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LIST OF BASIC COMPUTATIONAL PROCEDURES

O Gauss—Jordan reduction procedure

O Gaussian elimination procedure

O Procedure for computing the inverse of a matrix

O Procedure for obtaining the LU-factorization of a matrix

O Procedure for determining a clique in a digraph

O Procedure for determining if a digraph is strongly connected

[0 First procedure for computing the steady-state vector of a regular transition matrix

O Second procedure for computing the steady-state vector of a regular transition matrix
{3 Cramer’s rule

O Procedure for computing the standard matrix of a linear transformation L: R* — R™
[0 Procedure to check if given vectors span a vector space

O Procedure to determine if given vectors are linearly dependent or linearly independent

O Procedure for finding a subset of S that is a basis for span S, where S is a set of nonzero vectors
in a vector space

O Procedure for finding a subset of .S that is a basis for span .S, where S is a set of nonzero
vectors in R™

O Procedure for finding a basis for the solution space of a homogeneous system

O Procedure for finding a basis for span S, where S is a subset of R



Procedure for computing the rank of a matrix

Procedure for computing the transition matrix from one basis to another basis
Gram-Schmidt process

Procedure for finding the QR-factorization of an m x n matrix

Procedure for computing the least squares solution to Ax = b

Procedure for computing the least squares line for n given data points

Procedure for computing the least squares polynomial for 7 given data points
Procedure to check if a received word x; is a code word

Procedure for generating a Hamming (check) matrix

Procedure for diagonalizing a matrix

Procedure for diagonalizing a symmetric matrix by an orthogonal matrix

Procedure for obtaining the general solution to x’ = Ax, where A is diagonalizable
Procedure for identifying a nondegenerate conic section whose graph is not in standard form
Procedure for computing the matrix of a linear transformation L: R™ — R™
Random iteration approach

Procedure for solving a linear programming problem geometrically

The simplex method
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PREFACE

Material Covered

This book presents an introduction to linear algebra and to some of its signifi-
cant applications. It is designed for a course at the freshman or sophomore level.
There is more than enough material for a semester or quarter course. By omitting
certain sections, it is possible in a one-semester or quarter course to cover the es-
sentials of linear algebra (including eigenvalues and eigenvectors), to show how
the computer is used, and to explore some applications of linear algebra. It is no
exaggeration to say that with the many applications of linear algebra in other areas
of mathematics, physics, biology, chemistry, engineering, statistics, economics, fi-
nance, psychology, and sociology, linear algebra is the undergraduate course that
will have the most impact on students’ lives. The level and pace of the course can
be readily changed by varying the amount of time spent on the theoretical mate-
rial and on the applications. Calculus is not a prerequisite; examples and exercises
using very basic calculus are included and these are labeled “Calculus Required.”

The emphasis is on the computational and geometrical aspects of the subject,
keeping abstraction to a minimum. Thus we sometimes omit proofs of difficult or
less-rewarding theorems while amply illustrating them with examples. The proofs
that are included are presented at a level appropriate for the student. We have also
devoted our attention to the essential areas of linear algebra; the book does not
attempt to cover the subject exhaustively.

What Is New in the Eighth Edition

We have been very pleased by the widespread acceptance of the first seven edi-
tions of this book. The reform movement in linear algebra has resulted in a number
of techniques for improving the teaching of linear algebra. The Linear Algebra
Curriculum Study Group and others have made a number of important recom-
mendations for doing this. In preparing the present edition, we have considered
these recommendations as well as suggestions from faculty and students. Al-
though many changes have been made in this edition, our objective has remained
the same as in the earlier editions:

to develop a textbook that will help the instructor to teach and the
student to learn the basic ideas of linear algebra and to see some
of its applications.

To achieve this objective, the following features have been developed in this edj-
tion:
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m New sections have been added as follows:

e Section 1.5, Matrix Transformations, introduces at a very early stage some
geometric applications.

e Section 2.1, An Introduction to Coding, along with supporting material on
bit matrices throughout the first six chapters, provides an introduction to
the basic ideas of coding theory.

= More geometric material has been added.

m New exercises at all levels have been added. Some of these are more open-
ended, allowing for exploration and discovery, as well as writing.

m More illustrations have been added.

