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Preface

I am pleased to see the text reach its ninth edition. The continued support and enthusi-
asm of the many users has been most gratifying. Linear algebra is more exciting now
than at almost any time in the past. Its applications continue to spread to more and more
fields. Largely due to the computer revolution of the last 75 years, linear algebra has
risen to a role of prominence in the mathematical curriculum rivaling that of calculus.
Modern software has also made it possible to dramatically improve the way the course
is taught.

The first edition of this book was published in 1980. Many significant changes
were made for the second edition (1986), most notably the exercise sets were greatly
expanded and the linear transformations chapter of the book was completely revised.
Each of the following editions has seen significant modifications including the addition
of comprehensive sets of MATLAB computer exercises, a dramatic increase in the
number of applications, and many revisions in the various sections of the book. I have
been fortunate to have had outstanding reviewers and their suggestions have led to
many important improvements in the book. For the ninth edition we have given special
attention to Chapter 7 as it is the only chapter that has not seen major revisions in any
of the previous editions. The following is an outline of the most significant revisions
that were made for the ninth edition.

. What'’s New in the Ninth Edition?

1. New Subsection Added to Chapter 3

Section 2 of Chapter 3 deals with the topic of subspaces. One important example
of a subspace occurs when we find all solutions to a homogeneous system of linear
equations. This type of subspace is referred to as a null space. A new subsection has
been added to show how the null space is also useful in finding the solution set to a
nonhomogeneous linear system. The subsection contains a new theorem and a new
figure that provides a geometric illustration of the theorem. Three related problems
have been added to the exercises at the end of Section 2.

2. New Applications Added to Chapters 1, 5, 6, and 7

In Chapter 1, we introduce an important application to the field of Management
Science. Management decisions often involve making choices between a number of
alternatives. We assume that the choices are to be made with a fixed goal in mind
and should be based on a set of evaluation criteria. These decisions often involve
a number of human judgments that may not always be completely consistent. The
analytic hierarchy process is a technique for rating the various alternatives based
on a chart consisting of weighted criteria and ratings that measure how well each
alternative satisfies each of the criteria.

ix
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In Chapter 1, we see how to set up such a chart or decision tree for the process.
After weights and ratings have been assigned to each entry in the chart, an overall
ranking of the alternatives is calculated using simple matrix-vector operations. In
Chapters 5 and 6, we revisit the application and discuss how to use advanced matrix
techniques to determine appropriate weights and ratings for the decision process.
Finally in Chapter 7, we present a numerical algorithm for computing the weight
vectors used in the decision process.

Section 1 of Chapter 7 Revised and Two Subsections Added

Section 7.1 has been revised and modernized. A new subsection on IEEE floating-
point representation of numbers and a second subsection on accuracy and stability
of numerical algorithms have been added. New examples and additional exercises
on these topics are also included.

4. Section 5 of Chapter 7 Revised
The discussion of Householder transformations has been revised and expanded. A
new subsection has been added, which discusses the practicalities of using QR fac-
torizations for solving linear systems. New exercises have also been added to this
section.

5. Section 7 of Chapter 7 Revised
Section 7.7 deals with numerical methods for solving least squares problems. The
section has been revised and a new subsection on using the modified Gram—Schmidt
process to solve least squares problems has been added. The subsection contains one
new algorithm.

»

. Overview of Text

This book is suitable for either a sophomore-level course or for a junior/senior level
course. The student should have some familiarity with the basics of differential and
integral calculus. This prerequisite can be met by either one semester or two quarters
of elementary calculus.

If the text is used for a sophomore-level course, the instructor should probably
spend more time on the early chapters and omit many of the sections in the later
chapters. For more advanced courses, a quick review of the topics in the first two
chapters and then a more complete coverage of the later chapters would be appropri-
ate. The explanations in the text are given in sufficient detail so that beginning students
should have little trouble reading and understanding the material. To further aid the
student, a large number of examples have been worked out completely. Additionally,
computer exercises at the end of each chapter give students the opportunity to perform
numerical experiments and try to generalize the results. Applications are presented
throughout the book. These applications can be used to motivate new material or to
illustrate the relevance of material that has already been covered.

The text contains all the topics recommended by the National Science Foundation
(NSF) sponsored Linear Algebra Curriculum Study Group (LACSG) and much more.
Although there is more material than can be covered in a one-quarter or one-semester
course, it is my feeling that it is easier for an instructor to leave out or skip material
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than it is to supplement a book with outside material. Even if many topics are omitted,
the book should still provide students with a feeling for the overall scope of the subject
matter. Furthermore, students may use the book later as a reference and consequently
may end up learning omitted topics on their own.

In the next section of this preface, a number of outlines are provided for one-
semester courses at either the sophomore level or the junior/senior level and with either
a matrix-oriented emphasis or a slightly more theoretical emphasis.

Ideally, the entire book could be covered in a two-quarter or two-semester se-
quence. Although two semesters of linear algebra has been recommended by the
LACSG, it is still not practical at many universities and colleges. At present there
is no universal agreement on a core syllabus for a second course. Indeed, if all of the
topics that instructors would like to see in a second course were included in a single
volume, it would be a weighty book. An effort has been made in this text to cover all
of the basic linear algebra topics that are necessary for modern applications. Further-
more, two additional chapters for a second course are available for downloading from
the special Pearson Web site developed for this book:

http://pearsonhighered.com/leon

. Suggested Course Outlines

I. Two-Semester Sequence: In a two-semester sequence, it is possible to cover all
40 sections of the book. When the author teaches the course, he also includes
an extra lecture demonstrating how to use the MATLAB software.

II. One-Semester Sophomore-Level Course
A. A Basic Sophomore-Level Course

Chapter 1 Sections 1-6 7 lectures
Chapter 2 Sections 1-2 2 lectures
Chapter 3 Sections 1-6 9 lectures
Chapter 4 Sections 1-3 4 lectures
Chapter 5 Sections 1-6 9 lectures
Chapter 6 Sections 1-3 4 lectures

Total 35 lectures

B. The LACSG Matrix Oriented Course: The core course recommended by
the Linear Algebra Curriculum Study Group involves only the Euclidean
vector spaces. Consequently, for this course you should omit Section 1 of
Chapter 3 (on general vector spaces) and all references and exercises in-
volving function spaces in Chapters 3 to 6. All of the topics in the LACSG
core syllabus are included in the text. It is not necessary to introduce any
supplementary materials. The LACSG recommended 28 lectures to cover
the core material. This is possible if the class is taught in lecture format
with an additional recitation section meeting once a week. If the course
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is taught without recitations, it is my feeling that the following schedule of
35 lectures is perhaps more reasonable.

Chapter 1 Sections 1-6 7 lectures
Chapter 2 Sections 1-2 2 lectures
Chapter 3 Sections 2-6 7 lectures
Chapter 4 Sections 1-3 2 lectures
Chapter 5 Sections 1-6 9 lectures
Chapter 6 Sections 1,3-5 8 lectures

Total 35 lectures

III. One-Semester Junior/Senior Level Courses: The coverage in an upper division
course is dependent on the background of the students. Below are two possible
courses with 35 lectures each.

A. Course 1
Chapter 1 Sections 1-6 6 lectures
Chapter 2 Sections 1-2 2 lectures
Chapter 3 Sections 1-6 7 lectures
Chapter 5 Sections 1-6 9 lectures
Chapter 6 Sections 1-7 10 lectures
Section 8 if time allows
Chapter 7 Section 4 1 lecture
B. Course 2
Review of Topics in Chapters 1-3 5 lectures
Chapter 4 Sections 1-3 2 lectures
Chapter 5 Sections 1-6 10 lectures
Chapter 6 Sections 1-7 11 lectures
Section 8§ if time allows
Chapter 7 Sections 4-7 7 lectures

If time allows, Sections 1-3

. Computer Exercises

This edition contains a section of computing exercises at the end of each chapter. These
exercises are based on the software package MATLAB. The MATLAB Appendix in the
book explains the basics of using the software. MATLAB has the advantage that it is a
powerful tool for matrix computations and yet it is easy to learn. After reading the Ap-
pendix, students should be able to do the computing exercises without having to refer
to any other software books or manuals. To help students get started, we recommend
one 50-minute classroom demonstration of the software. The assignments can be done
either as ordinary homework assignments or as part of a formally scheduled computer
laboratory course.

Another source of MATLAB exercises for linear algebra is the ATLAST book,
which is available as a companion manual to supplement this book. (See the list of
supplementary materials in the next section of this preface.)
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While the course can be taught without any reference to the computer, we believe
that computer exercises can greatly enhance student learning and provide a new dimen-
sion to linear algebra education. One of the recommendations of the Linear Algebra
Curriculum Study Group is that technology should be used in a first course in linear
algebra. That recommendation has been widely accepted, and it is now common to see
mathematical software packages used in linear algebra courses.

. Supplementary Materials

Web Supplements and Additional Chapters

Two supplemental chapters for this book may be downloaded using links from the
author’s home page:

http://www.umassd.edu/cas/math/people/facultyandstaff/steveleon
or from the Pearson Web site for this book:
http://pearsonhighered.com/leon

The additional chapters are:

o Chapter 8. Iterative Methods
e Chapter 9. Canonical Forms

The Pearson Web site for this book contains materials for students and instructors
including links to online exercises for each of the original seven chapters of the book.
The author’s home page contains a link to the errata list for this textbook. Please send
any additional errata items that you discover to the author so that the list can be updated
and corrections can be made in later printings of the book.

Companion Books

A Student Study Guide has been developed to accompany this textbook. A number
of MATLAB and Maple computer manuals are also available as companion books.
Instructors wishing to use one of the companion manuals along with the textbook
can order both the book and the manual for their classes and have each pair bundled
together in a shrink-wrapped package. These packages are available for classes at spe-
cial rates that are comparable to the price of ordering the textbook alone. Thus, when
students buy the textbook, they get the manual at little or no extra cost. To obtain in-
formation about the companion packages available, instructors should either consult
their Pearson sales representative or search the instructor section of the Pearson higher
education Web site (www.pearsonhighered.com). The following is a list of some of the
companion books being offered as bundles with this textbook:

o Student Study Guide for Linear Algebra with Applications. The manual is
available to students as a study tool to accompany this textbook. The manual
summarizes important theorems, definitions, and concepts presented in the
textbook. It provides solutions to some of the exercises and hints and sugges-
tions on many other exercises.
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o ATLAST Computer Exercises for Linear Algebra, Second Edition. ATLAST
(Augmenting the Teaching of Linear Algebra through the use of Software
Tools) was an NSF-sponsored project to encourage and facilitate the use of soft-
ware in the teaching of linear algebra. During a five-year period, 1992-1997,
the ATLAST Project conducted 18 faculty workshops using the MATLAB soft-
ware package. Participants in those workshops designed computer exercises,
projects, and lesson plans for software-based teaching of linear algebra. A se-
lection of these materials was first published as a manual in 1997. That manual
was greatly expanded for the second edition published in 2003. Each of the
eight chapters in the second edition contains a section of short exercises and a
section of longer projects.

The collection of software tools (M-files) developed to accompany the
ATLAST book may be downloaded from the ATLAST Web site:

wwwl.umassd.edu/specialprograms/atlast

Additionally, Mathematica users can download the collection of ATLAST
Mathematica Notebooks that has been developed by Richard Neidinger.

o Linear Algebra Labs with MATLAB: 3rd ed. by David Hill and David Zitarelli
o Visualizing Linear Algebra using Maple, by Sandra Keith
o A Maple Supplement for Linear Algebra, by John Maloney

o Understanding Linear Algebra Using MATLAB, by Erwin and Margaret
Kleinfeld
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CHAPTER

Matrices and Systems of Equations

Probably the most important problem in mathematics is that of solving a system of
linear equations. Well over 75 percent of all mathematical problems encountered in
scientific or industrial applications involve solving a linear system at some stage. By
using the methods of modern mathematics, it is often possible to take a sophisticated
problem and reduce it to a single system of linear equations. Linear systems arise
in applications to such areas as business, economics, sociology, ecology, demography,
genetics, electronics, engineering, and physics. Therefore, it seems appropriate to begin
this book with a section on linear systems.

m Systems of Linear Equations

A linear equation in n unknowns is an equation of the form
aixy +ayxy + -+ apX, = b

where ay,as, . ..,a, and b are real numbers and xi, x,, . ..,x, are variables. A linear
system of m equations in n unknowns is then a system of the form

anxy + apxs + -+ apx, = by
ar)ixy + anx; + -+ ayx, = by

ey

A1 Xy + AppXy + -+ AgnXy = bm

where the a;;’s and the b;’s are all real numbers. We will refer to systems of the form (1)
as m x n linear systems. The following are examples of linear systems:

@ x+2xp=>5 b)) x1—x+x3=2 © x14+x=2
2x1 + 3x, =8 2X1 +x0—x3=4 X —x =1
X1 =4
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System (a) is a 2 x 2 system, (b) is a2 x 3 system, and (¢) is a 3 x 2 system.

By a solution of an m x n system, we mean an ordered n-tuple of numbers
(x1,x2,...,x,) that satisfies all the equations of the system. For example, the ordered
pair (1,2) is a solution of system (a), since

1-()+2-2)=5
2.()+3-2)=8

The ordered triple (2, 0, 0) is a solution of system (b), since

1-2)—1-0)+1-(0)=2
2-)+1-0)—1-(0)=4

Actually, system (b) has many solutions. If « is any real number, it is easily seen that
the ordered triple (2, v, @) is a solution. However, system (c) has no solution. It follows
from the third equation that the first coordinate of any solution would have to be 4.
Using x; = 4 in the first two equations, we see that the second coordinate must satisfy

4d4x=2
4—XZ=1

Since there is no real number that satisfies both of these equations, the system has no
solution. If a linear system has no solution, we say that the system is inconsistent. If
the system has at least one solution, we say that it is consistent. Thus system (c) is
inconsistent, while systems (a) and (b) are both consistent.

The set of all solutions of a linear system is called the solution set of the system.
If a system is inconsistent, its solution set is empty. A consistent system will have a
nonempty solution set. To solve a consistent system, we must find its solution set.

2 x 2 Systems

Let us examine geometrically a system of the form

anxy + apx; = b
ax Xy + anx; = by

Each equation can be represented graphically as a line in the plane. The ordered pair
(x1,x2) will be a solution of the system if and only if it lies on both lines. For example,
consider the three systems

(l) X1 +XZ:2 (ll) X1 + X2 =2 (lll) X1+ x = 2
X —xp =2 X +x =1 —X] — Xy = —2

The two lines in system (i) intersect at the point (2, 0). Thus, {(2, 0)} is the solution
set of (i). In system (ii) the two lines are parallel. Therefore, system (ii) is inconsistent
and hence its solution set is empty. The two equations in system (iii) both represent the
same line. Any point on this line will be a solution of the system (see Figure 1.1.1).

In general, there are three possibilities: the lines intersect at a point, they are par-
allel, or both equations represent the same line. The solution set then contains either
one, zero, or infinitely many points.
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X2 X2 X2

N N N
\\
' fy ~ N <
(2,0)

/
M (ii) (iii)
Figure I.1.1.

The situation is the same for m x n systems. An m X n system may or may not be
consistent. If it is consistent, it must have either exactly one solution or infinitely many
solutions. These are the only possibilities. We will see why this is so in Section 1.2
when we study the row echelon form. Of more immediate concern is the problem of
finding all solutions of a given system. To tackle this problem, we introduce the notion
of equivalent systems.

Equivalent Systems
Consider the two systems

(a) 3)C1 + 2X2 — X3 = -2 (b) 3)61 + 2)62 — X3 = -2
3 —3x1— x+x3= 5
4 3x1 +2x +x3= 2

X2
2)63

System (a) is easy to solve because it is clear from the last two equations that x, = 3
and x3 = 2. Using these values in the first equation, we get
3x+2-3—-2==-2
X1 = -2
Thus, the solution of the system is (—2, 3,2). System (b) seems to be more difficult to
solve. Actually, system (b) has the same solution as system (a). To see this, add the
first two equations of the system:
3x1 + 2x —x3 = —2
5
X2 = 3

—3x1 — xp + x3

If (x1,x2, x3) is any solution of (b), it must satisfy all the equations of the system. Thus,
it must satisfy any new equation formed by adding two of its equations. Therefore, x,
must equal 3. Similarly, (x;, x2, x3) must satisfy the new equation formed by subtracting
the first equation from the third:

3)61 + 2)62 + x3 = 2
3x1 4+ 20 — x3
2)C3 = 4

Il
|
I\
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Definition

Therefore, any solution of system (b) must also be a solution of system (a). By a similar
argument, it can be shown that any solution of (a) is also a solution of (b). This can be
done by subtracting the first equation from the second:

X2 = 3
-2
—3)61 — X2+ x3= 5

3x1 + 2x — x3

Then add the first and third equations:
3x1 +2x — x3=-2
2)63 = 4
31 +20 + x3= 2

Thus, (x1, x2,x3) is a solution of system (b) if and only if it is a solution of system (a).
Therefore, both systems have the same solution set, {(—2, 3,2)}.

