that

most students need a long time to develop basic proficiency
in programming, including getting a program to compile
successfully and testing it to make sure it gives the expected
output. For example, learning how to tell what is causing a
particular problem when the computer doesn’t do what you
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want it to do is an obstacle most people face when learning
basic computing.

For students to gain confidence in operating a computer it
is essential to begin teaching practical computing in the first
year of the course; waiting until students are in their senior
years and heading for more advanced topics is likely to cause
them frustration if they lack basic computing skills and con-
fidence. Fortunately, more students have access to comput-
ers at school and home before entering universities or col-
leges, so their basic levels of confidence and competence in
the first year is growing, which should let teachers begin
working with them at a higher level earlier. Regardless of
where they learn it, however, a considerable amount of stu-
dents’ time must be invested in basic computing and pro-
gramming if they are to write their own programs to solve
physics problems. 

We use Mathematica in computer laboratory classes for
students who aren’t in the computational physics degree
course and laboratory classes based on short C programs for
those who are. Students in the latter group receive whole
programs or code fragments in laboratory classes. The phys-
ical problems addressed in either case are the same, however.
For example, second-year students take three or four com-
putational laboratory classes on topics that include root and
minima finding, the pendulum, Fourier series, and coupled
oscillators. Before symbolic mathematical packages such as
Mathematica, Maple, and Matlab became available, labora-
tory classes on such topics would have required relatively
lengthy programs, and graphical display of results would
have been limited. However, with this type of package, solv-
ing interesting physical problems with codes only four or
five lines long and getting excellent graphical output is now
possible. (Several texts devote pages to the use of Mathe-
matica in undergraduate physics courses—also, see www.
mathsource.com.1,2) Computational physics students com-
plete their skeleton C programs and then use them to solve
the problem set, whereas other student groups get Mathe-
matica notebooks that only need input parameters to be
modified to solve the problem set.

The computational physics degree
One of our aims in developing the syllabus for the com-

putational physics degree was to retain all the parts of an un-
dergraduate physics curriculum considered to be “core”
physics. Thus, in the first two years of their course, students
take the same lecture courses in chemistry, physics, and
mathematics as natural sciences students studying these sub-
jects do. At the end of the second year, they choose to study

either computational physics or computational chemistry
for their final two years. 

Computational physics students take the usual physics
courses in electromagnetism, quantum theory, and so on, in
addition to more specialized computational physics courses
(see www.tcd.ie/Physics/Courses). This degree differs from
a combined physics–computer science degree because physi-
cists and chemists rather than computer scientists teach the
computing component of these courses. It also emphasizes
computer laboratory experience over lecture theater theory. 

In the first two years, students spend up to one half of
their physics laboratory classes (three hours per week) in the
computer laboratory and attend tutorial classes devoted to
scientific computing topics. In the third and fourth years,
computational physics students take approximately 120 lec-
tures in computing (languages and programming), numeri-
cal methods, and applications in computational science.
They spend half of their laboratory class time (one day per
week) in the computer laboratory in the third year and a full
term (nine weeks) doing project work in the final year. More
than half the lectures are taught to both computational
chemists and physicists; staff members from both depart-
ments share the teaching responsibilities. This type of load
sharing makes additional degree courses possible in rela-
tively small departments.

Elementary numerical methods are introduced in third-
year lectures. More advanced topics, including fast Fourier
transforms, Monte Carlo methods for solving multidimen-
sional integrals, and linear algebra libraries, are taught in the
final year. C is taught as the main programming language with
a short course in Fortran in the final year. The transition from
Windows to Linux starts at the beginning of the third year,
when laboratory classes are taught in the latter. (See the side-
bar for details about hardware and software in the computer
laboratory.) Applications courses in the third year are in par-
tial differential equations and molecular dynamics. Final-year
applications courses include partial differential equations, sta-
tistical physics, and molecular dynamics.

