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ABSTRACT

In the 1980s and early 1990s, computers and computer
algebra (CA) systems were used to transform how undergrad-
uate calculus was taught and learned. Experiments in us-
ing these systems in electrical engineering followed rapidly.
However, present day reality in electrical engineering edu-
cation and signal processing education in particular, suggests
that use of CA systems may be very limited despite significant
gains in functionality and performance over the past decade.
This paper describes how Mathematica” is used in teach-
ing an undergraduate linear signals and systems course at the
University of Southern Maine. In the process I will high-
light some of the present-day capabilities of a modern CA
system and demonstrate its useful pedagogic role in teaching
and learning electrical engineering.

Index Terms - Computer algebra, Mathematica, signal pro-
cessing education.

1. INTRODUCTION

Computer algebra (CA) systems began to appear in the early
1970s, and evolved out of research into artificial intelligence.
The first popular systems were Reduce, Derive, and Mac-
syma. Today, two computer algebra systems that are com-
monly used by research mathematicians, scientists, and engi-
neers are Mathematica and Maple. In the 1980s and early
1990s, as part of a nation-wide calculus reform initiative sev-
eral major projects were funded with the goal of transforming
how undergraduate calculus was taught by integrating com-
puters and CA systems into the teaching process [1, 2]. Some
of the stated benefits included ability to consider more com-
plicated problems because students no longer had to do all the
mathematical manipulations by hand and the use of visualiza-
tion to improve understanding of calculus concepts. Clearly,
these benefits were equally important in engineering educa-
tion and so the use of CA systems in electrical engineering
followed rapidly [3, 4, 5]. However, present day reality in
electrical engineering education suggests that although com-

puters and software may indeed be used widely, the use of
CA systems may be very limited. For example, none of the
leading textbooks on analog circuits, signals and signals, and
digital signal processing make any use of the computer alge-
bra systems available today. From a strictly pedagogic per-
spective this is a surprising phenomenon considering the ex-
tensive amount of algebraic calculations needed in exploring
any of the fundamental concepts presented in these textbooks.
It is also interesting to note that this phenomenon cannot be
explained by any actual limitations of the available software
systems.

The typical courses on circuits, signals and systems, and
digital signal processing require of the students significant al-
gebraic skills in manipulating a variety of mathematical ex-
pressions. In fact, recently published data gathered in the Sig-
nals and Systems Concepts Inventory project [6] confirms that
a student’s mathematical skills are a dominant factor in pre-
dicting the student’s success in learning key concepts of sig-
nals and systems. Conversely, the inability to perform these
manipulations may be a significant barrier. As a result, sig-
nal and systems textbooks devote whole sections and appen-
dices to such topics as finding solutions to systems of ordi-
nary constant-coefficient difference or differential equations,
partial fraction expansion, the evaluation of many types of in-
tegrals and sums, and complex numbers and functions. These
are precisely the type of computations that can be accom-
plished quite easily with Mathematica using familiar mathe-
matical notation. As an example consider the evaluation of a
convolution integral, specifically, the response of a first-order
RC circuit to a pulse input (Example 2.7 in [7]). This defines
the input and impulse response signals.

h[t):=Piecewise [{{e~%,t > 0}}];
x[t]:=Piecewise[{{1,0 < t < 2}}];

This defines the calculation and returns the result. Signif-
icantly, note that integration over piecewise functions is now
fully supported.

y[t]:= ffooo h[7)z[t — T]dT; y[t]
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2. COURSE OUTLINE

The Department of Engineering (Electrical) at the Univer-
sity of Southern Maine has a fairly traditional curriculum in
which a circuits course is followed by linear signals and sys-
tems and courses on electronics, electromagnetism, materials,
and more. The linear signals and systems class therefore cov-
ers both discrete-time and continuous-time topics in roughly
equal proportions. The current textbook for the course is
"Signals and Systems" by Haykin and Van Veen [7]. Here is
a list of the main topics of the course (the numbers in brackets
indicate number of contact hours in lectures and laboratories
combined):