Two systems of equations involving the same variables are said to be equivalent if
they have the same solution set.

Clearly, if we interchange the order in which two equations of a system are written,
this will have no effect on the solution set. The reordered system will be equivalent to
the original system. For example, the systems

X1+2.7C2:4 4X1+ X2:6
3] — xp =2 and 3] — xp =2
dx;+ x =6 X1+ 2x, =4

both involve the same three equations and, consequently, they must have the same
solution set.

If one equation of a system is multiplied through by a nonzero real number, this
will have no effect on the solution set, and the new system will be equivalent to the
original system. For example, the systems

X1 +x+ x3=3 d 2x1 +2x +2x3 =6
—2)61 — X2 + 4)63 =1 an —2)61 — X2 + 4X3 =1
are equivalent.

If a multiple of one equation is added to another equation, the new system will be
equivalent to the original system. This follows since the n-tuple (xi, . . ., x,,) will satisfy
the two equations

apxy + -+ ainx, = b;
ajxy + -+ apx, = b;
if and only if it satisfies the equations
apxi + - -+ aipx, = b;
(aj + aap)x) + -+ + (ajn + aain)x, = bj+ ab;
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To summarize, there are three operations that can be used on a system to obtain an
equivalent system:

I. The order in which any two equations are written may be interchanged.
II. Both sides of an equation may be multiplied by the same nonzero real number.
III. A multiple of one equation may be added to (or subtracted from) another.

Given a system of equations, we may use these operations to obtain an equivalent
system that is easier to solve.

n X n Systems

Let us restrict ourselves to n x n systems for the remainder of this section. We will
show that if an n x n system has exactly one solution, then operations I and III can be
used to obtain an equivalent “strictly triangular system.”

A system is said to be in strict triangular form if, in the kth equation, the coef-
ficients of the first k — 1 variables are all zero and the coefficient of x; is nonzero
k=1,...,n).

The system

3x1 + 20 + x3=1
X2 — X3=2
2X3:4

is in strict triangular form, since in the second equation the coefficients are 0, 1, —1, re-
spectively, and in the third equation the coefficients are 0, 0, 2, respectively. Because of
the strict triangular form, the system is easy to solve. It follows from the third equation
that x3 = 2. Using this value in the second equation, we obtain

X —2=2 or x=4
Using x, = 4, x3 = 2 in the first equation, we end up with

3x+2-44 2= 1
X1=—3

Thus, the solution of the system is (—3,4,2). [ |

Any n x n strictly triangular system can be solved in the same manner as the last
example. First, the nth equation is solved for the value of x,. This value is used in the
(n — 1)st equation to solve for x,_;. The values x, and x,_; are used in the (n — 2)nd
equation to solve for x,_,, and so on. We will refer to this method of solving a strictly
triangular system as back substitution.
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EXAMPLE 2

EXAMPLE 3

Solve the system
2x1 — X2 + 3x3 — 2x4 = 1
Xy —2x3 4+ 3x4 =2
dxy +3x4 =3
4X4 = 4-

Solution

Using back substitution, we obtain

dxy =4 x4 =

dx3 +3-1=3 x3=
Hv-2043-1=2 x=
le—(—1)+3-0—2-1=1 x| =

Thus the solution is (1, —1,0, 1).

In general, given a system of n linear equations in n unknowns, we will use opera-
tions I and III to try to obtain an equivalent system that is strictly triangular. (We will
see in the next section of the book that it is not possible to reduce the system to strictly
triangular form in the cases where the system does not have a unique solution.)

Solve the system
X1+20+ x3= 3
3)61 — X2 — 3)63 =-—1
21+ 30+ x35= 4

Solution
Subtracting 3 times the first row from the second row yields

—7)62 — 6X3 =—10
Subtracting 2 times the first row from the third row yields

—Xy —x3=—2

If the second and third equations of our system, respectively, are replaced by these new

equations, we obtain the equivalent system

X1 + 2X2 + X3 = 3
—7XZ — 6X3 =-—10
—X2 — X3 = -2

If the third equation of this system is replaced by the sum of the third equation and —%
times the second equation, we end up with the following strictly triangular system:

x+ 20+ x3= 3

—7XQ - 6X3 =—-10

Ly, — _4
—7B = T3
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Using back substitution, we get

x3 =4, Xy = —2, x1 =3 |

Let us look back at the system of equations in the last example. We can associate
with that system a 3 x 3 array of numbers whose entries are the coefficients of the x;’s:

1 2 1
3 -1 -3
2 3 1

We will refer to this array as the coefficient matrix of the system. The term matrix
means simply a rectangular array of numbers. A matrix having m rows and n columns
is said to be m x n. A matrix is said to be square if it has the same number of rows and
columns, that is, if m = n.

If we attach to the coefficient matrix an additional column whose entries are the
numbers on the right-hand side of the system, we obtain the new matrix

1 2 1 3
3 -1 -3|-1
2 3 1 4
We will refer to this new matrix as the augmented matrix. In general, when an m x r

matrix B is attached to an m x n matrix A in this way, the augmented matrix is denoted
by (A|B). Thus, if

ay dp e dip by b -+ by
a) axn -+ Ay by by - by
A=\ ., B=
aml Am2 - Amn bml me bmr
then
ay -+ ai | b -+ by
(AlB) =
Am1 - Amn bml e bmr

With each system of equations we may associate an augmented matrix of the form

ay - an | by

am1 crr o Amn bm

The system can be solved by performing operations on the augmented matrix. The x;’s
are placeholders that can be omitted until the end of the computation. Corresponding
to the three operations used to obtain equivalent systems, the following row operations
may be applied to the augmented matrix:

Elementary Row Operations

I. Interchange two rows.
II. Multiply a row by a nonzero real number.
III. Replace a row by its sum with a multiple of another row.




8 Chapter | Matrices and Systems of Equations

EXAMPLE 4

Returning to the example, we find that the first row is used to eliminate the ele-
ments in the first column of the remaining rows. We refer to the first row as the pivotal
row. For emphasis, the entries in the pivotal row are all in bold type and the entire row
is color shaded. The first nonzero entry in the pivotal row is called the pivor.

entries to be eliminated 3 -1 -3]| -1

(pivota;; = 1) 1 2 1 3 ) <« pivotal row
a21=3anda31=2 } 2 3 1 4

By using row operation III, 3 times the first row is subtracted from the second row and
2 times the first row is subtracted from the third. When this is done, we end up with
the matrix

1 2 1 3
0 -7 —6| —10 | <« pivotal row
0O -1 —-1| =2

At this step we choose the second row as our new pivotal row and apply row opera-

tion III to eliminate the last element in the second column. This time the pivot is —7

and the quotient :—; = % is the multiple of the pivotal row that is subtracted from the

third row. We end up with the matrix

1 2 1| 3
0 -7 —6|—10
1 4

0 0 —3] —3

This is the augmented matrix for the strictly triangular system, which is equivalent to
the original system. The solution of the system is easily obtained by back substitution.

Solve the system

— x— x3+ x4= 0
X1+ x4+ x3+ g
2x1 + 4xy + x3 — 2x4
3x1 + xp —2x3+2x4= 3

I
|
— o

Solution
The augmented matrix for this system is

0 -1 -1 1 0
1 1 1 1 6
2 4 1 2| -1
3 1 -2 2 3

Since it is not possible to eliminate any entries by using O as a pivot element, we will
use row operation I to interchange the first two rows of the augmented matrix. The new
first row will be the pivotal row and the pivot element will be 1:

(pivota;; = 1) 1 1 1 1 6 ) <« pivotal row
0 -1 -1 1 0
2 4 1 -2] -1
3 1 -2 2 3
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Row operation III is then used twice to eliminate the two nonzero entries in the
first column:

1 1 1 1 6
0 -1 -1 1 0
0 2 -1 —4]-13
0 -2 -5 —-1]-15

Next, the second row is used as the pivotal row to eliminate the entries in the second
column below the pivot element —1:

1 1 1 1 6
0 -1 -1 1 0
O o0 -3 —2|-13
0o 0 -3 -3|-15

Finally, the third row is used as the pivotal row to eliminate the last element in the third
column:

1 1 1 1 6
0 -1 -1 1 0
0O 0 -3 —-2|-13
0o o0 0 —-1| -2

This augmented matrix represents a strictly triangular system. Solving by back
substitution, we obtain the solution (2, —1, 3, 2). [ |

In general, if an n x n linear system can be reduced to strictly triangular form, then
it will have a unique solution that can be obtained by performing back substitution on
the triangular system. We can think of the reduction process as an algorithm involving
n — 1 steps. At the first step, a pivot element is chosen from among the nonzero entries
in the first column of the matrix. The row containing the pivot element is called the
pivotal row. We interchange rows (if necessary) so that the pivotal row is the new first
row. Multiples of the pivotal row are then subtracted from each of the remaining n — 1
rows so as to obtain 0’s in the first entries of rows 2 through n. At the second step, a
pivot element is chosen from the nonzero entries in column 2, rows 2 through n, of
the matrix. The row containing the pivot is then interchanged with the second row of
the matrix and is used as the new pivotal row. Multiples of the pivotal row are then
subtracted from the remaining n — 2 rows so as to eliminate all entries below the pivot
in the second column. The same procedure is repeated for columns 3 through n — 1.
Note that at the second step row | and column 1 remain unchanged, at the third step
the first two rows and first two columns remain unchanged, and so on. At each step,
the overall dimensions of the system are effectively reduced by 1 (see Figure 1.1.2).

If the elimination process can be carried out as described, we will arrive at an
equivalent strictly triangular system after n — 1 steps. However, the procedure will
break down if, at any step, all possible choices for a pivot element are equal to 0.
When this happens, the alternative is to reduce the system to certain special echelon,
or staircase-shaped, forms. These echelon forms will be studied in the next section.
They will also be used for m x n systems, where m # n.
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X x x x|x
Step 1 xox ox o ox|x|
X x x x|x
X x x x|x
X x x x|x
o x x x|x
tep 2
Step 0l x x x|x|~
0] x x x|«x
X x x x|x
0 x x x|x
Step 3 0 0f x x|x -
0 0 x x|«x
Figure 1.1.2.

SECTION 1.1 EXERCISES

1.

2.

4.

S.

Use back substitution to solve each of the following
systems of equations:

(a) X1 — 3x2 =2
ZXZ:6

b) x4+ x+ x3=38
2% 4+ x3=95
3x3 =9
© xi+2x%+ 2x+ x4= 5
3%+ x3—2x4= 1
—x3 + 2x4 = —1
dxy =
d xi+ o+ 3+ xy+ x5=35
2% 4+ x3—2x4+ xs=1
s + x4 —2x5=1
X3 —3x5=0
2x5 =2
Write out the coefficient matrix for each of the
systems in Exercise 1.

In each of the following systems, interpret each
equation as a line in the plane. For each system,
graph the lines and determine geometrically the
number of solutions.

@ x+x=4 (b) X1 +2x =4

X —x=2 —2x) —4x, =4
© 2x— x»= 3 d x1+ =1
—4x; + 2x, = —6 X — xp=1
—x; +3x =3

Write an augmented matrix for each of the systems

in Exercise 3.

Write out the system of equations that corresponds
to each of the following augmented matrices:

S OO = S O O =

SO O =

S O =® o= == ==

[

X x| x
X X X
X X X
X X X
X X X
X x|x
X X X
X X X
X X X
X X X
X x|x
0 x|x
3 218 5 =2 113
@ | 5‘7] (")[2 3 —4‘0]
2 1 41 -1
© |4 2 3 4
5 2 6| —1
4 -3 1 2|4
3 1 =5 6|5
@ 1 1 2 418
5 1 3 =217
Solve each of the following systems.
@ x—2x=>5 (b) 2x;+ x, =8
3X1+ X2=1 4X1—3X2=6
(C) 4)C1 + 3XZ =4 (d) X1 + 2XZ — X3 = 1
%x1+4x2:3 2% — X+ x3=3
—X] =+ 2X2 4+ 3)63 =17
€ 2x1+ x»+3x= 1

4X1 +3XZ +SX3 = 1
6X1+5X2+5X3=—3
(f) 3x1+2x2+ X3 = 0
20+ - x= 2
2.X| — X2+2.X3=—1

%Xl + %Xz + 2)(3 =—1

(g

3 3
x+ 2o+ 6= 3

%x1+2x2+15—2x3= 11—0

(h) Xo4+ x3+ x4=0
3x; + 3x3 —4dxy =7
X1+ x4+ x3+2x=6

2x1 +3x + x3+3x, =06



7. The two systems

2)C]+ X2=3
dx; +3x, =5

2X1 + JC2=—1
dx; +3x, = 1

and

have the same coefficient matrix but different right-
hand sides. Solve both systems simultaneously by
eliminating the first entry in the second row of the
augmented matrix

2 113 -1

4 315 1
and then performing back substitutions for each of
the columns corresponding to the right-hand sides.
. Solve the two systems
X1 +2X2—2)C3:1

2x1 + 5% + x3=9
x1+3x2+4x3:9

X1+2X2—2X3: 9
2x1 + 5%+ x3= 9
X1 +3.X2 +4X3 =2

by doing elimination on a 3 x 5 augmented matrix
and then performing two back substitutions.

10.

11.

1.2 Row Echelon Form |1

Given a system of the form
—mix; + x, = by
—mX) + X2 = by
where m;, m,, by, and b, are constants:
(a) Show that the system will have a unique solu-
tion if m; # m,.
(b) Show that if m; = m,, then the system will be
consistent only if b; = b,.
(¢) Give a geometric interpretation of parts (a) and
(b).
Consider a system of the form
anx; +apx, =0
anx; + apx; =0
where ay;, a2, a1, and a,; are constants. Explain
why a system of this form must be consistent.

Give a geometrical interpretation of a linear equa-
tion in three unknowns. Give a geometrical descrip-
tion of the possible solution sets for a 3 x 3 linear
system.

Row Echelon Form

In Section 1.1 we learned a method for reducing an n x n linear system to strict trian-
gular form. However, this method will fail if, at any stage of the reduction process, all
the possible choices for a pivot element in a given column are 0.

EXAMPLE |

Consider the system represented by the augmented matrix

1 1 1 1) <« pivotal row
0 0 1]-1
0O 0 3 1
1 1 31 -1
2 2 4 1

If row operation III is used to eliminate the nonzero entries in the last four rows of the
first column, the resulting matrix will be

Scoo <o~

oo oo~

1
0 | < pivotal row
3
-1
0

— e N
—_= N e
W W LN =

At this stage, the reduction to strict triangular form breaks down. All four possible
choices for the pivot element in the second column are 0. How do we proceed from
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here? Since our goal is to simplify the system as much as possible, it seems natural to
move over to the third column and eliminate the last three entries:

SO O
S oo O
SO ==
oo ==
—_ e e D =
S = W o

In the fourth column, all the choices for a pivot element are 0; so again we move on to
the next column. If we use the third row as the pivotal row, the last two entries in the
fifth column are eliminated and we end up with the matrix

The coefficient matrix that we end up with is not in strict triangular form; it is in
staircase, or echelon, form. The horizontal and vertical line segments in the array for
the coefficient matrix indicate the structure of the staircase form. Note that the vertical
drop is 1 for each step, but the horizontal span for a step can be more than 1.

The equations represented by the last two rows are

Ox; 4+ Oxy + Ox3 + Oxq + Ox5 = —4
Ox; + Oxy + Ox3 + Ox4 + Ox5 = —3

Since there are no 5-tuples that could satisfy these equations, the system is inconsistent.
|

Suppose now that we change the right-hand side of the system in the last example
so as to obtain a consistent system. For example, if we start with

1 1 1 1 1 1
-1 -1 0 O 1| -1
-2 -2 0 0 3 1

0 O 1 1 3 3

1 1 2 2 4] 4

then the reduction process will yield the echelon-form augmented matrix

OO W O =
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The last two equations of the reduced system will be satisfied for any 5-tuple. Thus the
solution set will be the set of all 5-tuples satisfying the first three equations.