= MATLAB M-files have been upgraded to more modern versions.

s Key terms have been added at the end of each section, reflecting the increased
emphasis in mathematics on communication skills.

m True/false questions now ask the student to justify his or her answer, provid-
ing an additional opportunity for exploration and writing.

m Another 25 true/false questions have been added to the cumulative review at
the end of the first ten chapters.

m A glossary, new to this edition, has been added.

Exercises

The exercises in this book are grouped into three classes. The first class, Exercises,
contains routine exercises. The second class, Theoretical Exercises, includes ex-
ercises that fill in gaps in some of the proofs and amplify material in the text.
Some of these call for a verbal solution. In this technological age, it is especially
important to be able to write with care and precision; therefore, exercises of this
type should help to sharpen such skills. These exercises can also be used to raise
the level of the course and to challenge the more capable and interested student.
The third class consists of exercises developed by David R. Hill and are labeled
by the prefix ML (for MATLAB). These exercises are designed to be solved by an
appropriate computer software package.

Answers to all odd-numbered numerical and ML exercises appear in the back
of the book. At the end of Chapter 10, there is a cumulative review of the in-
troductory linear algebra material presented thus far, consisting of 100 true/false
questions (with answers in the back of the book). The Instructor’s Solutions
Manual, containing answers to all even-numbered exercises and solutions to all
theoretical exercises, is available (to instructors only) at no cost from the publisher.

Presentation

We have learned from experience that at the sophomore level, abstract ideas must
be introduced quite gradually and must be supported by firm foundations. Thus
we begin the study of linear algebra with the treatment of matrices as mere arrays
of numbers that arise naturally in the solution of systems of linear equations—
a problem already familiar to the student. Much attention has been devoted from
one edition to the next to refine and improve the pedagogical aspects of the expo-
sition. The abstract ideas are carefully balanced by the considerable emphasis on
the geometrical and computational foundations of the subject.
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Material Covered

Chapter 1 deals with matrices and their properties. Section 1.5, Matrix Trans-
formations, new to this edition, provides an early introduction to this important
topic. This chapter is comprised of two parts: The first part deals with matrices
and linear systems and the second part with solutions of linear systems. Chapter
2 (optional) discusses applications of linear equations and matrices to the areas
of coding theory, computer graphics, electrical circuits, Markov chains, linear
economic models. Section 2.1, An Introduction to Coding, new to this edition,
develops foundations for introducing some basic material in coding theory. To
keep this material at a very elementary level, it is necessary to use lengthier tech-
nical discussions. Chapter 3 presents the basic properties of determinants rather
quickly. Chapter 4 deals with vectors in R™. In this chapter we also give an intro-
duction to linear transformations. Chapter 5 (optional) provides an opportunity to
explore some of the many geometric ideas dealing with vectors in R? and R3; we
limit our attention to the areas of cross product in R and lines and planes.

In Chapter 6 we come to a more abstract notion, that of a vector space. The
abstraction in this chapter is more easily handled after the material covered on
vectors in R™. Chapter 7 (optional) presents two applications of real vector spaces:
OR-factorization, least squares. Chapter 8, on eigenvalues and eigenvectors, the
pinnacle of the course, is now presented in three sections to improve pedagogy.
The diagonalization of symmetric matrices is carefully developed.

Chapter 9 (optional) deals with two applications of eigenvalues and eigenvec-
tors. These include the Fibonacci sequence, quadratic forms. Chapter 10 covers
linear transformations and matrices. Chapter 11, provides a brief introduction to
MATLAB (which stands for MATRIX LABORATORY), a very useful software
package for linear algebra computation, described below.

Appendix A presents two more advanced topics in linear algebra: inner prod-
uct spaces and composite and invertible linear transformations.

Applications

Most of the applications are entirely independent; they can be covered either after
completing the entire introductory linear algebra material in the course or they can
be taken up as soon as the material required for a particular application has been
developed. Brief Previews of most applications are given at appropriate places
in the book to indicate how to provide an immediate application of the material
just studied. The chart at the end of this Preface, giving the prerequisites for
each of the applications, and the Brief Previews will be helpful in deciding which
applications to cover and when to cover them.