1. Basic signals and introduction to LTI system properties
(7.5)

2. Time-domain representations of LTI systems (15)

3. Fourier analysis of LTI systems (20)

4. Applications: sampling (5), filters and filter design (10),
and communications (5)

5. Laplace and z-transforms (7.5)

The course departs from the norm in its implementation.
Until fairly recently, the problem of translating standard math-
ematical notation into traditional high-level programming lan-
guages made it difficult to use programming, visualization
and computers in the undergraduate classroom. This how-
ever is no longer the case, on the contrary, the rapid advances
in the power of computer software and hardware have made
it possible to use computation and scientific visualization as a
learning tool without many of the difficulties associated with
earlier programming environments. To benefit from these
advances Mathematica was chosen as the department’s pri-
mary software resource and is currently used in the signals
and systems course and a few others. It was selected for its
unique mix of excellent algebraic and numeric functionality
combined with a highly interactive environment for compu-
tation and presentation. It is the latter feature, the notebook
interface, that enables successful classroom use of the soft-
ware. It allows the instructor to seamlessly mix presentation
with computation in a computer-equipped classroom. This
has resulted in a more participative and interesting learning
environment that naturally reduces listener passivity so typi-
cal in a traditional lecture. Mathematica is ideally suited for
interactive classroom use since its powerful typesetting fea-
tures break the syntax barrier present in most other computa-
tional environments. Any mathematical formula may be writ-
ten in its native, familiar form. Additionally, if desired math-
ematical operators commonly encountered in a given disci-
pline may be associated with their standard operator symbols.
The development of course materials that make use of the

powerful computation and visualization features of Mathe-
matica has further enriched the course. The Mathematica
notebooks used to support the course are available online at
http://www.usm.maine.edu/~mjankowski/docs/ele314/labs/.

3. ELECTRONIC COURSEWARE

A Mathematica notebook is simultaneously a platform for
computation and a technical document. These two forms com-
plement themselves in a classroom setting allowing the in-
structor to freely mix two types of classroom activities. Note-
books, like standard textbooks, may include explanatory text,
typeset mathematical equations and graphics, but unlike text-
books may also include evaluatable mathematical expressions
and programs. In the signals and systems course, each note-
book is written so as to maximize the opportunities for live
computation during a class session. The computational capa-
bilities in Mathematica are used in a variety of ways. At its
most basic level Mathematica may be used as a simple, but
powerful calculator which students can use to solve many of
the problems found in standard undergraduate textbooks. The
student benefits by spending more time formulating and un-
derstanding the problem than on algebraic manipulation. Ex-
amples of algebraic evaluation common to many introductory
undergraduate courses include:

- solutions to constant coefficient difference and differential
equations,

- solutions of systems of (non)linear equations,

- evaluation of convolution sums and integrals,

- evaluation of Fourier, Laplace and z-transform integrals and
sums,

- partial fraction expansion of rational polynomials.

Here are a few examples of typical calculations. First,
the discrete-time Fourier transform (DTFT) of a causal, real
exponential sequence.
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Here is the inverse DTFT of an ideal, full-band differen-
tiator.

7 iwe ™ dw
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2nmCos[nm]—2Sin[nm]
n2

This simplifies the expression using a symbolic rule and a
replace operation. (Symbol % indicates the most recent out-

put.)
%/.Sin[nw] — 0

27 Cos[n]
n



This returns the unit impulse response of a second-order
discrete-time system (Example 8.15 in [8]).

RSolve[{y[n] — 2y[n — 1] + 2y[n — 2] ==
KroneckerDelta[n],y[—1] == 0, y[—2] == 0}, y[n], n]//First
{y[n] - —67" (21" — 31™) UnitStep[1 + n]}

This evaluates the response for a range of values of n=-2,-
L,...,10.

Table[Evaluate[{n, y[n]/.%}], {n, —2,10}]

{{731’10}’{71’((3)6}" {Oal}a g(}ég } {2a 36} {&m
{4’ 1219961 {5’ 77706 {6’ 46656} {7’ %53936}
{8’ 1679616} {9’ 10077696} {10’ 60466176}}

Mathematica has excellent graphical capabilities which
help the student visualize and the instructor demonstrate many
important phenomena, thus assisting in the learning process.
As an example, consider the ease with which we can obtain
the plot of the transfer function and frequency response of a
Sth-order Butterworth filter system. This defines the transfer
function.