X1+ +x3+xs+ x5=1
X3+ x4 +2x5=0 (1)

X5 = 3
The variables corresponding to the first nonzero elements in each row of the reduced
matrix will be referred to as lead variables. Thus x;, x3, and x5 are the lead variables.
The remaining variables corresponding to the columns skipped in the reduction process

will be referred to as free variables. Hence, x, and x4 are the free variables. If we
transfer the free variables over to the right-hand side in (1), we obtain the system

X1+x34+ xs=1—x—x4
X3 4 2x5 = —xy (2)
X5=3

System (2) is strictly triangular in the unknowns xi, x3, and xs5. Thus, for each
pair of values assigned to x; and x4, there will be a unique solution. For example, if
xy = x4 = 0, then x5 = 3, x3 = —6, and x; = 4, and hence (4,0, —6, 0, 3) is a solution
of the system.

A matrix is said to be in row echelon form if

(i) The first nonzero entry in each nonzero row is 1.

(ii) If row k does not consist entirely of zeros, the number of leading zero
entries in row k + 1 is greater than the number of leading zero entries in
row k.

(iii) If there are rows whose entries are all zero, they are below the rows having
nonzero entries.

The following matrices are in row echelon form:

1 4 2 1 23 1 3 10
01 3}, 00 1], 0 01 3 [ |
0 0 1 0 00 00 0O
The following matrices are not in row echelon form:
2 40 000 01
03 51, 010} 1 0
0 0 4
The first matrix does not satisfy condition (i). The second matrix fails to satisfy
condition (iii), and the third matrix fails to satisfy condition (ii). [ |

The process of using row operations I, II, and III to transform a linear system
into one whose augmented matrix is in row echelon form is called Gaussian
elimination.
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EXAMPLE 4

Note that row operation II is necessary in order to scale the rows so that the leading
coefficients are all 1. If the row echelon form of the augmented matrix contains a row
of the form

[00 - 0f1)

the system is inconsistent. Otherwise, the system will be consistent. If the system is
consistent and the nonzero rows of the row echelon form of the matrix form a strictly
triangular system, the system will have a unique solution.

Overdetermined Systems

A linear system is said to be overdetermined if there are more equations than

unknowns. Overdetermined systems are usually (but not always) inconsistent.

Solve each of the following overdetermined systems:

@ x1+ xx= 1 b) x1+2x0+ x3=1
Xy — x»= 3 2% — o+ x3=2
—X1 + 2x = -2 dx; 4+ 3x, + 3x3 =4

2)61— XQ+3X3=5
© x14+2x0n+ x3=1
2)6]— XQ+ X3=2
4x) 4+ 3x, + 3x3 =4
3x1+ X +2x3=3

Solution

By now the reader should be familiar enough with the elimination process that we can
omit the intermediate steps in reducing each of these systems. Thus, we may write

1 1 1 11 1

System (a): 1 —1 31— 10 1]—-1

—1 2| -2 0 0 1
It follows from the last row of the reduced matrix that the system is inconsistent. The
three equations in system (a) represent lines in the plane. The first two lines intersect at

the point (2, —1). However, the third line does not pass through this point. Thus, there
are no points that lie on all three lines (see Figure 1.2.1).

1 2 11 12 1|1

2 -1 1|2 01 10
System (b): —

4 3 3|4 00 1|3

2 -1 3|5 0 00

Using back substitution, we see that system (b) has exactly one solution
(0.1, —0.3, 1.5). The solution is unique because the nonzero rows of the reduced matrix
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X2

\

2 Xy

Figure 1.2.1.

form a strictly triangular system.

12 11 12 1)1
2 -1 1|2 01 L]o
System@: L 3 314~ o 0 0o
301 2|3 00 00

Solving for x; and x; in terms of x3, we obtain

Xy = —0.2)63
X = 1 —2)62—)C3 =1 —0.6)63

It follows that the solution set is the set of all ordered triples of the form (1 —
0.6a, —0.2r, @), where « is a real number. This system is consistent and has infinitely
many solutions because of the free variable x3. ]

Underdetermined Systems

A system of m linear equations in n unknowns is said to be underdetermined if there are
fewer equations than unknowns (m < n). Although it is possible for underdetermined
systems to be inconsistent, they are usually consistent with infinitely many solutions. It
is not possible for an underdetermined system to have a unique solution. The reason for
this is that any row echelon form of the coefficient matrix will involve r < m nonzero
rows. Thus there will be r lead variables and n — r free variables, where n — r >
n—m > 0. If the system is consistent, we can assign the free variables arbitrary values
and solve for the lead variables. Therefore, a consistent underdetermined system will
have infinitely many solutions.

Solve the following underdetermined systems:

@ x+20+ x3=1 b)) xi+x2+x3+ x4+ x5=2
2x1 +4x +2x3=3 X1+ x +x3 + 2x4 +2x5 =3
X1+XZ+X3+2)C4+3X5:2



16 Chapter | Matrices and Systems of Equations

Definition

Solution

System (a): 1 2 1]1 1 2 1]1
ysemtai 12 4 2{3) 7 o 0 o1
Clearly, system (a) is inconsistent. We can think of the two equations in system (a) as

representing planes in 3-space. Usually, two planes intersect in a line; however, in this
case the planes are parallel.

1 1 1 2
System (b): 1 1 O O 0 1 1 1
1 1 0000 1]-1

System (b) is consistent, and since there are two free variables, the system will have
infinitely many solutions. In cases such as these it is convenient to continue the elim-
ination process and simplify the form of the reduced matrix even further. We continue
eliminating until all the terms above each leading 1 are eliminated. Thus, for sys-
tem (b), we will continue and eliminate the first two entries in the fifth column and
then the first element in the fourth column.

1 11 1 1] 2 1 1110 3
00011} 1]—=100 010 2
0 0 00 1|1 0 00 0 1|-1
1 110 0| 1
=10 0 0 1 0] 2

0000 1]-1

If we put the free variables over on the right-hand side, it follows that

X1 = 1—)62—)63
X4 = 2
X5 = —1

Thus, for any real numbers « and S, the 5-tuple

1-—a—-8,ap,2,—1)

is a solution of the system. ]

In the case where the row echelon form of a consistent system has free variables,
the standard procedure is to continue the elimination process until all the entries above
each leading 1 have been eliminated, as in system (b) of the previous example. The
resulting reduced matrix is said to be in reduced row echelon form.

Reduced Row Echelon Form

A matrix is said to be in reduced row echelon form if

(i) The matrix is in row echelon form.
(ii) The first nonzero entry in each row is the only nonzero entry in its column.
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The following matrices are in reduced row echelon form:
1

1 0 0 3 01 20 1 2 01
[ 0 1 ] , 0 0 21, 000 1], 001 3
0 11 00 00O 00 00O
The process of using elementary row operations to transform a matrix into reduced
row echelon form is called Gauss—Jordan reduction.

o - O

EXAMPLE 6  Use Gauss—Jordan reduction to solve the system

APPLICATION 1

—X + X = x4 30 =0
3x+x — x3— x3=0
2)61—)62—2)(3— X4=0

Solution
-1 1 -1 300 -1 1 -1 3]0
3 1 -1 —-1|/0]| — 0 4 -4 8|0
2 -1 =2 —-110 0O 1 —4 510
-1 1 -1 3|0 1 -1 1 =310 row
— 0 4 —4 8|0 — 1|0 1 -1 210 echelon
0 0 =3 3]0 0 0 1 —-1]0 form
1 -1 0 =210 1 0 —110 reduced
—- 10 1 0 1/0] — |O 1 0 110 row echelon
0 0O 1 —-11]0 0 1 —-110 form
If we set x4 equal to any real number «, then x| = o, x, = —«, and x3 = «. Thus, all
ordered 4-tuples of the form («, —«, o, @) are solutions of the system. [ |

Traffic Flow

In the downtown section of a certain city, two sets of one-way streets intersect as shown
in Figure 1.2.2. The average hourly volume of traffic entering and leaving this section
during rush hour is given in the diagram. Determine the amount of traffic between each
of the four intersections.

Solution

At each intersection the number of automobiles entering must be the same as the num-
ber leaving. For example, at intersection A, the number of automobiles entering is
x1 4 450 and the number leaving is x; 4+ 610. Thus

x1 + 450 = x, + 610 (intersection A)
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\450 310

610 A X D 640
xz\ X4

520 B X3 c 600

‘390

X + 520 = x3 + 480
x3 + 390 = x4 + 600
x4 + 640 = x; 4+ 310

The augmented matrix for the system is

‘480

Figure 1.2.2.

Similarly,

(intersection B)
(intersection C)

(intersection D)

1 -1 0 0 160

0 1 -1 0| —40

0 0 1 -1 210
—1 0 0 1| —330

The reduced row echelon form for this matrix is

1 0 0 —11330

0 1 0 —11170

0 0 1 —11210

0 0 0 0 0

The system is consistent, and since there is a free variable, there are many possible
solutions. The traffic flow diagram does not give enough information to determine
X1, X2, X3, and x4 uniquely. If the amount of traffic were known between any pair of
intersections, the traffic on the remaining arteries could easily be calculated. For ex-
ample, if the amount of traffic between intersections C and D averages 200 automobiles
per hour, then x, = 200. Using this value, we can then solve for x;, x;, and x3:

x1 = x4 + 330 = 530
Xy =x4 + 170 = 370
x3 =x4 + 210 =410
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APPLICATION 2 Electrical Networks

In an electrical network, it is possible to determine the amount of current in each branch
in terms of the resistances and the voltages. An example of a typical circuit is given in

Figure 1.2.3.
8 volts
[
i
4 ohms
2 ohms
A NN— B
2
3 ohms 2 ohms
—
1
3 9 volts
Figure 1.2.3.

The symbols in the figure have the following meanings:

A path along which current may flow

k An electrical source

’\/\f\f‘ A resistor

The electrical source is usually a battery with a voltage (measured in volts) that drives
a charge and produces a current. The current will flow out from the terminal of the
battery that is represented by the longer vertical line. The resistances are measured in
ohms. The letters represent nodes and the i’s represent the currents between the nodes.
The currents are measured in amperes. The arrows show the direction of the currents.
If, however, one of the currents, say, i, turns out to be negative, this would mean that
the current along that branch is in the direction opposite that of the arrow.
To determine the currents, the following rules are used:

Kirchhoff’s Laws

1. Atevery node the sum of the incoming currents equals the sum of the outgoing
currents.

2. Around every closed loop, the algebraic sum of the voltage gains must equal
the algebraic sum of the voltage drops.
The voltage drops E for each resistor are given by Ohm’s law:
E =R
where i represents the current in amperes and R the resistance in ohms.

Let us find the currents in the network pictured in Figure 1.2.3. From the first law,
we have

ih—ih+i3=0 (node A)
—i1+ih—i3=0 (node B)
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Theorem 1.2.1

Proof

APPLICATION 3

By the second law,

4iy +2i =8 (top loop)
2i, + 5i3 =9 (bottom loop)

The network can be represented by the augmented matrix

1 -1 10
-1 1 -1|0
4 2 08
0O 2 519

This matrix is easily reduced to the row echelon form

1 -1 1]o0

2| 4
0 1 =313
0 0 11
0 0 0|0

Solving by back substitution, we see that iy = 1, i, = 2, and i3 = 1.

Homogeneous Systems

A system of linear equations is said to be homogeneous if the constants on the right-
hand side are all zero. Homogeneous systems are always consistent. It is a trivial matter
to find a solution; just set all the variables equal to zero. Thus, if an m x n homogeneous
system has a unique solution, it must be the trivial solution (0, 0, . . ., 0). The homogen-
eous system in Example 6 consisted of m = 3 equations in n = 4 unknowns. In the case
that n > m, there will always be free variables and, consequently, additional nontrivial
solutions. This result has essentially been proved in our discussion of underdetermined
systems, but, because of its importance, we state it as a theorem.

An m x n homogeneous system of linear equations has a nontrivial solution if n > m.

A homogeneous system is always consistent. The row echelon form of the matrix can
have at most m nonzero rows. Thus there are at most m lead variables. Since there are
n variables altogether and n > m, there must be some free variables. The free variables
can be assigned arbitrary values. For each assignment of values to the free variables,
there is a solution of the system. ]

Chemical Equations

In the process of photosynthesis, plants use radiant energy from sunlight to convert
carbon dioxide (CO,) and water (H,O) into glucose (C¢H1,0¢) and oxygen (O;). The
chemical equation of the reaction is of the form

x1CO; + x,H,O — x30, + x4C¢H 206

To balance the equation, we must choose xi, x», x3, and x4 so that the numbers of car-
bon, hydrogen, and oxygen atoms are the same on each side of the equation. Since
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carbon dioxide contains one carbon atom and glucose contains six, to balance the
carbon atoms we require that

X] = 6x4
Similarly, to balance the oxygen, we need
2x1 + x0 = 2x3 + 6x4
and finally, to balance the hydrogen, we need
200 = 12x4

If we move all the unknowns to the left-hand sides of the three equations, we end up
with the homogeneous linear system

X1 — 6)64 =0
2X1 + X — 2)63 — 6X4 =0
2x) —12x4 =0

By Theorem 1.2.1, the system has nontrivial solutions. To balance the equation, we
must find solutions (xj, x», X3, x4) whose entries are nonnegative integers. If we solve
the system in the usual way, we see that x4 is a free variable and

X1 =X = X3 =6X4
In particular, if we take x4 = 1, then x; = x, = x3 = 6 and the equation takes the form

6CO,; + 6H,O — 60, + CeH 206

Economic Models for Exchange of Goods

Suppose that in a primitive society the members of a tribe are engaged in three oc-
cupations: farming, manufacturing of tools and utensils, and weaving and sewing of
clothing. Assume that initially the tribe has no monetary system and that all goods and
services are bartered. Let us denote the three groups by F, M, and C, and suppose that
the directed graph in Figure 1.2.4 indicates how the bartering system works in practice.

The figure indicates that the farmers keep half of their produce and give one-fourth
of their produce to the manufacturers and one-fourth to the clothing producers. The
manufacturers divide the goods evenly among the three groups, one-third going to
each group. The group producing clothes gives half of the clothes to the farmers and
divides the other half evenly between the manufacturers and themselves. The result is
summarized in the following table:

F M C
1 1 1
Fls 3 3
1 1 1
Mg 3 3
1 1 1
Clz 5 1
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Figure 1.2.4.

The first column of the table indicates the distribution of the goods produced by the
farmers, the second column indicates the distribution of the manufactured goods, and
the third column indicates the distribution of the clothing.

As the size of the tribe grows, the system of bartering becomes too cumbersome
and, consequently, the tribe decides to institute a monetary system of exchange. For
this simple economic system, we assume that there will be no accumulation of capital
or debt and that the prices for each of the three types of goods will reflect the values of
the existing bartering system. The question is how to assign values to the three types
of goods that fairly represent the current bartering system.

The problem can be turned into a linear system of equations using an economic
model that was originally developed by the Nobel Prize-winning economist Wassily
Leontief. For this model, we will let x; be the monetary value of the goods produced
by the farmers, x, be the value of the manufactured goods, and x3 be the value of all
the clothing produced. According to the first row of the table, the value of the goods
received by the farmers amounts to half the value of the farm goods produced, plus
one-third the value of the manufactured products, and half the value of the clothing
goods. Thus the total value of goods received by the farmer is %xl + %xz + %x3. If the
system is fair, the total value of goods received by the farmers should equal x;, the total
value of the farm goods produced. Hence, we have the linear equation

1 +1 +1 B
le 3XQ 2X3—X1

Using the second row of the table and equating the value of the goods produced and
received by the manufacturers, we obtain a second equation:

LI RS
4X1 3)(2 4X3—X2
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Finally, using the third row of the table, we get

1 +1 +1 .
4x1 3X2 4X3—X3

These equations can be rewritten as a homogeneous system:

1 1 1

_?xl + gxz + ?XS =0
§x1 - ?xz +
X1+ 3% —

The reduced row echelon form of the augmented matrix for this system is

1 0 =310
0 1 -1]0
0 0 00

There is one free variable: x3. Setting x3 = 3, we obtain the solution (5, 3, 3), and the
general solution consists of all multiples of (5, 3, 3). It follows that the variables x, x;,
and x3 should be assigned values in the ratio

X :Xxp:x3=5:3:3

This simple system is an example of the closed Leontief input-output model. Le-
ontief’s models are fundamental to our understanding of economic systems. Modern
applications would involve thousands of industries and lead to very large linear sys-
tems. The Leontief models will be studied in greater detail later in Section 6.8 of the
book.