C-based computer laboratory classes are intended to let
students learn to program and use numerical methods. Just
like learning to drive a car, however, the student needs time
to develop skills, experience, and confidence, so having a co-
herent set of computer laboratory classes over the course’s
four years is important. To give a clearer overview, we can
summarize the aims of the four years as first year, basic com-
puting skills; second year, illustration of physical concepts;
third year, introduction to numerical methods and computer
simulation; and fourth year, developing higher-level prob-
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lem-solving skills via project work.
In the first-year laboratory, students begin with laboratory

classes that use Excel spreadsheets to compute projectile tra-
jectories before beginning C programming. Later, they learn
elementary C programming and receive code fragments to
solve problems such as root finding. In the second-year lab-
oratory, students tackle problems such as finding minima,
dynamics of the pendulum, Fourier series, and dynamics of
coupled oscillators. These are important elementary physics
problems, and the computer laboratory classes provide a
good means of enhancing students’ understanding of the
concepts they learn in lecture courses. In the Fourier series
laboratory class, for example, students must write a program
to calculate the Fourier series using Simpson’s rule to per-
form necessary integrations:

(1)

(2)

k = 1, 2, … (3)

k = 1, 2, … (4)

.

(5)

This laboratory introduces students to numerical inte-
gration; specifically, it requires using nested loops (over the
interval of the periodic functions and over the Fourier coef-
ficient indices), functions, and writing data to a file. Inte-
grating a simple function such as x2 and calculating the
Fourier series for combinations of sines and cosines tests the
students’ programs. Students calculate the Fourier series for
functions such as square-wave and sawtooth functions and
then back-transform them. The laboratory takes two three-
hour laboratory sessions to complete (with extra time re-
quired for the laboratory write up).

Third-year laboratory classes address topics such as curve
fitting, numerical integration, linear response of a pair of
coupled linear oscillators, and molecular dynamics. Many
people have published undergraduate computational physics
texts recently. Two that we have adopted as general course
texts are Computational Physics: Problem Solving Using Com-
puters by Rubin Landau and his colleagues3 and A First
Course in Computational Physics by Paul Devries.4 Instructors
can glean ideas for laboratory class topics from these texts.

Final-year project work is an important aspect of all
physics degree programs at TCD. Students spend the first
nine-week term of their final year doing project work, and
computational physics students spend approximately 30
hours per week on their computational projects. The main
challenge the students find in writing their programs is mak-
ing them work. In earlier years, the programming tasks they
receive are structured, but the wide range of project topics
offered is open ended. Examples of project topics include
molecular dynamics of classical point charges, agent mod-
eling, simulations of biological aging, and lattice gas mod-
els of foam evolution.

Mathematica laboratory classes
The Mathematica laboratory classes taught at TCD are

intended to enable students (outside the computational
physics program) to learn the same physical principles as
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Hardware and Software in the
Computer Laboratory

First- and second-year C laboratory classes at Trinity
College Dublin use the Borland C compiler running on
Windows 2000. This compiler is menu-driven, and a sin-
gle click is all you need to initiate compilation. Code lines
with errors are highlighted, and using the debugger is
easy. No flags need be entered (as is the case for com-
mand-line compilers), which makes this a suitable envi-
ronment for teaching C programming for the first time. 

Instructors teach third- and fourth-year classes using
Linux and the Gnu C compiler. All students at TCD have
file storage space maintained by the Information System
Service, which they can access using the Computational
Physics Laboratory PCs running Windows 2000. When
running under Linux, the student file systems are avail-
able on a local server.
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those illustrated in the C-based classes described earlier. The
difference is that they require a minimal investment of time
in learning a computer language. Students receive a Math-
ematica notebook containing an introduction to the prob-
lem, a set of exercises, and short sections of code embedded
in the text (in separate cells) that they can run simply by
pressing Shift-Enter. The students need little knowledge of
Mathematica syntax to do the laboratory class, but they do
receive a brief introduction to it and are shown how to use
the online help. The online help and Mathematica book,5

which are both part of the package, make discovering what
a particular command does easy. 

When presented with a Mathematica notebook with the
code already entered, students can focus more on the physics
involved in the problem than when, for example, computa-
tional physics students are asked to program and solve
physics problems simultaneously. However, it is the note-
book writer’s responsibility to pose suitable problems to de-
velop and test students’ understanding of physics problems
when the code is already given. To illustrate this type of lab-
oratory class, we use a familiar problem: the pendulum (the
dynamics of which Gregory Baker and Jerry Gollub describe
in their excellent undergraduate text6). 

