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Abstract. Most efforts using computers in physics curricula focus on
introductory courses or individual upper-level courses. In contrast, for
a dozen years the Lawrence Department of Physics has been striving
to embed the use of general purpose graphical, symbolic, and numeric
computational tools throughout our curriculum. Developed with support
from the (US) National Science Foundation, the Keck Foundation, and
Lawrence University, our approach involves introducing freshman to tools
for data acquisition and analysis, offering sophomores a course that intro-
duces them to symbolic, numerical, and visualization tools, incorporating
computational approaches alongside traditional approaches to problems
in many intermediate and upper level courses, and making computational
resources available so that students come to see them as tools to be used
routinely on their own initiative whenever their use seems appropriate.
A text reflecting the developments at Lawrence is in preparation, will
undergo beta testing in 2001-02, and will be published in January, 2003.
Details about the Lawrence curricular approach and the emerging text
can be found from links at www.lawrence.edu/dept/physics.

For a dozen years or more (and with support from the National Science
Foundation[1], the W. M. Keck Foundation[2], and Lawrence University), we in
the Department of Physics at Lawrence University1 have been developing the
computational dimensions of our upper-level curriculum[3,4,5,6]. We have built a
computational laboratory that makes a wide spectrum of hardware and software
available to students, developed an approach that introduces students to these
resources and to prototypical applications, and drafted several hundred pages of
instructional materials that, with support from a recent (US) National Science
Foundation (NSF) grant[7], are currently being prepared for publication. This
paper

1. lays out the underlying convictions that have guided the development of our
approach to incorporating computation in an undergraduate curriculum,

1 Lawrence University is a liberal arts college and conservatory of music with about
1250 students. The Department of Physics has five full time members and graduates
an average of a dozen majors each year.
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2. describes the Lawrence curricular components,
3. discusses particularly the sophomore course that is the starting point for

those students who pursue computation most aggressively, and
4. describes the instructional materials currently being prepared for publica-

tion.

1 Underlying Convictions

The primary tasks of those parts of an undergraduate physics program that
focus on physics majors are to awaken in our students a full realization of the
beauty, breadth, and power of the discipline and to help them develop both a
secure understanding of fundamental concepts and the skills to use a variety of
tools in applying those concepts. Among the tools, we at Lawrence would firmly
include computational resources of several sorts. We believe

1. that our curricula must familiarize students
a) with the functions and capabilities of at least one operating system.
b) with the use of at least one good text editor (not word processor).
c) with several types of computational tool, including

i. a spreadsheet like Excel[8].
ii. resources like IDL[9] and MATLAB[10] for numerical processing of

numbers and arrays.
iii. C and FORTRAN programming sufficient to permit comfortable use

of subroutine packages like Numerical Recipes[11] and LSODE[12].
iv. resources like MAPLE[13] and MATHEMATICA[14] for symbolic

manipulation of expressions.
v. resources like Kaleidagraph[15], IDL, MATLAB, and IRIS/NAG

Explorer[16] for graphical visualization of complex data.
vi. resources like LATEX[17] and tgif[18] for preparing technical reports

and manuscripts.
d) with several types of symbolic and numerical analyses, including solv-

ing algebraic equations, solving ordinary and partial differential equa-
tions, evaluating integrals, finding roots, performing data analyses, fit-
ting curves to experimental data, and manipulating images.

e) with the assessment of accuracy in finite-precision arithmetic.
2. that students must be introduced early to these tools. An upper-level course

in computational physics is a valuable curricular inclusion, but students need
to become acquainted with computational resources long before they have
either the mathematical or the physical background to profit from a rigorous
computational physics course.

3. that use of computational resources must permeate the curriculum.
4. that the initial encounter with computational tools cannot be effectively

accomplished as an appendix to tasks given higher priority. Certainly, nu-
merous examples drawn from physical contexts must be used to motivate
study of techniques and tools, but the focus must be on the features and
capabilities of the tools.
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Table 1. The typical program of a Lawrence physics major. Courses shown in bold
type have explicit computer content.

Term I Term II Term III

Year 1 : Social Science Elective Intro Classical Physics Intro Modern Physics
Calculus I Calculus II Calculus III
Freshman Studies Freshman Studies Free Elective

Year 2 : Electronics Mechanics E and M
Linear Algebra/ODE Humanities Elective Humanities Elective
Free Elective Free Elective Free Elective

Year 3 : Quantum Mechanics Advanced Laboratory Physics Elective
Language Language Language
Social Science Elective Free Elective Free Elective

Year 4 : Free Elective∗ Physics Elective Physics Elective
Diversity Elective Free Elective Diversity Elective
Free Elective Free Elective Free Elective
∗ Often independent research in physics.