SECTION 1.2 EXERCISES

1. Which of the matrices that follow are in row ech- 2. The augmented matrices that follow are in row

elon form? Which are in reduced row echelon

form?
@ [
1
(c) 0
0
1
(e) 0
0
1
(g |0
0

=]

S O W

S = O S = =

—_—

- o O W N =

4 1 0 0 system has a unique solution, find it.
2] () O O 0] 1 214 1 3 1
0 0 1 @ |o 1 3] (b) lo 1 —1]
0 1 0 011 0 0] 0
] (d) 0 OI 1 -2 4 II
0 0 © |0 0 113
0 0 o]0
I 4 6 1 -2 2] =2
® |0 0 1 @ Jo 1 —-1] 3
0 13 0 0 1] 2
1 2 01 3 4 13 272
2 4l m o 0o 1 3 (e [0 0 1] 4
36 00 0 0 00 0] 1

echelon form. For each case, indicate whether the
corresponding linear system is consistent. If the
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1 -1 318
0 1 217
® 0 0 1]2
0 0 0]0

. The augmented matrices that follow are in reduced
row echelon form. In each case, find the solution
set to the corresponding linear system.

1 0 0] -2 1 4 0|2
@ |o 1 0] 5 m o o 1]3
00 1| 3 00 01
1 -3 0] 2
e |0 0 1]|-=-2
0 0 0| 0
1 2 0 1]5
(d)0013‘4]
1 5 -2 013
@ [0 0 o 16
1o o o olo
0 0 0 0]0
01 0] 2
® o o 1]-1
00 0| 0

. For each of the systems in Exercise 3, make a list
of the lead variables and a second list of the free
variables.

. For each of the systems of equations that follow,
use Gaussian elimination to obtain an equivalent
system whose coefficient matrix is in row echelon
form. Indicate whether the system is consistent.
If the system is consistent and involves no free
variables, use back substitution to find the unique
solution. If the system is consistent and there are
free variables, transform it to reduced row echelon
form and find all solutions.

(a) X1 — 2.X2 =3 (b) 2X1 — 3)C2 =5

2x1— .)C2=9 —4X1+6X2=8

(C) X1+ x = 0 (d) 3x1+ 2)62— X3 = 4
2)C1 + 3)C2 =0 X1 — 2)CQ+ 2)63: 1
3x —2x, =0 1lx1+ 20+ x3=14

(e) 2x1 +3X2+ X3=1
X+ x + X3=3
3JC] +4X2+2.X'3=4

(f) X1 — )C2+2)C3:4
2)61+3X2— )C3:1
7x1—|—3x2+4x3=7

Matrices and Systems of Equations

(@ xi+ ntxt+x=0 (h X —2x=3
2X1 + )C2=1
—5x1 +8x, =4

2)C]+ 3X2— X3— X4 = 2
31+ 2%+ x5+ x4=15
3x14+ 66— x3— xy=4

i) —x+2x%— x3= 2
=2x1 + 2%+ x3= 4

3x; 4 2x + 2x3 5

—3x; + 8x, + 5x3 =17

(j) X1+ 2)(2—3X3+X4:1
—X]— X2+4X3—X4=6
—2X1—4X2+ 7X3—X4=1

k) xi+3n+x+ u=3
2x1—2x2+x3+2x4:8
x1—5x2 + X4=5

D x—-30+ x3=1
264+ x— x3=2
X +4x —2x3=1
Sx; — 8x, +2x3 =5

. Use Gauss—Jordan reduction to solve each of the

following systems.
(a) X1+ X = —1
4)(1 - 3X2 = 3

b)) x1+3n+ 3+ u=
2x1 — 2X2 + X3 + 2X4
3)C1+ .X2+2)C3— X4:—1

|
o W

(C) X1+X2+X3=0
Xl—Xz—X3=O

d x 1+ x+x3+ x4=0
2x1+ XQ—X3+3X4:0
X1—2.X2+X3+ X4=O

. Give a geometric explanation of why a homogen-

eous linear system consisting of two equations in
three unknowns must have infinitely many solu-
tions. What are the possible numbers of solutions
of a nonhomogeneous 2 x 3 linear system? Give a
geometric explanation of your answer.
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. Consider a linear system whose augmented matrix

is of the form

1 2 111
—1 4 312
2 =2 al|3

For what values of a will the system have a unique
solution?

. Consider a linear system whose augmented matrix

is of the form
1 2 1|0
2 5 3]0
-1 1 B0
(a) Isit possible for the system to be inconsistent?

Explain.

(b) For what values of B will the system have
infinitely many solutions?

Consider a linear system whose augmented matrix
is of the form

1 1 3|2
1 2 413
1 3 alb

(a) For what values of a and b will the system have
infinitely many solutions?

(b) For what values of a and b will the system be

inconsistent?

Given the linear systems

(i) X1 + 2)(2 =2 (ii) X1 + 2X2 =1
3X1+7X2:8 3X1+7X2:7

solve both systems by incorporating the right-hand
sides into a 2 x 2 matrix B and computing the
reduced row echelon form of

AIB) 1 212 1
13 7|8 7
Given the linear systems
(i) X1 + 2)(2 + x3= 2
—X1 — XZ+2)C3:3

2x1 + 3x; =0

13.

14.

15.

16.
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() x+20+ x3=-1
—x— X +2xp= 2
2x1 4+ 3x, =-2
solve both systems by computing the row echelon

form of an augmented matrix (A|B) and performing
back substitution twice.

Given a homogeneous system of linear equa-
tions, if the system is overdetermined, what are
the possibilities as to the number of solutions?
Explain.

Given a nonhomogeneous system of linear equa-
tions, if the system is underdetermined, what are
the possibilities as to the number of solutions?
Explain.

Determine the values of xj, x», x3, x4 for the
following traffic flow diagram.

‘L

430 X 450
—————— ———— ——————
RY) \ ‘420
540 X 400
— —_— —_—

\420 ‘470

Consider the traffic flow diagram that follows,
where a1, ay, as, as, by, by, b3, by are fixed positive
integers. Set up a linear system in the unknowns
X1, X2, X3, x4 and show that the system will be
consistent if and only if

a1+a2+a3+a4=b1+b2+b3+b4

What can you conclude about the number of
automobiles entering and leaving the traffic
network?
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17.

18.

19.

20.

Chapter | Matrices and Systems of Equations
oL
b L L
L
_, I _b
[

Let (cy, ¢;) be a solution of the 2 x 2 system
anx; +apx; =0
anxy + apx; =0

Show that for any real number « the ordered pair

(xcy, acy) is also a solution.

In Application 3 the solution (6,6,6,1) was ob-

tained by setting the free variable x4 = 1.

(a) Determine the solution corresponding to x4 =
0. What information, if any, does this solution
give about the chemical reaction? Is the term
“trivial solution” appropriate in this case?

(b) Choose some other values of x4, such as 2, 4, or
5, and determine the corresponding solutions.
How are these nontrivial solutions related?

Liquid benzene burns in the atmosphere. If a cold

object is placed directly over the benzene, water

will condense on the object and a deposit of soot

(carbon) will also form on the object. The chemical

equation for this reaction is of the form

x1CsHg + 2,0, — x3C + x,H,0

Determine values of x1, x», x3, and x, to balance the
equation.

Nitric acid is prepared commercially by a series of
three chemical reactions. In the first reaction, nitro-
gen (N,) is combined with hydrogen (H,) to form
ammonia (NHj3). Next the ammonia is combined
with oxygen (O,) to form nitrogen dioxide (NO,)
and water. Finally, the NO, reacts with some of the
water to form nitric acid (HNOj3) and nitric oxide
(NO). The amounts of each of the components of
these reactions are measured in moles (a standard
unit of measurement for chemical reactions). How

21.

22.

many moles of nitrogen, hydrogen, and oxygen are
necessary to produce 8 moles of nitric acid?

In Application 4, determine the relative values of
X1, Xz, and x3 if the distribution of goods is as
described in the following table.

1 1 1
F 3 3 3
1 1 1
Mis 3 %
1 1 1
c 3 6 2

Determine the amount of each current for the fol-
lowing networks:
(a) . 16 volts

2 ohms
2 ohms

i
A2 AMA——9B

3 ohms

(b) 2 ohms i

20 volts 4 ohms

A o—iz—||—/\/\/\,—03

i 2 ohms
3
8 volts .
(© ) i
|
4 ohms
2 ohms i
2
Ag—— AMAN—=—o5
3 i4
4 ohms .
I5
Co—/\/\f\/—>—o D
5 ohms
10 volts
lg
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¥ Matrix Arithmetic

In this section, we introduce the standard notations used for matrices and vectors and
define arithmetic operations (addition, subtraction, and multiplication) with matrices.
We will also introduce two additional operations: scalar multiplication and transposi-
tion. We will see how to represent linear systems as equations involving matrices and
vectors and then derive a theorem characterizing when a linear system is consistent.

The entries of a matrix are called scalars. They are usually either real or complex
numbers. For the most part, we will be working with matrices whose entries are real
numbers. Throughout the first five chapters of the book, the reader may assume that
the term scalar refers to a real number. However, in Chapter 6 there will be occasions
when we will use the set of complex numbers as our scalar field.

Matrix Notation

If we wish to refer to matrices without specifically writing out all their entries, we will
use capital letters A, B, C, and so on. In general, a;; will denote the entry of the matrix
A that is in the ith row and the jth column. We will refer to this entry as the (i, ) entry
of A. Thus, if A is an m X n matrix, then

ai aip -+ din

a dpp - dyp
A=

am1  Am2 - Qmn

We will sometimes shorten this to A = (a;;). Similarly, a matrix B may be referred to
as (b;j), a matrix C as (c;;), and so on.

Vectors

Matrices that have only one row or one column are of special interest, since they are
used to represent solutions of linear systems. A solution of a system of m linear equa-
tions in 7 unknowns is an n-tuple of real numbers. We will refer to an n-tuple of real
numbers as a vector. If an n-tuple is represented in terms of a 1 x n matrix, then we
will refer to it as a row vector. Alternatively, if the n-tuple is represented by an n x 1
matrix, then we will refer to it as a column vector. For example, the solution of the
linear system

X1 +x =3

X1 — X2 =1

can be represented by the row vector (2, 1) or the column vector [ ? ] .

In working with matrix equations, it is generally more convenient to represent the
solutions in terms of column vectors (n x 1 matrices). The set of all n x 1 matrices of
real numbers is called Euclidean n-space and is usually denoted by R”. Since we will
be working almost exclusively with column vectors in the future, we will generally
omit the word “column” and refer to the elements of R” as simply vectors, rather than
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as column vectors. The standard notation for a column vector is a boldface lowercase

letter, as in
X1
X2
x=| . (D
Xn

For row vectors, there is no universal standard notation. In this book, we will rep-
resent both row and column vectors with boldface lower case letters and to distinguish
a row vector from a column vector we will place a horizontal arrow above the let-
ter. Thus, the horizontal arrow indicates an horizontal array (row vector) rather than a
vertical array (column vector). For example,

X = (x1,x2,x3,x4) and y=
Y4

are row and column vectors, respectively, with four entries each.

Given an m X n matrix A, it is often necessary to refer to a particular row or
column. The standard notation for the jth column vector of A is a;. There is no uni-
versally accepted standard notation for the ith row vector of a matrix A. In this book,
since we use horizontal arrows to indicate row vectors, we denote the ith row vector of

If A is an m x n matrix, then the row vectors of A are given by

a; = (ap.ap,....a;,) I=1....m
and the column vectors are given by

alj
aoj .
a = . j=1...,n

Amj

The matrix A can be represented in terms of either its column vectors or its row
vectors:
a
a
A = (aj,a,...,a,) or A=

-

Ay

Similarly, if B is an n x r matrix, then

B = (b;,bs,....b,) =
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If
3 25
A:[—l 8 4]
then
3 2 5
SR
and
§1=(3a2, 5)’ 522(_19 894) |
Equality

For two matrices to be equal, they must have the same dimensions and their
corresponding entries must agree.

Two m x n matrices A and B are said to be equal if a;; = b;; for each i and j.

Scalar Multiplication

If A is a matrix and « is a scalar, then oA is the matrix formed by multiplying each of
the entries of A by «.

If A is an m x n matrix and « is a scalar, then @A is the m x n matrix whose (i, j)
entry is aa;.

For example, if

48 2
A=16 3 10
then
1 2 4 1 2 24 6
52345] and  34= 115 24 30
Matrix Addition

Two matrices with the same dimensions can be added by adding their corresponding
entries.

If A = (a;;) and B = (b;;) are both m x n matrices, then the sum A + Bisthe m x n
matrix whose (i, j) entry is a;; + b;; for each ordered pair (i, j).
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For example,

321+222_543
4 5 6 1 2 3) |5 79
2 -8 —6
1|+ 31 =1 4
8 2 10

If we define A — B to be A 4+ (—1)B, then it turns out that A — B is formed by
subtracting the corresponding entry of B from each entry of A. Thus,

2 4 45 2 4 45
31]_[23 = 31]“‘“[23
2 4 4 s
= |3 1]+[—2 -3
(2-4 4-5
= 13-2 1-3
(-2 -1
=11 =2

If O represents the matrix, with the same dimensions as A, whose entries are all 0, then
A+O0=0+A=A

We will refer to O as the zero matrix. It acts as an additive identity on the set of all
m x n matrices. Furthermore, each m x n matrix A has an additive inverse. Indeed,

A+(—DA=0=(-1DA+A
It is customary to denote the additive inverse by —A. Thus,
—A=(—DA

Matrix Multiplication and Linear Systems

We have yet to define the most important operation: the multiplication of two matrices.
Much of the motivation behind the definition comes from the applications to linear
systems of equations. If we have a system of one linear equation in one unknown, it
can be written in the form

ax=2> ()

We generally think of a, x, and b as being scalars; however, they could also be treated
as 1 x 1 matrices. Our goal now is to generalize equation (2) so that we can represent
an m X n linear system by a single matrix equation of the form

Ax=Db

where A is an m x n matrix, X is an unknown vector in R”, and b is in R”. We consider
first the case of one equation in several unknowns.
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Case 1. One Equation in Several Unknowns
Let us begin by examining the case of one equation in several variables. Consider, for
example, the equation

3)C1+2)C2+5)C3:4
If we set
X1
A:[3 2 5] and x=|x
X3

and define the product Ax by
X1
ax=[3 2 5] x| =30 +20+5x
X3

then the equation 3x; + 2x; 4+ 5x3 = 4 can be written as the matrix equation
Ax =4
For a linear equation with n unknowns of the form

ayxy +ayxy+ -+ apx, =b

if we let
X1
X2
A=[a1 a ... an] and x = .
Xn
and define the product Ax by
AX = a1x) + axxo + - -+ + ayx,
then the system can be written in the form Ax = b.
For example, if
3
2
A=[21 =3 4] ad x=| ]
-2

then
Ax=2-34+1-24+(-3)-1+4-(-2)=-3

Note that the result of multiplying a row vector on the left by a column vector on the
right is a scalar. Consequently, this type of multiplication is often referred to as a scalar
product.
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EXAMPLE 2

Case 2. M Equations in N Unknowns
Consider now an m x n linear system

apxy + apxy + -+ apx, = by
anixy 4+ apxo + -+ ayx, = by

(3)
Am1 X1 + ApaXo + -+ -+ ApnXn = bm

It is desirable to write the system (3) in a form similar to (2), that is, as a matrix
equation

Ax=Db “4)

where A = (a;;) is known, X is an n x 1 matrix of unknowns, and b is an m x 1 matrix
representing the right-hand side of the system. Thus, if we set

ay app - ai X1 by
axy ap - ay X2 by
A= . , x=\| .1, b= .
aml Am2 - Amp Xn bm
and define the product Ax by
apxy + apxy + -+ apXy

axy + axpxy + -+ -+ anyx,

AX 5

A1 X1 + AppXy + -+ Ay

then the linear system of equations (3) is equivalent to the matrix equation (4).

Given an m x n matrix A and a vector x in R”, it is possible to compute a product
Ax by (5). The product Ax will be an m x 1 matrix, that is, a vector in R™. The rule for
determining the ith entry of AX is

anXxi + apxy + -+ -+ dinXy

which is equal to a;x, the scalar product of the ith row vector of A and the column
vector X. Thus,
;l]X
EiQX
AXx

a,x

X1
421
A= —

[537]’ X=1*

X3

dx1 + 2% + X3
Ax =
S5x1 4+ 3x + Tx3
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EXAMPLE 3
-3 1
A= 2 51, X = 2
4 2 4
-3.241-4 -2
Ax = 2.245-4 =\ 24 u
4.24+2-4 16

EXAMPLE 4 Write the following system of equations as a matrix equation of the form Ax = b:

31 +2x0 + x3= 5
X1 — 2x0 + Sx3 = =2
2)61 + Xy — 3X3 = 1

3 2 1 X1 5
1 -2 5 x|=1-2 ]
2 1 -3 X3 1

An alternative way to represent the linear system (3) as a matrix equation is to
express the product Ax as a sum of column vectors:

Solution

apxy +apxy + -+ apX,
a1 Xy + axpx; + - - + axpX,

Ax =
A1 X1 + X2 + -+ AunXn
ary ap Ain
azy azn azn
= X . + X2 . + -t X
am1 am2 Amn
Thus, we have
AX = xja; + xar + - - - + x4, (6)
Using this formula, we can represent the system of equations (3) as a matrix equation
of the form
xja; +xa+---+x,a,=b (7)

EXAMPLE 5 The linear system

2)C1—|—3X2—2X3 =35
Sx; —4xy +2x3 = 6

can be written as a matrix equation

als) el 2]es 2] - [F) .
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Definition

EXAMPLE 6

Theorem 1.3.1

EXAMPLE 7

Matrices and Systems of Equations

If a;,a,,...,a, are vectors in R” and ¢y, ca, ..., c, are scalars, then a sum of the
form

cia; + ca; + - -+ + ¢4,
is said to be a linear combination of the vectors aj, a, ..., a,.
It follows from equation (6) that the product AX is a linear combination of the

column vectors of A. Some books even use this linear combination representation as
the definition of matrix vector multiplication.