Some of the sections in Chapters 2, 5, 7 and 9 can also be used as independent
student projects. Classroom experience with the latter approach has met with
favorable student reaction. Thus the instructor can be quite selective both in the
choice of material and in the method of study of these applications.

End of Chapter Material

Every chapter contains a summary of Key Ideas for Review, a set of supplementary
exercises, and a chapter test (all answers appear in the back of the book).

MATLAB Software

Although the ML exercises can be solved using a number of software packages, in
our judgment MATLAB is the most suitable package for this purpose. MATLAB is
a versatile and powerful software package whose cornerstone is its linear algebra
capability. MATLAB incorporates professionally developed quality computer rou-
tines for linear algebra computation. The code employed by MATLAB is written in
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the C language and is upgraded as new versions of MATLAB are released. MAT-
LAB is available from The Math Works, Inc., 24 Prime Park Way, Natick, MA
01760, (508) 653-1415; e-mail: info@mathworks.com and is not distributed
with this book or the instructional routines developed for solving the ML exer-
cises. The Student Edition of MATLAB also includes a version of Maple, thereby
providing a symbolic computational capability.

Chapter 11 of this edition consists of a brief introduction to MATLAB’s ca-
pabilities for solving linear algebra problems. Although programs can be written
within MATLAB to implement many mathematical algorithms, it should be noted
that the reader of this book is not asked to write programs. The user is merely
asked to use MATLAB (or any other comparable software package) to solve spe-
cific numerical problems. Approximately 24 instructional M-files have been de-
veloped to be used with the ML exercises in this book and are available from
the following Prentice Hall Web site: www.prenhall.com/kolman. These
M-files are designed to transform many of MATLAB’s capabilities into course-
ware. This is done by providing pedagogy that allows the student to interact with
MATLAB, thereby letting the student think through all the steps in the solution of
a problem and relegating MATLAB to act as a powerful calculator to relieve the
drudgery of a tedious computation. Indeed, this is the ideal role for MATLAB (or
any other similar package) in a beginning linear algebra course, for in this course,
more than in many others, the tedium of lengthy computations makes it almost
impossible to solve a modest-size problem. Thus, by introducing pedagogy and
reining in the power of MATLAB, these M-files provide a working partnership
between the student and the computer. Moreover, the introduction to a powerful
tool such as MATLAB early in the student’s college career opens the way for other
software support in higher-level courses, especially in science and engineering.

Supplements

Student Solutions Manual (0-13-143741-0). Prepared by Dennis Kletzing, Stet-
son University, and Nina Edelman and Kathy O’Hara, Temple University, contains
solutions to all odd-numbered exercises, both numerical and theoretical. It can be
purchased from the publisher.

Instructor’s Solutions Manual (0-13-143742-9), Contains answers to all even-
numbered exercises and solutions to all theoretical exercises—is available (to in-
structors only) at no cost from the publisher.

Optional combination packages. Provide a computer workbook free of charge
when packaged with this book.

m Linear Algebra Labs with MATLAB, by David R. Hill and David E. Zitarelli,
3rd edition, ISBN 0-13-124092-7 (supplement and text).

m Visualizing Linear Algebra with Maple, by Sandra Z. Keith, ISBN 0-13-
124095-1 (supplement and text).

w ATLAST Computer Exercises for Linear Algebra, by Steven Leon, Eugene
Herman, and Richard Faulkenberry, 2nd edition, ISBN 0-13-124094-3 (sup-
plement and text).

m Understanding Linear Algebra with MATLAB, by Erwin and Margaret Klein-
feld, ISBN 0-13-124093-5 (supplement and text).
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Prerequisites for Applications

Prerequisites for Applications

Section 2.1 Material on bits in Chapter 1
Section 2.2 Section 1.5

Section 2.3 Section 1.6

Section 2.4 Section 1.6

Section 2.5 Section 1.7

Section 2.6 Section 1.7

Section 5.1 Chapter 3

Section 5.2 Section 5.1

Section 7.1 Section 6.8

Section 7.2 Sections 1.6, 1.7, 4.1, 6.9
Section 9.1 Section 8.2

Section 9.2 Section 8.3

To Users of Previous Editions:

During the 29-year life of the previous seven editions of this book, the book
was primarily used to teach a sophomore-level linear algebra course. This
course covered the essentials of linear algebra and used any available extra
time to study selected applications of the subject. In this new edition we have
not changed the structural foundation for teaching the essential linear algebra
material. Thus, this material can be taught in exactly the same manner as be-
Jfore. The placement of the applications in a more cohesive and pedagogically
unified manner together with the newly added applications and other material
should make it easier to teach a richer and more varied course.
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TO THE STUDENT

It is very likely that this course is unlike any other mathematics course that you
have studied thus far in at least two important ways. First, it may be your initial
introduction to abstraction. Second, it is a mathematics course that may well have
the greatest impact on your vocation.

Unlike other mathematics courses, this course will not give you a toolkit of
isolated computational techniques for solving certain types of problems. Instead,
we will develop a core of material called linear algebra by introducing certain
definitions and creating procedures for determining properties and proving theo-
rems. Proving a theorem is a skill that takes time to master, so at first we will
only expect you to read and understand the proof of a theorem. As you progress
in the course, you will be able to tackle some simple proofs. We introduce you to
abstraction slowly, keep it to a minimum, and amply illustrate each abstract idea
with concrete numerical examples and applications. Although you will be doing
a lot of computations, the goal in most problems is not merely to get the “right”
answer, but to understand and explain how to get the answer and then interpret the
result.

Linear algebra is used in the everyday world to solve problems in other areas
of mathematics, physics, biology, chemistry, engineering, statistics, economics,
finance, psychology, and sociology. Applications that use linear algebra include
the transmission of information, the development of special effects in film and
video, recording of sound, Web search engines on the Internet, and economic
analyses. Thus, you can see how profoundly linear algebra affects you. A selected
number of applications are included in this book, and if there is enough time, some
of these may be covered in this course. Additionally, many of the applications can
be used as self-study projects.

There are three different types of exercises in this book. First, there are com-
putational exercises. These exercises and the numbers in them have been carefully
chosen so that almost all of them can readily be done by hand. When you use lin-
ear algebra in real applications, you will find that the problems are much bigger
in size and the numbers that occur in them are not always “nice.” This is not a
problem because you will almost certainly use powerful software to solve them.
A taste of this type of software is provided by the third type of exercises. These
are exercises designed to be solved by using a computer and MATLAB, a pow-
erful matrix-based application that is widely used in industry. The second type
of exercises are theoretical. Some of these may ask you to prove a result or dis-
cuss an idea. In today’s world, it is not enough to be able to compute an answer;
you often have to prepare a report discussing your solution, justifying the steps in
your solution, and interpreting your results. These types of exercises will give you
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experience in writing mathematics. Mathematics uses words, not just symbols.

How to Succeed in Linear Algebra
e Read the book slowly with pencil and paper at hand. You might have to read

a particular section more than once. Take the time to verify the steps marked
“verify” in the text.

Make sure to do your homework on a timely basis. If you wait until the prob-
lems are explained in class, you will miss learning how to solve a problem by
yourself. Even if you can’t complete a problem, try it anyway, so that when
you see it done in class you will understand it more easily. You might find
it helpful to work with other students on the material covered in class and on
some homework problems.

Make sure that you ask for help as soon as something is not clear to you.
Each abstract idea in this course is based on previously developed ideas—
much like laying a foundation and then building a house. If any of the ideas
are fuzzy to you or missing, your knowledge of the course will not be sturdy
enough for you to grasp succeeding ideas.

Make use of the pedagogical tools provided in this book. At the end of each
section we have a list of key terms; at the end of each chapter we have a list of
key ideas for review, supplementary exercises, and a chapter test. At the end
of the first ten chapters (completing the core linear algebra material in the
course) we have a comprehensive review consisting of 100 true/false ques-
tions that ask you to justify your answer. Finally, there is a glossary for linear
algebra at the end of the book. Answers to the odd-numbered exercises ap-
pear at the end of the book. The Student Solutions Manual provides detailed
solutions to all odd-numbered exercises, both numerical and theoretical. It
can be purchased from the publisher (ISBN 0-13-143742-9).

We assure you that your efforts to learn linear algebra well will be amply rewarded
in other courses and in your professional career.

We wish you much success in your study of linear algebra.
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