In the broadest of terms, we should be structuring our curricula so that, ulti-
mately, students will recognize when a computational approach may have merit
and will be prepared to pursue that approach confidently, fluently, effectively,
knowledgeably, and independently whenever they deem it appropriate.

The Lawrence approach to nurturing the abilities of students to use compu-
tational resources is active; it compels students to play a personal role in their
own learning; it forces students to defend their work in writing; it gives students
practice in preparing and delivering oral presentations; it encourages students
to work in groups; it permeates our curriculum; and, more than any other ob-
jective, it develops the students’ abilities to operate in this arena on their own
initiative.

2 The Curricular Context

An efficient way to describe the Lawrence approach is to track the computa-
tional experience of an entering freshman physics major as she moves towards
graduation four years later. Each year, full-time students at Lawrence take three
courses in each of three ten-week terms. Class periods are 70 minutes long, and
a one-term course translates officially into 3-1/3 semester hours. While there are
many variations, the typical program of a student pursuing a physics major is
shown in Table 1. This table also shows the area—though not necessarily the
actual term—of courses needed to satisfy general education requirements. The
minimum physics major is satisfied by ten courses in physics, seven of which are
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Table 2. Available Electives. Again, courses shown in bold type have explicit computer
content.

• Thermal Physics • Advanced E and M
• Optics • Math Methods
• Solid State Physics • Advanced Mechanics
• Advanced Modern Physics • Plasma Physics
• Laser Physics • Tutorial in Physics

• Computational Tools in Physics
• Independent Study in Physics

explicitly stipulated, and four courses in mathematics. Courses shown in bold
type direct students explicitly to the computer and, in most cases, include some
instruction in one or more of our computational resources.

Available physics electives are shown in Table 2. Again, entries in bold type
make explicit use of computational resources. In the other courses, students use
those resources regularly on their own initiative. Majors are required to take
three courses from the top group of nine and may take as many as five more
from the entire spectrum before exceeding an institutionally imposed limit of 15
courses in any single department. Tutorials and independent studies, the latter
being elected by nearly all senior majors and sometimes extending over more
than one term and leading to honors in independent study at graduation, offer a
vehicle for students to study topics not included in our regular course offerings.

3 The Computational Components

Prospective physics majors at Lawrence first encounter computational ap-
proaches in the introductory courses, whose laboratory is equipped with Mac-
intosh computers, Vernier ULI cards[19], and a variety of sensors. Beyond Log-
gerPro, students have access both in the laboratory and elsewhere on campus to
Excel and Kaleidagraph. Exercises assigned in the laboratory routinely involve
automated data acquisition, statistical analysis, and curve fitting; exercises as-
signed in lectures occasionally send students to the laboratory computers for
graphing results or pursuing numerical solutions to Newton’s laws with editable
Excel templates. By the end of the freshman year, prospective majors have al-
ready developed some skills in the use of computational tools, particularly skills
of value in the laboratory.

Beyond the freshman year, students—of course—continue to use Excel and
Kaleidagraph, but they also have access to our Computational Physics Labora-
tory (the CPL), which is equipped with six Silicon Graphics UNIX workstations,
monochrome and color printers, and software in all the categories enumerated
above. Each student has an account in this departmental facility, and each is
entitled to a key both to the CPL and to the building, so each has 24/7 access
to the CPL.
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To help sophomores become confident, regular users of the CPL, we offer a
course called Computational Tools in Physics, to be described in the next section.
Even those sophomores who don’t elect this course, however, encounter two
short computational workshops—one on IDL and the other on MAPLE—in our
required sophomore mechanics course. Thus, all sophomores have at least a small,
forced exposure to the CPL, and some—but unfortunately not all—sophomores
have a fully comprehensive introduction to the available capabilities. Subsequent
theoretical and experimental courses alike offer students many opportunities to
continue honing their computational skills and, depending on the instructor,
some of these courses will direct students explicitly to the CPL for an occasional
exercise. Most senior capstone projects will use the resources of the CPL, at
least for visualization of data and/or preparation of reports. Some projects,
notably those in fluid mechanics, musical acoustics, xray diffraction, mapping of
astrophysical data, and multiphoton quantum transitions, have made extensive
use of these facilities. Some physics students use the CPL in conjunction with
courses in other departments, particularly mathematics.