If A is an m x n matrix and x is a vector in R”, then

AX = xj1a; + xa, + - - - + x,,4,

If we choose x; = 2, x, = 3, and x3 = 4 in Example 5, then
5 2 3 -2
[e) =2 (5] +2 [ 4]+ (3]

5] . . .
Thus, the vector [ 6 ] is a linear combination of the three column vectors of the

coefficient matrix. It follows that the linear system in Example 5 is consistent and

2
x=13
4
is a solution of the system. ]

The matrix equation (7) provides a nice way of characterizing whether a linear sys-
tem of equations is consistent. Indeed, the following theorem is a direct consequence
of (7).

Consistency Theorem for Linear Systems

A linear system AX = b is consistent if and only if b can be written as a linear
combination of the column vectors of A.

The linear system
X1 +2x =1
2X1 + 4XZ =1

is inconsistent since the vector [ 1 ] cannot be written as a linear combination of the

column vectors [ é ] and [ i ] . Note that any linear combination of these vectors

1 2 _ X1+ 2x;
a o) e (3] = [555)

and hence the second entry of the vector must be double the first entry. ]

would be of the form
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Matrix Multiplication

More generally, it is possible to multiply a matrix A times a matrix B if the number
of columns of A equals the number of rows of B. The first column of the product is
determined by the first column of B; that is, the first column of AB is Aby, the second
column of AB is Ab,, and so on. Thus the product AB is the matrix whose columns are
Abq,Ab,, ..., Ab,.

AB = (Aby, Ab,, ..., Ab,)

The (i,)) entry of AB is the ith entry of the column vector Ab,. It is determined by
multiplying the ith row vector of A times the jth column vector of B.

If A = (a;) is an m x n matrix and B = (b;j) is an n X r matrix, then the product
AB = C = (c;) is the m x r matrix whose entries are defined by

n
Cij = aibj = E aikbkj

k=1
If
3 -2
A=|2 4 and B:[_i 12
1 -3
then

3 2
aB = | 2 4][_2 1 3]
-3

3.(=2)—2-4 3.1-2-1 3.3-2.6
— 2. (-2)+4-4 2.14+4-1 2.3+4-6
1-(=2)—=3-4 1-1-3-1 1-3-3-6
14 1 -3
—| 12 6 30
—14 -2 -15

The shading indicates how the (2, 3) entry of the product AB is computed as a scalar
product of the second row vector of A and the third column vector of B. It is also
possible to multiply B times A; however, the resulting matrix BA is not equal to AB. In
fact, AB and BA do not even have the same dimensions.

2.341-243-1  —2.(=2)+1-4+3-(=3)
4.341-246-1 4.(=2)+1-446-(=3)

I
120 —22 u

m- |
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EXAMPLE 9

EXAMPLE 10

APPLICATION |

If

1 2
Az[i g] and B=1]4 5
3 6

then it is impossible to multiply A times B, since the number of columns of A does not
equal the number of rows of B. However, it is possible to multiply B times A.

[ 34 ] 1 2 o
15 24

If A and B are both n x n matrices, then AB and BA will also be n x n matrices,

but, in general, they will not be equal. Multiplication of matrices is not commutative.

BA

If
1 1 1 1
Az[o 0] and B=[2 2]
then
1 1 1 1 3
AB:[O 0][2 2]=[o
and
1 1 1 1 1 1
BA:[z 2][0 0]= 2 2
Hence AB # BA. n

Production Costs

A company manufactures three products. Its production expenses are divided into three
categories. In each category, an estimate is given for the cost of producing a single item
of each product. An estimate is also made of the amount of each product to be produced
per quarter. These estimates are given in Tables 1 and 2. At its stockholders’ meeting
the company would like to present a single table showing the total costs for each quarter
in each of the three categories: raw materials, labor, and overhead.

Table |  Production Costs per Item (dollars)
Product
Expenses A B C
Raw materials 0.10 0.30 0.15
Labor 0.30 0.40 0.25
Overhead and miscellaneous 0.10 0.20 0.15
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Table 2 Amount Produced per Quarter

Season
Product Summer Fall Winter Spring
A 4000 4500 4500 4000
B 2000 2600 2400 2200
C 5800 6200 6000 6000

Solution

Let us consider the problem in terms of matrices. Each of the two tables can be
represented by a matrix, namely,

0.10 030 0.15
M=]030 040 0.25
0.10 0.20 0.15

and

2000 2600 2400 2200
5800 6200 6000 6000

P=

4000 4500 4500 4000]

If we form the product MP, the first column of MP will represent the costs for the
summer quarter:

Raw materials:  (0.10)(4000) + (0.30)(2000) 4 (0.15)(5800) = 1870
Labor: (0.30)(4000) 4 (0.40)(2000) + (0.25)(5800) = 3450
Overhead and

miscellaneous:  (0.10)(4000) + (0.20)(2000) + (0.15)(5800) = 1670

The costs for the fall quarter are given in the second column of MP:

Raw materials:  (0.10)(4500) + (0.30)(2600) + (0.15)(6200) = 2160
Labor: (0.30)(4500) + (0.40)(2600) + (0.25)(6200) = 3940
Overhead and

miscellaneous:  (0.10)(4500) + (0.20)(2600) + (0.15)(6200) = 1900

Columns 3 and 4 of MP represent the costs for the winter and spring quarters.

1870 2160 2070 1960
MP = | 3450 3940 3810 3580
1670 1900 1830 1740

The entries in row 1 of MP represent the total cost of raw materials for each of the four
quarters. The entries in rows 2 and 3 represent the total cost for labor and overhead,
respectively, for each of the four quarters. The yearly expenses in each category may
be obtained by adding the entries in each row. The numbers in each of the columns
may be added to obtain the total production costs for each quarter. Table 3 summarizes
the total production costs. ]
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Table 3
Season
Summer Fall Winter Spring Year
Raw materials 1870 2160 2070 1960 8060
Labor 3450 3940 3810 3580 14,780
Overhead and miscellaneous 1670 1900 1830 1740 7140
Total production costs 6990 8000 7710 7280 29,980

APPLICATION 2

Management Science—Analytic Hierarchy Process

The analytic hierarchy process (AHP) is a common technique that is used for analyzing
complex decisions. The technique was developed by T. L. Saaty during the 1970s. AHP
is used in a wide variety of areas including business, industry, government, education,
and health care. The technique is applied to problems with a specific goal and a fixed
number of alternatives for achieving the goal. The decision as to which alternative to
pick is based on a list of evaluation criteria. In the case of more complex decisions,
each evaluation criterion could have a list of subcritera and these in turn could also
have subcriteria, and so on. Thus for complex decisions one could have a multilayered
hierarchy of decision criteria.

To illustrate how AHP actually works we consider a simple example. A search and
screen committee in the Mathematics Department of a state university is conducting
a screening process to fill a full professor position in the department. The committee
does a preliminary round of screening and narrows the pool down to three candidates:
Dr. Gauss, Dr. O’Leary, and Dr. Taussky. After interviewing the finalists the committee
must pick the candidate best qualified for the position. To do this they must evaluate
each of the candidates in terms of the following criteria: Research, Teaching Ability,
and Professional Activities. The hierarchal structural of the decision-making process
is illustrated in Figure 1.3.1.

Objective Pick a Candidate
[ |
Criteria Research Teaching Profésglgnal
Activities
Dr Gauss Dr Gauss Dr Gauss
Alternatives Dr O’Leary Dr O’Leary Dr O’Leary
Dr Taussky Dr Taussky Dr Taussky

Figure 1.3.1. Analytic Hierarchy Process

The first step of the AHP process is to determine the relative importance of the
three areas of evaluation. This can be done using pairwise comparisons. Suppose, for
example, that the committee decides that Research and Teaching should be given equal
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importance and that both of these categories are twice as important as the category
of Professional Activities. These relative ratings can be expressed mathematically by
assigning the weights 0.40, 0.40, and 0.20 to the respective categories of evaluation.
Note that the weights of the first two evaluation criteria are equal and have double the
weight of the third. Note also that the weights are chosen so that they all add up to 1.

The weight vector
0.40
w= 040

0.20

provides a numerical representation of the relative importance of the search criteria.

The next step in the process is to assign relative ratings or weights to the three can-
didates for each of the criteria in our list. Methods for assigning these weights may be
either quantitative or qualitative. For example, one could do a quantitative evaluation
of research using weights based on the total number of pages published by the candid-
ates in research journals. Thus if Gauss has published 500 pages, O’Leary 250 pages,
and Taussky 250 pages, then one could obtain weights by dividing each of these page
counts by 1000 (the combined page count for all three individuals). Thus the quantit-
ative weights produced in this manner would be 0.50, 0.25, and 0.25. The quantitative
method does not factor in differences in the quality of the publications. Determining
qualitative weights involves making some judgments, but the process need not be en-
tirely subjective. Later in the text (in Chapters 5 and 6) we will revisit this example and
discuss how to determine qualitative weights. The methods we will consider involve
making pairwise comparisons and then using advanced matrix techniques to assign
weights based on those comparisons.

Another way the committee could refine the search process would be to break
up the research criteria up into two subclasses, quantitative research and qualitative
research. In this case one would add a subcriteria row to Figure 1.3.1 directly below
the row for criteria. We will incorporate this refinement later when we revisit the AHP
application in Section 3 of Chapter 5.

For now, let us assume that the search committee has determined the relat-
ive weights for each of the three criteria and that those weights are specified in
Figure 1.3.2. The relative ratings for the candidates for research, teaching, and
professional activities are given by the vectors

0.50 0.20 0.25
aj=|025], a=]050|, a3= | 050
0.25 0.30 0.25

To determine the overall ranking for the candidates we multiply each of these vectors
by the corresponding weights wy, w,, w3 and add.

0.50 0.20 0.25 0.33
r = wia;+wray+wsaz = 0.40 | 0.25 | +0.40 | 0.50 | +0.20 | 0.50 | = | 0.40
0.25 0.30 0.25 0.27
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.. Pick a Candidate
Objective 1.00
[ 1
- Research Teaching Profe_ss.lgnal
Criteria 0.40 0.40 Activities
’ ’ 0.20
Dr Gauss Dr Gauss Dr Gauss
0.50 0.20 0.25
. Dr O’Leary Dr O’Leary Dr O’Leary
Alternatives 025 0.50 0.50
Dr Taussky Dr Taussky Dr Taussky
0.25 0.30 0.25
Figure 1.3.2. APH Diagram with Weights
Note that if we set A = [ a, a, aj ], then the vector r of relative ratings is

determined by multiplying the matrix A times the vector w.

0.50 0.20 0.25 0.40 0.33
r=Aw= | 025 050 0.50 040 | =] 040
025 030 0.25 0.20 0.27

In this example the second candidate has the highest relative rating, so the committee
eliminates Gauss and Taussky and offers the position to O’Leary. If O’Leary refuses
the offer, then next in line is Gauss, the candidate with the second highest rating.
References

1. Saaty, T. L., The Analytic Hierarchy Process, McGraw Hill, 1980

Notational Rules

Just as in ordinary algebra, if an expression involves both multiplication and addition
and there are no parentheses to indicate the order of the operations, multiplications are
carried out before additions. This is true for both scalar and matrix multiplications. For

example, if
3 4 1 3 -2 1
A=[12]’ B=[21]’ C= 32]
then
3 4 7 17 10 11
and

9 12 |3 10 15
3A+B:[3 6]+[2 1]: 5 7]
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The Transpose of a Matrix

Given an m x n matrix A, it is often useful to form a new n x m matrix whose columns
are the rows of A.
Definition | The transpose of an m x n matrix A is the n x m matrix B defined by
bji = a;j (®)
forj=1,...,nandi =1,...,m. The transpose of A is denoted by A”.

It follows from (8) that the jth row of AT has the same entries, respectively, as the
jth column of A, and the ith column of AT has the same entries, respectively, as the ith

row of A.
1 2 3 1 4
EXAMPLE || (a) IfA = ],thenAT= 2 s |.
4 5 6
306
-3 2 1 -3 4 1
(b) If B = 4 3 2 ,thenBT: 2 3 21.
1 2 5 1 2 5
(12 ;o (12
(c) IfC = > 3],thenC _[2 3]. [ |

The matrix C in Example 11 is its own transpose. This frequently happens with
matrices that arise in applications.

Definition | Ann x n matrix A is said to be symmetric if AT = A.
The following are some examples of symmetric matrices:

2 3 4 0o 1 2
[(1)_0] 315 11 =2
453 2 2 -3

APPLICATION 3 Information Retrieval

The growth of digital libraries on the Internet has led to dramatic improvements in
the storage and retrieval of information. Modern retrieval methods are based on matrix
theory and linear algebra.

In a typical situation, a database consists of a collection of documents and we
wish to search the collection and find the documents that best match some particular
search conditions. Depending on the type of database, we could search for such items
as research articles in journals, Web pages on the Internet, books in a library, or movies
in a film collection.
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To see how the searches are done, let us assume that our database consists of m
documents and that there are n dictionary words that can be used as keywords for
searches. Not all words are allowable since it would not be practical to search for com-
mon words such as articles or prepositions. If the key dictionary words are ordered
alphabetically, then we can represent the database by an m x n matrix A. Each docu-
ment is represented by a column of the matrix. The first entry in the jth column of A
would be a number representing the relative frequency of the first key dictionary word
in the jth document. The entry a,; represents the relative frequency of the second word
in the jth document, and so on. The list of keywords to be used in the search is repres-
ented by a vector x in R™. The ith entry of x is taken to be 1 if the ith word in the list
of keywords is on our search list; otherwise, we set x; = 0. To carry out the search, we
simply multiply A7 times x.

Simple Matching Searches

The simplest type of search determines how many of the key search words are in each
document; it does not take into account the relative frequencies of the words. Suppose,
for example, that our database consists of these book titles:

B1. Applied Linear Algebra

B2. Elementary Linear Algebra

B3. Elementary Linear Algebra with Applications
B4. Linear Algebra and Its Applications

BS. Linear Algebra with Applications

B6. Matrix Algebra with Applications

B7. Matrix Theory

The collection of keywords is given by the following alphabetical list:
algebra, application, elementary, linear, matrix, theory

For a simple matching search, we just use 0’s and 1’s, rather than relative frequen-
cies, for the entries of the database matrix. Thus, the (7, ) entry of the matrix will be 1
if the ith word appears in the title of the jth book and 0 if it does not. We will assume
that our search engine is sophisticated enough to equate various forms of a word. So,
for example, in our list of titles the words applied and applications are both counted
as forms of the word application. The database matrix for our list of books is the array
defined by Table 4.

If the words we are searching for are applied, linear, and algebra, then the database
matrix and search vector are, respectively, given by

1111110 1
1011110 1
Ao 10000 1o
St 111 100}| =11
0000011 0
000000 1 0
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Table 4 Array Representation for Database of Linear Algebra Books

Books
Key Words B1 B2 B3 B4 BS B6 B7
algebra 1 1 1 1 1 1 0
application 1 0 1 1 1 1 0
elementary 0 1 1 0 0 0 0
linear 1 1 1 1 1 0 0
matrix 0 0 0 0 0 1 1
theory 0 0 0 0 0 0 1
If we sety = ATx, then

1 101 00 1 3

1 01 100 | 2

1 11100 0 3

1 101 00 0 3

1 1.0 010 0 2

0 00O0T1 1 0

The value of y; is the number of search word matches in the title of the first book,
the value of y, is the number of matches in the second book title, and so on. Since
Y1 = y3 = y4 = y5 = 3, the titles of books B1, B3, B4, and B5 must contain all three
search words. If the search is set up to find titles matching all search words, then the
search engine will report the titles of the first, third, fourth, and fifth books.