In this class, two exercises involve comparing the nonlin-
ear and simple (linearized) pendulums’ behavior and repre-
senting the dynamics of the damped, driven pendulum in a
phase-space diagram. We can state the equation of motion for
the damped, driven pendulum as three coupled, first-order
ordinary differential equations (see Equation 6). We choose
units such that the pendulum mass, length, and acceleration
due to gravity are all unity; φ (= Ωt) is the phase angle of the
driving force, which has amplitude A: 

= –sinθ – Γω + A cosΩt

= ω

= Ω. (6)

One of the first exercises deals with the difference in be-
havior of the simple and the nonlinear pendulums. Students
must explain why the maximum angle reached is the same
for the simple and nonlinear pendulums, and why the period
of the simple pendulum is independent of swing amplitude
whereas that for the nonlinear pendulum is not. The an-
swers are not always obvious to second-year students, but
they can verify this fact by experimenting with various ini-
tial conditions. Figure 1 shows the output from the code 

solution  = NDSolve[{θ’’[t]  == -Sin[θ[t]],
θ’[0] == 0.0,  θ [0] == 2.5},  θ [t], {t,0,12π}]
solution1 = NDSolve[{θ1’’[t] ==   -θ1[t], θ1’[0]
== 0.0, θ1 [0] == 2.5}, θ1 [t], {t,0,12π}]
Plot[{Evaluate[θ[t]/. solution],Evaluate[θ1[t]/.
solution1]}, {t, 0, 12π}, PlotRange → {-π,π},
PlotLabel →”\t\t θ’[0] = 0.0 θ[0] = 2.5
\n\t\tsolid = pendulum \n\t\tdotted = simple

pendulum”]

which solves the equation of motion (Equation 6) for the
simple and nonlinear pendulums and plots the pendulum
angle versus time.

The example just given is straightforward and gets things
started, but Mathematica can illustrate more advanced con-
cepts including phase space and chaos in the pendulum. The
following code solves the ordinary differential equations for
the damped, driven, nonlinear pendulum, plots the angle
and angular velocity as functions of time, and makes a phase-
space plot (angular velocity versus angle) with parameter val-
ues Γ = 0.5, Ω = 0.6667, and A = 1.075 (see Figure 2):

Solution = NDSolve[{ω’[t] == -Sin[θ[t]] - 0.5
ω[t] + 1.075 Sin[0.6667 t], θ’[t] == ω[t], θ[0]
== 0, ω[0] == 0}, {θ, ω}, {t, 0, 20π},MaxSteps→
5000]

Plot[Evaluate [ω[t] /. Solution], {t, 0, 20π},
PlotRange → All, AxesLabel → {t, ω[t]}, 
PlotLabel →”θ’[0] = 0.0 θ[0] = 0.0 A = 1.075”]
Plot[Evaluate [θ[t] /. Solution], {t, 0, 20π},
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Figure 1. Comparison of θ(t) for the simple and nonlinear 
pendulums for a large amplitude swing.
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PlotRange → All, AxesLabel → {t, θ[t]}, 
PlotLabel → “θ’[0] = 0.0 θ[0] = 0.0 A = 1.075”]
ParametricPlot[Evaluate[{θ[t], ω[t]} /. 
Solution], {t, 0, 20π}, PlotRange → All,

AxesLabel → {θ[t], ω[t]}, PlotLabel → ”θ’[0] =
0.0    θ[0] = 0.0   A = 1.075    Γ = 0.5”]

This particular choice of parameters leads to a period-
doubled pendulum. The period-doubling route to chaos in
the pendulum is well known.6 We can omit the transient at
the beginning of the dynamics from the plot by only plot-
ting t values greater than 10π.

T he TCD computational physics degree has run for
five years now, so we’re starting to see patterns

emerge. High school science students are largely unaware
of computational science, so we’ve had to advertise the
course as widely as possible through open days, school ca-
reers guidance counselor newsletters, the College Science
Prospectus, and so on. We’re starting to find that several stu-
dents transfer into the course from science or engineering
courses once they have entered the College. 

As I’ve mentioned, covering all aspects of many topics
such as numerical analysis within a degree course such as this
is impossible, but the course does give students the time and
experience necessary to learn computational physics. More-
over, it will generate a pool of students with computational

skills for industry or academic research, and it offers students
an excellent opportunity to acquire an additional set of skills
during their undergraduate years. Employers frequently tell
us that they want employees with a wide range of skills—
physics plus communication skills, numeracy, literacy, and
so on—and good computing skills and a knowledge of math-
ematical modeling are obviously a bonus. 
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