4 The Sophomore Course

An elective course called Computational Tools in Physics is the starting point in
our nurturing of our students’ abilities to take full advantage of the resources of
the CPL. Currently, this full-credit course is offered in three 1/3-credit segments,
one in each of the three terms of our academic year. Its topics are coordinated
with the required courses taken by sophomore majors. The first term focuses on
acquainting students with the rudimentary capabilities of our CPL. It starts with
a tutorial orientation to UNIX (1 week) and then addresses array processing and
graphical visualization using IDL (2 weeks), publishing scientific manuscripts us-
ing LATEX and tgif (1 week), graphical visualization using IRIS/NAG Explorer
(2 weeks), symbolic manipulations using MAPLE (2 weeks), and circuit simu-
lation using SPICE[20] (2 weeks). In each class, students are introduced to a
particular computational tool. Then, each student works several exercises, ulti-
mately turning in written solutions prepared with LATEX. The half-dozen class
sessions in the term provide only orientation and motivation; students are ex-
pected to exhibit a fair bit of personal independence and aggressiveness as they
progress from the starting point provided by the classes to the knowledge and
skill needed to finish the assignments.

The second term is coordinated with an intermediate course in classical me-
chanics, for which Barger and Olsson[21] is the current text, and focuses on
symbolic and numerical approaches to ordinary differential equations (ODEs).
In the first half of the term, the course covers symbolic solution of ODEs and
Laplace Transforms with MAPLE (2 weeks), numerical solution of ODEs with
IDL (2 weeks), and numerical solution of ODEs with FORTRAN programs and
LSODE (1 week). Each student completes this term by carrying out an extended
project that culminates in a written paper and a 20-minute oral presentation to



Computation in Undergraduate Physics: The Lawrence Approach 1079

the class. Topics like the three-body problem, coupled oscillators, the compound
pendulum, anharmonic oscillators, and chaos have been addressed.

The third term is coordinated with an intermediate course in electricity and
magnetism, for which Griffiths[22] is the current text, and focuses on symbolic
and numerical integration. In the first six weeks of the term, the course covers
symbolic and numerical integration with MAPLE and IDL (2 weeks), numerical
integration using FORTRAN programs and Numerical Recipes (2 weeks), and
root finding using MAPLE, IDL, and Numerical Recipes (2 weeks). This term
also concludes with an extended project, written paper, and 20-minute oral pre-
sentation. Topics like electric fields and potentials, magnetic fields, Fourier anal-
ysis, non-linear least squares fitting, and global positioning systems have been
addressed.

5 The Emerging Text

The NSF grant[7] already mentioned provides support for converting the expe-
rience acquired and the library of instructional materials developed at Lawrence
into a flexible publication[23] as a resource for other institutions. That we don’t
all use the same spectrum of hardware and software, however, poses a major
challenge. The variety of options and combinations is so great that any single
choice (or coordinated set of choices) is bound to limit the usefulness of the end
result to a small subset of all potentially interested users. The strategy adopted
to address that challenge involves assembling different incarnations of the ba-
sic materials from a wide assortment of components, some of which—the generic
components—will be included in all incarnations and others of which—those spe-
cific to particular software packages—will be included only if the potential user
requests them. Thus, the specific software and hardware treated in any particu-
lar incarnation will be microscopically “tailor-able” to the spectrum of resources
available at the instructor’s site. One incarnation, for example, could include
the generic components and only the components that discuss IDL, MAPLE, C,
and LATEX while another might include the generic components and the com-
ponents that focus on MATLAB, MATHEMATICA, and FORTRAN (including
Numerical Recipes).

While the materials are still very much being refined, the present tentative
table of contents includes the chapters and appendices listed in Table 3. In this
structure,

1. Chapter 1 stands alone; chapters 2–5 introduce the general features of an
array processor, a computer algebra system, a programming language, and
the numerical recipes library; Chapters 6–12 address several important cat-
egories of computational processing; and the appendices introduce the use
of an operating system, a publishing system, and a program for producing
drawings.

2. In addition to the options explicitly indicated, later chapters also contain
internal options that are not shown.
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Table 3. Tentative table of contents for the book tentatively titled Computation and
Problem Solving in Undergraduate Physics.

1. Overview
2. Introduction to IDL and/or MATLAB and/or . . .
3. Introduction to MACSYMA and/or MAPLE and/or Mathematica and/or . . .
4. Introduction to Programming in FORTRAN and/or C and/or . . .
5. Introduction to Numerical Recipes
6. Solving Ordinary Differential Equations
7. Introduction to LSODE
8. Evaluating Integrals
9. Finding Roots

10. Solving Partial Differential Equations
11. Data Analysis/Curve Fitting
12. Fourier Analysis and Image Processing
A. Introduction to UNIX and/or Windows and/or . . .
B. Introduction to LATEX and/or Word and/or . . .
C. Introduction to TGIF and/or . . .

3. The order of presentation in the book does not compel any particular order
of treatment in a course or program of self-study. While some later sections
depend on some earlier sections, the linkages are not particularly tight.

While the objective is for students to become fluent in the use of a spectrum of
computational tools—and the chapters are organized by program or by compu-
tational technique, the motivation throughout lies in and all examples are drawn
from physical contexts.