Relative Frequency Searches

Searches of noncommercial databases generally find all documents containing the key
search words and then order the documents based on the relative frequency. In this
case, the entries of the database matrix should represent the relative frequencies of
the keywords in the documents. For example, suppose that in the dictionary of all key
words of the database the 6th word is algebra and the 8th word is applied, where all
words are listed alphabetically. If, say, document 9 in the database contains a total of
200 occurrences of keywords from the dictionary and if the word algebra occurred
10 times in the document and the word applied occurred 6 times, then the relative
frequencies for these words would be % and %, and the corresponding entries in the
database matrix would be

agy = 0.05 and agg = 0.03

To search for these two words, we take our search vector x to be the vector whose
entries xg and xg are both equal to 1 and whose remaining entries are all 0. We then
compute

y=ATx
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The entry of y corresponding to document 9 is
Yo =deo - 1 +agy -1 =20.08

Note that 16 of the 200 words (8 percent of the words) in document 9 match the key
search words. If y; is the largest entry of y, this would indicate that the jth document in
the database is the one that contains the keywords with the greatest relative frequencies.

Advanced Search Methods

A search for the keywords linear and algebra could easily turn up hundreds of docu-
ments, some of which may not even be about linear algebra. If we were to increase the
number of search words and require that all search words be matched, then we would
run the risk of excluding some crucial linear algebra documents. Rather than match
all words of the expanded search list, our database search should give priority to those
documents which match most of the keywords with high relative frequencies. To ac-
complish this, we need to find the columns of the database matrix A that are “closest”
to the search vector x. One way to measure how close two vectors are is to define the
angle between the vectors. We will do this later in Section 5.1 of the book.

We will also revisit the information retrieval application after we have learned
about the singular value decomposition (Chapter 6, Section 5). This decomposition can
be used to find a simpler approximation to the database matrix, which will speed up
the searches dramatically. Often it has the added advantage of filtering out noise; that
is, using the approximate version of the database matrix may automatically have the
effect of eliminating documents that use keywords in unwanted contexts. For example,
a dental student and a mathematics student could both use calculus as one of their
search words. Since the list of mathematics search words does not contain any other
dental terms, a mathematics search using an approximate database matrix is likely to
eliminate all documents relating to dentistry. Similarly, the mathematics documents
would be filtered out in the dental student’s search.

Web Searches and Page Ranking

Modern Web searches could easily involve billions of documents with hundreds of
thousands of keywords. Indeed, as of July 2008, there were more than 1 trillion Web
pages on the Internet, and it is not uncommon for search engines to acquire or update
as many as 10 million Web pages in a single day. Although the database matrix for
pages on the Internet is extremely large, searches can be simplified dramatically, since
the matrices and search vectors are sparse; that is, most of the entries in any column
are 0’s.

For Internet searches, the better search engines will do simple matching searches
to find all pages matching the keywords, but they will not order them on the basis of the
relative frequencies of the keywords. Because of the commercial nature of the Internet,
people who want to sell products may deliberately make repeated use of keywords to
ensure that their Web site is highly ranked in any relative-frequency search. In fact, it
is easy to surreptitiously list a keyword hundreds of times. If the font color of the word
matches the background color of the page, then the viewer will not be aware that the
word is listed repeatedly.
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For Web searches, a more sophisticated algorithm is necessary for ranking the
pages that contain all of the key search words. In Chapter 6 we will study a special
type of matrix model for assigning probabilities in certain random processes. This type
of model is referred to as a Markov process or a Markov chain. In Section 6.3 we will
see how to use Markov chains to model Web surfing and obtain rankings of Web pages.

References

1. Berry, Michael W., and Murray Browne, Understanding Search Engines:
Mathematical Modeling and Text Retrieval, SIAM, Philadelphia, 1999.

2. Langville, Amy N., and Carl D. Meyer, Google’s PageRank and Beyond: The
Science of Search Engine Rankings, Princeton University Press, 2012.

SECTION 1.3 EXERCISES

If

3 1 4 1 0 2
A=|-2 0 1 and B= | -3 1 1
1 2 2 2 -4 1
compute
(a) 2A (b) A+ B
(¢c) 2A —-3B @ A" — 3BT
(e) AB (f) BA
(g) ATBT (h) (BA)"

. For each of the pairs of matrices that follow, de-
termine whether it is possible to multiply the first
matrix times the second. If it is possible, perform
the multiplication.

(@) —202][ l
4 —

(b) g—g][l 2 3]
1 3 2

" 01 ||11|
0 4

<d>§? i1 ¢

© 5 ][4 ‘]
2

) —§|[3245]

3.

.

For which of the pairs in Exercise 2 is it possible to
multiply the second matrix times the first, and what
would the dimension of the product matrix be?

Write each of the following systems of equations

as a matrix equation:

(a) 3X1 + 2X2 =1
2)C] — 3)C2 =5

(b) X1+ x =5
2X|+ Xy — .X3=6

3x; —2x +2x3 =17
© 2+ xn+ =4
X1 — )C2+2)C3:2
3)C1—2X2— )C3:0

5. If
3 4
A=1|1 1
2 7
verify that
(a) SA=3A+2A (b) 6A = 3(24)
() A=A
6. If
1 1 3 0
[2 3 5] andB—[—z 2 —]
verify that
(@ A+B=B+A
(b) 3(A+B)=3A+3B
(© A+B"=A"+B"
7. If
2 1
A= 6 3 and B:[% 2]
-2 4
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10.

11.

12.
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verify that

(a) 3(AB) = (3A)B = A(3B),

(b) (AB)T = BTAT

. If

2 4 21 301
A:[I 3]’32 0 4]’C:[2 1]
verify that

@ A+B+C=A4+B+0
(b) (AB)C = A(BC)

(¢) A(BB+ C)=AB+AC

(d) (A+ B)C =AC + BC

Let
1 2 4 -3
=1 5)or=6) =[5
(a) Write b as a linear combination of the column
vectors a; and a,.
(b) Use the result from part (a) to determine a solu-

tion of the linear system Ax = b. Does the
system have any other solutions? Explain.
(c) Write c as a linear combination of the column
vectors a; and a,.
For each of the choices of A and b that follow, de-
termine whether the system AX = b is consistent
by examining how b relates to the column vectors
of A. Explain your answers in each case.

2 1 3
@A=1_, 1] P= 1]

1 4 5
wa=(, 3] v= (5]

3 2 1 1
) A=1]3 2 1], b= 0

3 2 1 —1
Let A be a5 x 3 matrix. If

b=a, +a,=a, +a;
then what can you conclude about the number of
solutions of the linear system Ax = b? Explain.
Let A be a 3 x 4 matrix. If

b=a +a+a+a,

then what can you conclude about the number of
solutions to the linear system Ax = b? Explain.

13.

15.

17.

Let Ax = b be a linear system whose augmented
matrix (A|b) has reduced row echelon form

-2

(a) Find all solutions to the system.
(b) If

—_—— NI

a; = and a; =

AW ==

determine b.

. Suppose in the search and screen example in

Application 2 the committee decides that research
is actually 1.5 times as important as teaching and 3
times as important as professional activities. The
committee still rates teaching twice as important
as professional activities. Determine a new weight
vector w that reflects these revised priorities. De-
termine also a new rating vector r. Will the new
weights have any effect on the overall rankings of
the candidates?

Let A be an m x n matrix. Explain why the matrix
multiplications A”A and AAT are possible.

. A matrix A is said to be skew symmetric if

AT = —A. Show that if a matrix is skew symmetric,
then its diagonal entries must all be 0.

In Application 3, suppose that we are searching
the database of seven linear algebra books for the
search words elementary, matrix, algebra. Form a
search vector x, and then compute a vector y that
represents the results of the search. Explain the
significance of the entries of the vector y.

. Let A be a 2 x 2 matrix with a;; # 0 and let

o = ap/a;;. Show that A can be factored into a
product of the form

I 0 ay  dp
oa 1 0 b

What is the value of b?

Matrix Algebra

The algebraic rules used for real numbers may or may not work when matrices are
used. For example, if a and b are real numbers, then

a+b=b+a and ab = ba
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For real numbers, the operations of addition and multiplication are both commutative.
The first of these algebraic rules works when we replace a and b by square matrices A
and B, that is,

A+B=B+A

However, we have already seen that matrix multiplication is not commutative. This fact
deserves special emphasis.

Warning: In general, AB # BA. Matrix multiplication is not commutative.

In this section we examine which algebraic rules work for matrices and which
do not.

Algebraic Rules

The following theorem provides some useful rules for doing matrix algebra.

Each of the following statements is valid for any scalars a and f and for any matrices
A, B, and C for which the indicated operations are defined.
A+B=B+A

A+B)+C=A+B+0)

(AB)C = A(BC)

AB+ C)=AB+AC

(A+B)C=AC+BC

(@p)A = a(BA)

a(AB) = (0A)B = A(aB)

(0 + A =aA+ BA

o(A+ B) =aA +aB

~

X NN R WD

We will prove two of the rules and leave the rest for the reader to verify.

Assume that A = (a;;) is an m x n matrix and B = (b;;) and C = (c;;) are both n x r
matrices. Let D = A(B+ C) and E = AB + AC. It follows that

dj = Z air(by + cij)

k=1
and
n n
ej = Z aixbyj + Z AikCrj
k=1 k=1
But

n n n
E ai(by + cij) = E aixbyj + E AjkCkj
=1 o k=1

so that djj = e;; and hence A(B + C) = AB + AC. [ ]
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Proof of LetA be an m X n matrix, B an n x r matrix, and C an r x s matrix. Let D = AB and
Rule 3 E = BC. We must show that DC = AE. By the definition of matrix multiplication,

EXAMPLE |

n r
dil = E aikbkl and €l = E bklclj
k=1 =1

The ijth term of DC is
r r n
=1 =1 k=1

and the (i, ) entry of AE is

n n r
E ajxerj = E ik E bycyj
k=1 k=1 =1

Since
r n r n n r
Z ( aikbkl) cj = Z ( aikbklclj> = Zaik (Z bkzczj)
=1 \k=1 =1 \i=1 k=1 =1
it follows that

(AB)C = DC = AE = A(BC) n

The algebraic rules given in Theorem 1.4.1 seem quite natural, since they are
similar to the rules that we use with real numbers. However, there are important dif-
ferences between the rules for matrix algebra and the algebraic rules for real numbers.
Some of these differences are illustrated in Exercises 1 through 5 at the end of this
section.

If

12 21 10
A=[3 4]’ B={-3 o) ond C=[21]

verify that A(BC) = (AB)C and A(B + C) = AB + AC.

Solution
1 2) (4 1 6 5
ABC) = [3 4][1 2]2[16 1

4 5)(1 0 6 5
ABC = [—6 11] [2 1]: 16 11]
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Thus
6 5
ABo) = [0 7] =wsc
12 31 17
AB+O) = |5 4] [—1 3]=[5 15]
4 5 5 2 17
AB+AC = | _ 11]*[11 4]=[5 15]
Therefore,
AB + C) = AB + AC n
Notation

Since (AB)C = A(BC), we may simply omit the parentheses and write ABC. The same
is true for a product of four or more matrices. In the case where an n x n matrix is
multiplied by itself a number of times, it is convenient to use exponential notation.
Thus, if k is a positive integer, then

A¥=AA..-A
——
k times

It
11
a= {1 1]
then
L1y (1 1 2 2
2 _
A_[l 1][1 1]—[2 2
1 1) (2 2 4 4
3 _ _ 2 _
A—AAA—AA—[1 1][2 2]—[4 4

and in general

2n—l 2n—1
A" = [ 2n—1 2n—1 ] u

A Simple Model for Marital Status Computations

In a certain town, 30 percent of the married women get divorced each year and 20
percent of the single women get married each year. There are 8000 married women and
2000 single women. Assuming that the total population of women remains constant,
how many married women and how many single women will there be after one year?
After two years?
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APPLICATION 2

Solution
Form a matrix A as follows: The entries in the first row of A will be the percentages of

married and single women, respectively, who are married after one year. The entries in
the second row will be the percentages of women who are single after one year. Thus,

L [070 020
= (030 080

8000
2000
be computed by multiplying A times x.

0.70  0.20 8000 ) _ [ 6000
0.30 0.80 2000 J — | 4000

If weletx = [ , the number of married and single women after one year can

ax= |

After one year, there will be 6000 married women and 4000 single women. To find the
number of married and single women after two years, compute

0.70 0.20] [6000 . [5000

2y _
AX = A(Ax) = [0.30 0.80 J | 4000 5000

After two years, half of the women will be married and half will be single. In general,
the number of married and single women after n years can be determined by computing
A'X. ]

Ecology: Demographics of the Loggerhead Sea Turtle

The management and preservation of many wildlife species depends on our ability to
model population dynamics. A standard modeling technique is to divide the life cycle
of a species into a number of stages. The models assume that the population sizes for
each stage depend only on the female population and that the probability of survival
of an individual female from one year to the next depends only on the stage of the life
cycle and not on the actual age of an individual. For example, let us consider a four-
stage model for analyzing the population dynamics of the loggerhead sea turtle (see
Figure 1.4.1).

Figure 1.4.1. Loggerhead Sea Turtle

At each stage, we estimate the probability of survival over a one-year period. We
also estimate the ability to reproduce in terms of the expected number of eggs laid in
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Table | Four-Stage Model for Loggerhead Sea Turtle Demographics

Stage Description Annual Eggs laid
Number (age in years) survivorship per year
1 Eggs, hatchlings (<1) 0.67 0
2 Juveniles and subadults (1-21) 0.74 0
3 Novice breeders (22) 0.81 127
4 Mature breeders (23-54) 0.81 79

a given year. The results are summarized in Table 1. The approximate ages for each
stage are listed in parentheses next to the stage description.

If d; represents the duration of the ith stage and s, is the annual survivorship rate for
that stage, then it can be shown that the proportion remaining in stage i the following

year will be
1 — it
pPi = (1_—;01!) Si (1

and the proportion of the population that will survive and move into stage i + 1 the
following year will be
d.
s —sy)
gi="—" )

L
-

If we let e; denote the average number of eggs laid by a member of stage i (i = 2,3,4)
in 1 year and form the matrix

pP1 e e3 ey

@ pp 0 O

L= 3
0 ¢ p3 O )
0 0 g3 ps

then L can be used to predict the turtle populations at each stage in future years. A
matrix of the form (3) is called a Leslie matrix, and the corresponding population model
is sometimes referred to as a Leslie population model. Using the figures from Table 1,
the Leslie matrix for our model is

0 0 127 79
0.67 0.7394 0 0

0 0.0006 O 0

0 0 0.81 0.8097

L=

Suppose that the initial populations at each stage were 200,000, 300,000, 500,
and 1500, respectively. If we represent these initial populations by a vector Xy, the
populations at each stage after one year are determined by computing

0 0 1 27 200,000 182,000
— Ixy = 0.67 0.7394 l ' 300,000 l _ [ 355,820
0  0.0006 500 180
0 0 0. 81 0. 8097 1500 1620
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(The computations have been rounded to the nearest integer.) To determine the
population vector after two years, we multiply again by the matrix L.

Xy = LX] = L2X0

In general, the population after k years is determined by computing x; = LFx,. To see
longer-range trends, we compute Xjg, X5, Xs0, and X;q. The results are summarized in
Table 2. The model predicts that the total number of breeding-age turtles will decrease
by approximately 95 percent over a 100-year period.

Table 2 Loggerhead Sea Turtle Population Projections

Stage Initial 10 25 50 100
Number population years years years years
1 200,000 115,403 75,768 37,623 9276
2 300,000 331,274 217,858 108,178 26,673
3 500 215 142 70 17
4 1500 1074 705 350 86

A seven-stage model describing the population dynamics is presented in refer-
ence [1] to follow. We will use the seven-stage model in the computer exercises at the
end of this chapter. Reference [2] is the original paper by Leslie.
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The Identity Matrix

Just as the number 1 acts as an identity for the multiplication of real numbers, there is
a special matrix 7 that acts as an identity for matrix multiplication; that is,

IA=AI=A @)

for any n x n matrix A. It is easy to verify that, if we define / to be an n x n matrix with
1I’s on the main diagonal and O’s elsewhere, then [ satisfies equation (4) for any n x n
matrix A. More formally, we have the following definition:

The n x n identity matrix is the matrix I = (8;), where

s _ |1 iti=)
PiTV0  ifit)
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As an example, let us verify equation (4) in the case n = 3.

1 0 0 3 4 1 3 4 1

01 0 2 6 3]=12 6 3

0 0 1 0 1 8 0 1 8
and

3 4 1 1 00 3 4 1

2 6 3 01 0]=1]2 6

0 1 8 0 0 1 0 1 8

In general, if B is any m x n matrix and C is any n X r matrix, then
Bl =B and IC=C

The column vectors of the n x n identity matrix / are the standard vectors used
to define a coordinate system in Euclidean n-space. The standard notation for the jth
column vector of / is e;, rather than the usual i;. Thus, the n x n identity matrix can be
written

I=(e1’e27'~-9en)

Matrix Inversion

A real number « is said to have a multiplicative inverse if there exists a number b such
that ab = 1. Any nonzero number a has a multiplicative inverse b = é We generalize
the concept of multiplicative inverses to matrices with the following definition.