H[s]:=
1/(1.0 + 3.23607s + 5.23607s% + 5.23607s% + 3.23607s*
+5°);

tem transfer function.

Plot3D[Abs[H [0 + iw]], {0, —3,1}, {w, —2,2},
PlotRange — {0, 15}, PlotPoints — 50, Mesh — False];

Here is the magnitude of the frequency response |H(j w)|.
Note that the frequency response is obtained by evaluating the
system transfer function H(s) on the imaginary axis.

Plot[Abs[H [iw]], {w, —m, }];
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Finally, here is the so-called Bode plot of the magnitude
spectrum.

LogLinearPlot[20Log[10, Abs[H [iw]]], {w, 0.01,100},
PlotStyle — Thickness[0.02], GridLines — Automatic];
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4. ASSIGNMENTS AND PROGRAMMING
PROJECTS

To deepen understanding and further promote active learn-
ing, "take-home" assignments and computer projects com-
plement such simple exercises. It has been our experience
that projects are an important learning instrument. Given a
capable computational tool that makes mathematics more ac-
cessible and programming easier, projects help to motivate the
student, they reward initiative and creativity, and prepare for
independent learning. In addition to all the features described
thus far, Mathematica has a very versatile and powerful pro-
gramming language and code development environment. It
provides many different programming paradigms from which
to choose. Below are four code segments illustrating alterna-
tive implementations of a convolution sum.

1. For-loop method - typical procedural code for a Math-
ematica novice.

nx = Length[sig]; nh = Length([ker];

y = Table[0, {n,nx — nh + 1}];

For[n = 1,n < nx — nh + 1, n++,

For[i = 1,i < nh, i++,

y[[n]]+=sig[[n + 7 — 1]] ker[[nh — i + 1]]]]

2. Sum method.

nx = Length[sig]' nh = Length[ker];
Table[Y"™, sig[[n + i — 1]] ker[[nh — i + 1],



{n,nx —nh + 1}
3. Dot product method.

nx = Length[sig]; nh = Length[ker];
Table[Take[sig, {n, n + nh — 1}].Reverse[ker],
{n,nx —nh + 1}]

4. Map method - typical functional coding style.

nh = Length[ker];
Reverse[ker].#&/@Partition|sig, nh, 1]

The convolution project is typically the first programming
assignment during the course. In recent semesters other pro-
gramming projects included:

- blurring and edge detection of grayscale images,

- lowpass FIR filter design and testing, filtering of audio data,
- FIR differentiator design and filtering of noise-free and noisy
data,

- implementation of a spectrogram plot.

The spectrogram is simply a plot of the magnitude of the
DFT of fixed-length segments (possibly overlapping) of some
signal. The implementation of this calculation is particularly
simple: function Partition breaks a list (i.e., vector) into seg-
ments of length given by the second argument with an off-
set specified by the third argument. Function Fourier is then
applied to each segment resulting in a matrix of coefficients.
The spectrogram is a plot of the magnitude of this matrix. The
following code shows a somewhat simplified version of the
spectrogram algorithm. This highlights the remarkable fact
that the whole program can be written with a short, single line
of nested function calls. The output shows the spectrogram of
the word “Fourier”.

ListDensityPlot[
Transpose[Abs[Drop|[Fourier[#], —100]]&/@
Partition|[sig, 200, 50]], Mesh — False,
AspectRatio — Automatic];
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5. CONCLUSION

The use of Mathematica, a leading CA system, in an under-
graduate signals and systems course was presented. The arti-
cle highlights the potential benefits of using Mathematica in
an engineering classroom. The Mathematica notebook per-
mits live use in the classroom. Excellent mathematical type-
setting features eliminate the typical syntax barrier encoun-
tered when using a new system. The programming language
allows for rapid prototyping of algorithms. Finally, most, if
not all, algebraic or numeric calculations needed in an under-
graduate engineering program can be obtained with usually
no more than a single line of Mathematica code.
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