Chapter 2, the tentative table of contents for the MATLAB version of which
is shown in Table 4, represents chapters that introduce basic features of an
application program, specifically a program for processing arrays of numbers
and creating graphical visualizations of one-, two-, and three-dimensional data
sets. The bulk of the chapters in this category are structured as tutorials and
lean in some measure on vendor-supplied documentation and on-line help to
encourage and guide self-study.

Shown in Table 5, the structure of Chapter 8 on evaluating integrals exempli-
fies that of all of the chapters on various computational techniques. Presumably,
before approaching any particular section in this chapter, the student would have
studied the relevant sections in earlier chapters. The first section, whose detail
is laid out in the next paragraph, sets several physical problems, the successful
addressing of which benefits from exploitation of a computational tool. The sec-
ond section describes how one might use a symbolic tool in application to some
of the problems set in the first section. Save for the last, the remaining sections
describe suitable numerical algorithms generically and then illustrate how those
algorithms can be invoked in a variety of ways. The final section lays out sev-
eral exercises that students can use to hone their skills. Sections 8.1, 8.3, and
8.7 would be included in all versions of the chapter; each individual instructor
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Table 4. Sections in the chapter on MATLAB. The IDL chapter is similar.

2.1 Beginning a Session with MATLAB
2.2 Basic Entities in MATLAB
2.3 A Sampling of MATLAB Capabilities
2.4 Properties, Objects, and Handles
2.5 Saving/Retrieving a MATLAB Session
2.6 Loops/Logical Expressions/Conditionals
2.7 Reading Data from a File
2.8 On-line Help
2.9 Command Files

2.10 Eigenvalues and Eigenvectors
2.11 Graphing Functions of One Variable
2.12 Making Hard Copy
2.13 Graphing Functions of Two Variables
2.14 Graphing Functions of Three Variables
2.15 Graphing Vector Fields
2.16 Animation
2.17 Advanced Graphing Features
2.18 Miscellaneous Occasionally Useful Tidbits
2.19 References
2.20 Exercises

would select from the indicated options only those that are appropriate to that
instructor’s site.

Yet one level further down in the envisioned structure, Table 6 shows the
present list of sample problems for Chapter 8. They range over several subareas
of physics and reveal that evaluation of integrals, perhaps as functions of one or
more parameters, plays an important role in many areas of physics.

Even among sites that use the same spectrum of hardware and software,
however, some aspects of local environments are still unique to individual sites.
Rules of citizenship, practices and policies regarding accounts and passwords,
the features and elementary resources of the operating system, the structuring
of public directories, backup schedules, after-hours access, licensing restrictions
in force on proprietary software, and numerous other aspects are subject to con-
siderable local variation. The emerging book will make no attempt to constrain
local options in these matters. Throughout the book, individual users are di-
rected to a publication called the Local Guide for site-specific particulars. A
suggested template for that guide will be provided, but it will require editing to
reflect local practices.

The desired flexibility to tailor the book to a variety of circumstances would
be unattainable without LATEX. Of particular significance, LATEX is able to de-
cide in response to conditional statements controlled by Boolean flags which
files should be included and which omitted in any particular processing run.
The procedure has already passed its proof-of-concept trial, and the publisher
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Table 5. Sections in the chapter on integration.

8.1 Sample Problems
8.2 Evaluating Integrals Symbolically with

MACSYMA and/or MAPLE and/or Mathematica and/or . . .
8.3 Algorithms for Numerical Integration
8.4 Evaluating Integrals Numerically with

IDL and/or MATLAB and/or . . .
8.5 Evaluating Integrals Numerically with

MACSYMA and/or MAPLE and/or Mathematica and/or . . .
8.6 Evaluating Integrals Numerically with

FORTRAN and/or C and/or Numerical Recipes
8.7 Exercises

Table 6. Sample problems in Section 8.1.

8.1.1. One-Dimensional Trajectories
8.1.2. Center of Mass
8.1.3. Moment of Inertia
8.1.4. Large-Amplitude Pendulum (Elliptic Integrals)
8.1.5. The Error Function
8.1.6. The Cornu Spiral
8.1.7. Electric/Magnetic Fields and Potentials
8.1.8. Quantum Probabilities

Brooks-Cole is committed to refining this essential procedure so as to be able to
make a commercially feasible product. Further, once the structure has been fully
worked out, contributiions from other authors may be added, so—over time—the
product could expand to accommodate a wider and wider spectrum of hardware
and software and include topics not originally incorporated. We sincerely hope
that this book, emerging as it has from a dozen years of experience and develop-
ment at Lawrence, will support efforts at other institutions to embed meaningful
computational components in their undergraduate curricula.
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