An n x n matrix A is said to be nonsingular or invertible if there exists a matrix
B such that AB = BA = I. The matrix B is said to be a multiplicative inverse of A.

If B and C are both multiplicative inverses of A, then
B =Bl =BAC)=(BA)C=IC=C
Thus, a matrix can have at most one multiplicative inverse. We will refer to the mul-
tiplicative inverse of a nonsingular matrix A as simply the inverse of A and denote it

by A~

The matrices
1
2 4 — 10
[ 3] ] and | 3
10

are inverses of each other, since

ik

Sl 3l=
L= Ll
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and

r—
|
3l -
|
W=
B
—
W N
—_
R
I
—
O -
— O
——
|

The 3 x 3 matrices

1 2 3 1 — 5
01 4 and 0 1 —
0 0 1 0 0 1
are inverses, since
1 2 3 1 -2 5 1 0 0
01 4 0 1 — =10 1 0
0 0 1 0 0 1 0 0 1
and
1 -2 5 1 2 3 1 0
0 1 —4 01 41=1]01 0 [
0 0 1 0 0 1 0 0 1
The matrix
1 0
A= [ 00
has no inverse. Indeed, if B is any 2 x 2 matrix, then
(b b2 1 0) (b O
BA_[b21 b221[0 o) = b 0]
Thus, BA cannot equal /. ]

An n x n matrix is said to be singular if it does not have a multiplicative inverse.

Note

Only square matrices have multiplicative inverses. One should not use the terms
singular and nonsingular when referring to nonsquare matrices.

Often we will be working with products of nonsingular matrices. It turns out that
any product of nonsingular matrices is nonsingular. The following theorem character-
izes how the inverse of the product of a pair of nonsingular matrices A and B is related
to the inverses of A and B:

If A and B are nonsingular n x n matrices, then AB is also nonsingular and
AB)~' =B71A7".
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(B"'"A"WAB=B'A"'"A) B=B'B=1
AB)B'A™)Y=ABB HA ' =AA"1 =1 ]

It follows by induction that, if Ay, ..., A, are all nonsingular n X n matrices, then
the product A1A; - - - A; is nonsingular and

(A1Ay - - Ap)™! =Ak—1 .. -A2_1A1_1

In the next section we will learn how to determine whether a matrix has a multiplic-
ative inverse. We will also learn a method for computing the inverse of a nonsingular
matrix.

Algebraic Rules for Transposes

There are four basic algebraic rules involving transposes.

Algebraic Rules for Transposes
1. AT =A
2. (@A) = aAT
3. A+B =AT + BT
4. (AB)" = B'AT

The first three rules are straightforward. We leave it to the reader to verify that they are
valid. To prove the fourth rule, we need only show that the (i, /) entries of (AB)” and
BTAT are equal. If A is an m x n matrix, then, for the multiplications to be possible, B
must have n rows. The (i,]) entry of (AB)” is the (j, i) entry of AB. It is computed by
multiplying the jth row vector of A times the ith column vector of B:

b1

. by;

ab; = (ap,ap, ..., ay) | = aibii+apbai+ -+ - + ajubu; &)
bm’

The (i,j) entry of B'AT is computed by multiplying the ith row of BT times the jth
column of A”. Since the ith row of B is the transpose of the ith column of B and the
jth column of A7 is the transpose of the jth row of A, it follows that the (i,j) entry of
BTAT is given by

aji
TT _ 2l
b;a; = (b1, b, - .., byi) | = buap + byiap + -+ - + bricjn (6)
jn

It follows from (5) and (6) that the (i, ) entries of (AB)” and B’AT are equal.
The next example illustrates the idea behind the last proof.
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APPLICATION 3

1 2 1 1 0 2
3 351, B=12 11
2 4 1 5 41

Note that, on the one hand, the (3, 2) entry of AB is computed taking the scalar product
of the third row of A and the second column of B.
10 6 5
=134 23 14

335
2 41 15 8 9

When the product is transposed, the (3,2) entry of AB becomes the (2,3) entry
of (AB)".

AB

10 34 15
4B’ =] 6 23 8
5 14 9

On the other hand, the (2,3) entry of BTAT is computed taking the scalar product of
the second row of BT and the third column of A”.

1 25 1 10 34
B'AT=10 1 4 234 623
2 1 1 1
In both cases, the arithmetic for computing the (2, 3) entry is the same. ]

Symmetric Matrices and Networks

Recall that a matrix A is symmetric if A7 = A. One type of application that leads to
symmetric matrices is problems involving networks. These problems are often solved
using the techniques of an area of mathematics called graph theory.

Networks and Graphs

Graph theory is an important area of applied mathematics. It is used to model problems
in virtually all the applied sciences. Graph theory is particularly useful in applications
involving communications networks.

A graph is defined to be a set of points called vertices, together with a set of
unordered pairs of vertices, which are referred to as edges. Figure 1.4.2 gives a geo-
metrical representation of a graph. We can think of the vertices V|, V», Vi, V4, and Vs
as corresponding to the nodes in a communications network.

The line segments joining the vertices correspond to the edges:

{VI’VZ}v {VZ’ V5}7 {V3’V4}’ {V35V5}’ {V47V5}

Each edge represents a direct communications link between two nodes of the network.
An actual communications network could involve a large number of vertices and
edges. Indeed, if there are millions of vertices, a graphical picture of the network would
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Vl V2

V3
Vs Vi
Figure 1.4.2.

be quite confusing. An alternative is to use a matrix representation for the network. If
the graph contains a total of n vertices, we can define an n X n matrix A by

1 if {V;,V;} is an edge of the graph
Y%=10 if there is no edge joining V; and V;

The matrix A is called the adjacency matrix of the graph. The adjacency matrix for the
graph in Figure 1.4.2 is given by

01000
1 00 01
A=10 0 0 1 1
001 01
01 1 10

Note that the matrix A is symmetric. Indeed, any adjacency matrix must be symmetric,
for if {V;, V;} is an edge of the graph, then a;; = a;; = 1 and a;; = a;; = 0 if there is no
edge joining V; and V;. In either case, a;; = a;;.

We can think of a walk in a graph as a sequence of edges linking one vertex to
another. For example, in Figure 1.4.2 the edges {V, V»}, {V2, V5} represent a walk from
vertex V) to vertex Vs. The length of the walk is said to be 2 since it consists of two
edges. A simple way to describe the walk is to indicate the movement between vertices
by arrows. Thus, V; — V, — Vs denotes a walk of length 2 from V; to V5. Similarly,
V4 — Vs — Vo, — V| represents a walk of length 3 from Vj4 to V. It is possible to
traverse the same edges more than once in a walk. For example, Vs — V3 — V5 — V;
is a walk of length 3 from V5 to Vi. In general, by taking powers of the adjacency
matrix we can determine the number of walks of any specified length between two
vertices.

If A is an n x n adjacency matrix of a graph and ag-() represents the (i,]) entry of Ak,
then ag{) is equal to the number of walks of length k from V; to V.

The proof is by mathematical induction. In the case k = 1, it follows from the definition
of the adjacency matrix that a;; represents the number of walks of length 1 from V; to

V;. Assume for some m that each entry of A™ is equal to the number of walks of length
m between the corresponding vertices. Thus al(.lm) is the number of walks of length m
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from V; to V;. Now on the one hand, if there is an edge {V;, V;}, then ag")alj = aE;") is

the number of walks of length m + 1 from V; to V; of the form
Vis oo >V —> V]

On the other hand, if {V;, V}} is not an edge, then there are no walks of length m + 1 of
this form from V; to V; and

Pay = a0 =0
It follows that the total number of walks of length m + 1 from V; to V; is given by

ayay +aay + -+ ayay
But this is just the (i, ) entry of A"+, [ ]

To determine the number of walks of length 3 between any two vertices of the graph
in Figure 1.4.2, we need only compute

AP =

S == 1NO
=0
AW ==
A0 W~ =
[N =

Thus, the number of walks of length 3 from V3 to Vs is agSS) = 4. Note that the matrix
A3 is symmetric. This reflects the fact that there are the same number of walks of length

3 from V; to V; as there are from V; to V;. [ ]

SECTION 1.4 EXERCISES

1. Explain why each of the following algebraic rules

4

will not work in general when the real numbers a
and b are replaced by n x n matrices A and B.

(@) (a+b)? =ad>+2ab+ b
(b) (a+b)a—b)=a*>— b

. Will the rules in Exercise 1 work if a is replaced by

an n x n matrix A and b is replaced by the n x n
identity matrix /?

. Find nonzero 2 x 2 matrices A and B such that

AB = 0.

. Find nonzero matrices A, B, and C such that

AC = BC and A#B

5. The matrix

-
A=[1 o

has the property that A> = O. Is it possible for
a nonzero symmetric 2 x 2 matrix to have this
property? Prove your answer.

. Prove the associative law of multiplication for 2 x 2

matrices; that is, let

A=[a11 a12], B by b12]’

ay;  ap by by
Ci1 Ci2
c:[
€21 €2

and show that
(AB)C = A(BC)
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10.

11.

12.

13.

A=

|

Compute A> and A* . What will A" turn out to be?

N— =
NRI= =

. Let

W= = = M=

S
Il
RI— RI— RI— =

NI—= = = =

Nl—= = = =

Compute A% and A®. What will A>* and A>**! turn
out to be?

. Let

SO OO
SO o=
S o~ O
S = OO

Show that A* = O forn > 4.

Let A and B be symmetric n x n matrices. For each
of the following, determine whether the given mat-
rix must be symmetric or could be nonsymmetric:
(a) C=A+B (b) D =A?

(c) E=AB (d) F=ABA

() G=AB+BA (f) H=AB—BA

Let C be a nonsymmetric n x n matrix. For each of
the following, determine whether the given matrix

must necessarily be symmetric or could possibly be
nonsymmetric:

(a A=C+CT (b) B=C-C"
(¢c) D=C'C d) E=C'c-cc’
(€ F=U+0OU+Ch

® G=U+0U-C

Let

A= [ ay  dp ]

az  dx
Show that if d = ajdy — drdy 75 0, then
Al = l [ dyp —dp ]
d | —ax ap

Use the result from Exercise 12 to find the inverse
of each of the following matrices:

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
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7 2 35 4 3
@ [31] o33 @[3
Let A and B are n x n matrices. Show that if
AB=A and B #1I

then A must be singular.

Let A be a nonsingular matrix. Show that A~ is
also nonsingular and (A~")~! = A.

Prove that if A is nonsingular then A” is nonsingular
and

(AT)—I — (A—I)T

Hint: (AB)T = BTAT.
Let A be an n x n matrix and let x and y be vectors

in R". Show that if Ax = Ay and x # Yy, then the
matrix A must be singular.

Let A be a nonsingular n x n matrix. Use mathem-
atical induction to prove that A™ is nonsingular and

(Am)—l — (A_l)m

form=1,2,3,....

Let A be an n x n matrix. Show that if A2 = O, then

I — Ais nonsingular and (I — A)~' =1+ A.

Let A be an n x n matrix. Show that if A¥*! = O,

then / — A is nonsingular and
I—-A)"'=T+A+A+ .. ;A

Given

[ cos® —sinf
| sin6  cos@
show that R is nonsingular and R~ = R”.

An n x n matrix A is said to be an involution if
A? = [. Show that if G is any matrix of the form
[ coso
| sin®

sin 0
—cosf
then G is an involution.
Let u be a unit vector in R” (i.e., u’u = 1) and let
H =1 —2uu’. Show that A is an involution.

A matrix A is said to be idempotent if A> = A. Show
that each of the following matrices are idempotent.

1 0
(@ ] (b) l

W Wi
W= W=

(c)

Rl= A= B
Pi— &= b= O
RI= B— A=
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26.

27.

28.

29.

30.

31.

32.
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Let A be an idempotent matrix.

(a) Show that I — A is also idempotent.

(b) Show that I 4+ A is
I+A)"'=1-1A

Let D be an n x n diagonal matrix whose diagonal

entries are either O or 1.

(a) Show that D is idempotent.

(b) Show that if X is a nonsingular matrix and
A = XDX™!, then A is idempotent.

Let A be an involution matrix and let

1 1

nonsingular and

Show that B and C are both idempotent and
BC = 0.

Let A be an m x n matrix. Show that A7A and AAT
are both symmetric.

Let A and B be symmetric n X n matrices. Prove
that AB = BA if and only if AB is also symmetric.

Let A be an n x n matrix and let
B=A+A"T and C=A-AT
(a) Show that B is symmetric and C is skew
symmetric.

(b) Show that every n x n matrix can be repres-
ented as a sum of a symmetric matrix and a
skew-symmetric matrix.

In Application 1, how many married women and

how many single women will there be after 3 years?

Consider the matrix

.S

I
—_——0 = O
—_—_ 0 =
—_ o O = O
SO ==
— e O

0 1 0

(a) Draw a graph that has A as its adjacency
matrix. Be sure to label the vertices of the
graph.

Matrices and Systems of Equations

33.

34.

35.

36.

(b) By inspecting the graph, determine the number
of walks of length 2 from V, to V3 and from V,
to V5 .

(¢) Compute the second row of A* and use it to de-
termine the number of walks of length 3 from
V, to V3 and from V, to Vs.

Consider the graph
Va Vs
q
Vs
o
Vi \

(a) Determine the adjacency matrix A of the
graph.

(b) Compute A%, What do the entries in the first
row of A? tell you about walks of length 2 that
start from V;?

(¢) Compute A*. How many walks of length 3
are there from V, to V,? How many walks of
length less than or equal to 3 are there from V,
to V4‘7

For each of the conditional statements that follow,

answer true if the statement is always true and

answer false otherwise. In the case of a true state-
ment, explain or prove your answer. In the case of

a false statement, give an example to show that the

statement is not always true.

If Ax = Bx for some nonzero vector X, then the

matrices A and B must be equal.

If A and B are singular n x n matrices, then A + B

is also singular.

If A and B are nonsingular matrices, then (AB)T is

nonsingular and

@AB)H =@ e

Elementary Matrices

In this section, we view the process of solving a linear system in terms of matrix mul-
tiplications rather than row operations. Given a linear system Ax = b, we can multiply
both sides by a sequence of special matrices to obtain an equivalent system in row ech-
elon form. The special matrices we will use are called elementary matrices. We will
use them to see how to compute the inverse of a nonsingular matrix and also to obtain
an important matrix factorization. We begin by considering the effects of multiplying
both sides of a linear system by a nonsingular matrix.
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Equivalent Systems

Given an m x n linear system Ax = b, we can obtain an equivalent system by
multiplying both sides of the equation by a nonsingular m x m matrix M:

AX = b (1)
MAXx = Mb (2)

Clearly, any solution of (1) will also be a solution of (2). However, if X is a solution
of (2), then

M~Y(MAX) = M~ (MDb)
AX=Db

and it follows that the two systems are equivalent.

To obtain an equivalent system that is easier to solve, we can apply a sequence
of nonsingular matrices Ej, ..., E; to both sides of the equation Ax = b to obtain a
simpler system of the form

Ux=c¢c

where U = Ej - - - EjA and ¢ = E} - - - E,E1b. The new system will be equivalent to the
original, provided that M = E} - - - E| is nonsingular. However, M is nonsingular since
it is a product of nonsingular matrices.

We will show next that any of the three elementary row operations can be
accomplished by multiplying A on the left by a nonsingular matrix.

Elementary Matrices

If we start with the identity matrix / and then perform exactly one elementary row
operation, the resulting matrix is called an elementary matrix.

There are three types of elementary matrices corresponding to the three types of
elementary row operations.

Type | An elementary matrix of type I is a matrix obtained by interchanging two rows
of I.

The matrix

E, =

010
1 00
0 0 1

is an elementary matrix of type I since it was obtained by interchanging the first two
rows of . If A is a 3 x 3 matrix, then

ap ap a ay as
EA = 1 ay a3 | =\|an ap ap
0 0 1 azyp asx az; az ass

a

ags I 0 ap ap  aps
AE, = an an 0 0)=|ax ax ax
31 axm  as 0 1 azxp ai 433



62

Chapter | Matrices and Systems of Equations

EXAMPLE 2

EXAMPLE 3

Multiplying A on the left by E; interchanges the first and second rows of A. Right mul-
tiplication of A by E is equivalent to the elementary column operation of interchanging
the first and second columns. ]

Type Il An elementary matrix of type II is a matrix obtained by multiplying a row of
I by a nonzero constant.

E,

1 00
010
0 0 3

is an elementary matrix of type II. If A is a 3 x 3 matrix, then

1 00 air app a3 ay  ap  ap
EA =101 0 ay ax a3 | =| an ax» ax
0 0 3 azi ax  ass 3azi1 3az 3as
ay ap aps 1 00 ayp ap 3as
AE, = | a1 axn ax 01 0 =|an an 3ax
az; azyp  as; 0 0 3 az; azy  3as;

Multiplication on the left by E; performs the elementary row operation of multiplying
the third row by 3, while multiplication on the right by E, performs the elementary
column operation of multiplying the third column by 3. [ ]

Type Il An elementary matrix of type III is a matrix obtained from / by adding a
multiple of one row to another row.

E; =

1 03
010
0 0 1

is an elementary matrix of type IIL. If A is a 3 x 3 matrix, then

ayy +3a3  app+3a3 a3+ 3a3
E3A = asi axn an ]
as; as as
ayy ap 3ap +ap
AE; = | ax ax 3ax +axn
az1 azx  3az +as

Multiplication on the left by E5 adds 3 times the third row to the first row. Multiplica-
tion on the right adds 3 times the first column to the third column. ]

In general, suppose that E is an n x n elementary matrix. We can think of E as
being obtained from / by either a row operation or a column operation. If Aisann x r
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matrix, premultiplying A by E has the effect of performing that same row operation on
A.If Bis an m x n matrix, postmultiplying B by E is equivalent to performing that same
column operation on B.

IfE is an elementary matrix, then E is nonsingular and E~" is an elementary matrix of
the same type.

If E is the elementary matrix of type I formed from / by interchanging the ith and jth
rows, then E can be transformed back into / by interchanging these same rows again.
Therefore EE = I and hence E is its own inverse. If E is the elementary matrix of
type II formed by multiplying the ith row of / by a nonzero scalar «, then E can be
transformed into the identity matrix by multiplying either its ith row or its ith column
by 1/«. Thus,

E'= 1/a ith row

0
1

Finally, if E is the elementary matrix of type III formed from / by adding m times the
ith row to the jth row, that is,

1

R o

0o --- 1 ith row
E=1]: .

0O -+ m --- 1 Jth row

O -~ 0 -+ 0 --- 1

then E can be transformed back into / either by subtracting m times the ith row from
the jth row or by subtracting m times the jth column from the ith column. Thus,

1
: 0
0 1
E' = ]
0 —m 1
0 0 0 1
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A matrix B is row equivalent to a matrix A if there exists a finite sequence
E\,E,,. .., E; of elementary matrices such that

B=FEkE_ -EA

In other words, B is row equivalent to A if B can be obtained from A by a finite
number of row operations. In particular, if two augmented matrices (A | b) and (B | ¢)
are row equivalent, then Ax = b and Bx = c¢ are equivalent systems.

The following properties of row equivalent matrices are easily established.

I. If A is row equivalent to B, then B is row equivalent to A.

II. If A is row equivalent to B, and B is row equivalent to C, then A is row
equivalent to C.

Property (I) can be proved using Theorem 1.5.1. The details of the proofs of (I) and
(II) are left as an exercise for the reader.

Equivalent Conditions for Nonsingularity

Let A be an n x n matrix. The following are equivalent:

(a) A is nonsingular.
(b) Ax = 0 has only the trivial solution 0.
(c) A is row equivalent to I.

We prove first that statement (a) implies statement (b). If A is nonsingular and X is a
solution of Ax = 0, then

x=IK=AT"Ax=A""'Ax)=4"0=0

Thus, Ax = 0 has only the trivial solution. Next, we show that statement (b) implies
statement (c). If we use elementary row operations, the system can be transformed into
the form Ux = 0, where U is in row echelon form. If one of the diagonal elements of U
were 0, the last row of U would consist entirely of 0’s. But then Ax = 0 would be equi-
valent to a system with more unknowns than equations and hence, by Theorem 1.2.1,
would have a nontrivial solution. Thus, U must be a strictly triangular matrix with di-
agonal elements all equal to 1. It then follows that / is the reduced row echelon form
of A and hence A is row equivalent to /.

Finally, we will show that statement (c) implies statement (a). If A is row equivalent
to 1, there exist elementary matrices Ey, E», . . ., Ej such that

A=EE - -E\l=EkFE, - -E

But since E; is invertible, i = 1,...,k, the product E;E;_; - - - E| is also invertible.
Hence, A is nonsingular and

AT = (BB - E) ' =E'E) B! ]
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Proof

EXAMPLE 4

1.5 Elementary Matrices 65

The system Ax = b of n linear equations in n unknowns has a unique solution if and
only if A is nonsingular.
If A is nonsingular, and X is any solution of Ax = b, then
AXx=Db
Multiplying both sides of this equation by A~!, we see that X must be equal to A~'b.
Conversely, if Ax = b has a unique solution X, then we claim that A cannot be

singular. Indeed, if A were singular, then the equation Ax = 0 would have a solution
z # 0. But this would imply that y = X + z is a second solution of Ax = b, since

Ay =AX+1z)=AX+Az=b+0=Db
Therefore if Ax = b has a unique solution, then A must be nonsingular. [ ]
If A is nonsingular then A is row equivalent to / and hence there exist elementary
matrices Ey, ..., E; such that
EiEi---ElA=1
Multiplying both sides of this equation on the right by A~!, we obtain
EEp_y - Ejl=A""

Thus the same series of elementary row operations that transforms a nonsingular matrix
A into I will transform I into A~!. This gives us a method for computing A~!. If we
augment A by I and perform the elementary row operations that transform A into / on
the augmented matrix, then / will be transformed into A~!. That is, the reduced row
echelon form of the augmented matrix (A|/) will be (I|A~").

Compute A~ if

Solution
1 4 3|1 0 1 4 3/ 100
-1 =2 0|0 1 Of—> |0 2 3| 110
2 2 3|0 0 1 0 -6 -3|-2 0 1
143100 14003 =3 =
- o231 10| —>1f0o20|) -1 -1
0061 31 0061 3 1
toof-b = 4] [roo[+4 4
slo2ol 4 oo g
006/ 1 3 1 00 1] ¢+ 1+ 1
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Thus

N N ST
D= A= =
A= Bl= NI=

EXAMPLE 5  Solve the system

x1+4x 4+ 3= 12
—X1 — 2X2 =—12
2x1 + 2x0 + 3x3 = 8

Solution

The coefficient matrix of this system is the matrix A of the last example. The solution
of the system is then
12 4
—-12 | = 4 [
8 _8
3

An nxn matrix A is said to be upper triangular if a;; = 0 fori > j and lower triangular
if aj = 0 fori < j. Also, A is said to be triangular if it is either upper triangular or
lower triangular. For example, the 3 x 3 matrices

3 2 1 1 00
0 2 1 and 6 0 0
0 0 5 1 4 3

are both triangular. The first is upper triangular and the second is lower triangular.

A triangular matrix may have 0’s on the diagonal. However, for a linear system
Ax = b to be in strict triangular form, the coefficient matrix A must be upper triangular
with nonzero diagonal entries.

An n x n matrix A is diagonal if a;; = 0 whenever i # j. The matrices

1 0 1 00 0 00
[0 2], 0 3 0}, 020
0 0 1

0 00

= Bl =
[N ST
Al Rl =

Diagonal and Triangular Matrices

are all diagonal. A diagonal matrix is both upper triangular and lower triangular.
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Triangular Factorization

If an n x n matrix A can be reduced to strict upper triangular form using only row
operation III, then it is possible to represent the reduction process in terms of a matrix
factorization. We illustrate how this is done in the next example.

Let
2 4 2
A= 1|1 5 2
4 —1 9

and let us use only row operation III to carry out the reduction process. At the first step,
we subtract % times the first row from the second and then we subtract twice the first

row from the third.
2 4 2 2 4 2
1 5 21— 10 3 1
4 —1 9 0 -9 5

To keep track of the multiples of the first row that were subtracted, we set l,; =

1 and I3y = 2. We complete the elimination process by eliminating the —9 in

2
2 4 2 2 4 2
0 3 1{—-10 3 1
0 -9 5 0 0 8

the (3,2) position.
Let I3 = —3, the multiple of the second row subtracted from the third row. If we call
the resulting matrix U and set

1 0 0 1 0 0
L= |12, 1 o] =13 1 0
i L 1 2 -3 1

then it is easily verified that

0 O 2 4 2 2 4 2
1 0 0 3 1y=11 5 2| =A ]
-3 1 0 0 8 4 -1 9

The matrix L in the previous example is lower triangular with 1’s on the diagonal.
We say that L is unit lower triangular. The factorization of the matrix A into a product
of a unit lower triangular matrix L times a strictly upper triangular matrix U is often
referred to as an LU factorization.

To see why the factorization in Example 6 works, let us view the reduction process
in terms of elementary matrices. The three row operations that were applied to the
matrix A can be represented in terms of multiplications by elementary matrices

~
=
Il
DO BI—

EsE,E\A=U (3)
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where
1 0 0 1 0 0 1 0 0
E = —% 1 0|, E, = 0 1 0, Ex=10 1 0
0 0 1 -2 0 1 0 3 1

correspond to the row operations in the reduction process. Since each of the elementary
matrices is nonsingular, we can multiply equation (3) by their inverses.

—1 11
A=E'E;'E;'U

[We multiply in reverse order because (E3E>E;)~! = EflE; ! ES ! ] However, when the
inverses are multiplied in this order, the multipliers 51, 31, [3; fill in below the diagonal

in the product:
0 0 1 0 O 1 0 O
1 0 0O 1 0 0 1 0]=L
0 1 2 0 1 0 -3 1

In general, if an n X n matrix A can be reduced to strict upper triangular form using only
row operation III, then A has an LU factorization. The matrix L is unit lower triangular,
and if i > j, then /; is the multiple of the jth row subtracted from the ith row during the
reduction process.

The LU factorization is a very useful way of viewing the elimination process. We
will find it particularly useful in Chapter 7 when we study computer methods for solv-
ing linear systems. Many of the major topics in linear algebra can be viewed in terms
of matrix factorizations. We will study other interesting and important factorizations
in Chapters 5 through 7.

E'E)'E;! =

O PI— —

SECTION 1.5 EXERCISES

1. Which of the matrices that follow are elementary (@) A= 2 - ] . B= [ —4 2
matrices? Classify each elementary matrix by type. 5 3 503
2 1 3 2 1 3
(a)[(l) (1)] (b)[é (3)] b)A=|-2 4 5|, B= 3 1 4
31 4 -2 4 5
1 0 1 0 0 4 -2 3 4 -2 3
¢ |0 1 @d |0 5 0 (c) A= 1 0 2|, B=]1 0 2
50 0 0 1 -2 3 1 0 35

2. Find the inverse of each matrix in Exercise 1. For

4. For each of the following pairs of matrices, find an
elementary matrix E such that AE = B.

each elementary matrix, verify that its inverse is an Ao ‘Zl i i B i i 3
elementary matrix of the same type. (@ A= 1 3 2 T ) 3]

3. For each of the following pairs of matrices, find an
elementary matrix E such that EA = B.

was (i )o= (3 )



4 =2 3
¢ A=1| =2 4 2],
6 1 -2
2 =2 3
B:[—l 4 2|
3 1 -2
. Let
1 2 4 1 4
A=12 1 3], B = 1 3],
1 0 2 6
1 2 4
CZ'O —1 —3]
2 2 6

(a) Find an elementary matrix E such that
FA = B.

(b) Find an elementary matrix F such that
FB=C.
(¢) Is C row equivalent to A? Explain.

2 1 1
A=16 4 5

. Let

4 1 3

(a) Find elementary matrices Ey, E,, E5 such that
EsE,EIA=U
where U is an upper triangular matrix.

(b) Determine the inverses of E, E,, E5 and set
L = E;'E;'E;". What type of matrix is L?
Verify that A = LU.

2 1
=g 4]
(a) Express A™! as a product of elementary
matrices.

. Let

(b) Express A as a product of elementary matrices.

. Compute the LU factorization of each of the fol-
lowing matrices.

@ (5 5]
1

1 1 -2 1 2
(c) 3 56 (d) 4 1 =2
-2 2 7 -6 -3 4

EE

9. Let

10.

11.

12.

13.

14.

15.

16.

1.5 Elementary Matrices 69

(a) Verify that

1 2 -3
Al = | -1 1 =1 ]
0o -2 3
(b) Use A~! to solve Ax = b for the following
choices of b.
@ b=q,1,1D7
(iii) b = (=2,1,0)7
Find the inverse of each of the following matrices.

(i) b = (1,2,3)"

-1 1 25
@ 1 4 o] ® 11 3]
2 6 30
© 13 3 @ 19 3]
111 2 05
(e |0 1 1] ® [0 3 OI
00 1 10 3
-1 -3 -3 1o 1
® | 2 6 1](11) -1 1 1|
38 3 -1 -2 -3
Given

31 1 2
A:[5 2] and B:[3 4]
compute A~! and use it to:

(a) Find a 2 x 2 matrix X such that AX = B.
(b) Find a 2 x 2 matrix Y such that YA = B.

Let

53 6 2 4 -2
A=[3 2] B= 24]’C=[—63
Solve each of the following matrix equations.
(a) AX+B=C (b) XA+B=C
(c) AX+B=X d XA+C=X
Is the transpose of an elementary matrix an ele-

mentary matrix of the same type? Is the product of
two elementary matrices an elementary matrix?

Let U and R be n x n upper triangular matrices and
set T = UR. Show that T is also upper triangular
and that t; = u;r;; forj=1,...,n.

Let A be a 3 x 3 matrix and suppose that
2a; +a, —4a3; =0

How many solutions will the system Ax = 0 have?
Explain. Is A nonsingular? Explain.

Let A be a 3 x 3 matrix and suppose that
a; = 332 — 233

Will the system Ax = 0 have a nontrivial solution?
Is A nonsingular? Explain your answers.
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17.

18.

19.

20.

21.

22.

23.

24.

25.
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Let A and B be n x n matrices and let C = A — B.
Show that if Axq, = Bx and Xy # 0, then C must
be singular.

Let A and B be n x n matrices and let C = AB.
Prove that if B is singular then C must be singular.
Hint: Use Theorem 1.5.2.

Let U be an n x n upper triangular matrix with
nonzero diagonal entries.

(a) Explain why U must be nonsingular.

(b) Explain why U~! must be upper triangular.
Let A be a nonsingular n x n matrix and let B be

an n x r matrix. Show that the reduced row echelon

form of (A|B) is (I|C), where C = A~'B.

In general, matrix multiplication is not commutat-

ive (i.e., AB # BA). However, in certain special

cases the commutative property does hold. Show

that

(a) if D, and D, are n x n diagonal matrices, then
DD, = D,D;.

(b) if A is an n x n matrix and

B=a01+a|A+a2A2+---+akAk

where ag, ay, . . ., a; are scalars, then AB = BA.

Show that if A is a symmetric nonsingular matrix
then A~! is also symmetric.

Prove that if A is row equivalent to B then B is row
equivalent to A.

(a) Prove that if A is row equivalent to B and B is
row equivalent to C, then A is row equivalent
to C.

(b) Prove that any two nonsingular n x n matrices
are row equivalent.

Let A and B be an m x n matrices. Prove that if B is
row equivalent to A and U is any row echelon form
of A, then B is row equivalent to U.

26.

27.

28.

29.

30.

31.

32.

Prove that B is row equivalent to A if and only
if there exists a nonsingular matrix M such that
B = MA.
Is it possible for a singular matrix B to be row
equivalent to a nonsingular matrix A? Explain.
Given a vector x € R"!, the (n41) x (n+1) matrix
V defined by

ifj=1

1
v’-j_[xffl forj=2,...,n+1
is called the Vandermonde matrix.
(a) Show that if

Ve=y

and
px) =ci+ x4+ cpp X’
then
px) =y, i=12,....n+1

(b) Suppose that xj,x,,...,x,4 are all distinct.

Show that if ¢ is a solution of Vx = 0 then

the coefficients ¢y, ¢y, ..., ¢, must all be zero,

and hence V must be nonsingular.
For each of following, answer true if the statement
is always true and answer false otherwise. In the
case of a true statement, explain or prove your
answer. In the case of a false statement, give an
example to show that the statement is not always
true.
If A is row equivalent to / and AB = AC, then B
must equal C.
If E and F are elementary matrices and G = EF,
then G is nonsingular.
If Ais a4 x 4 matrix and a; + a, = a3 + 2a4, then
A must be singular.
If A is row equivalent to both B and C, then A is
row equivalent to B + C.

m Partitioned Matrices

Often it is useful to think of a matrix as being composed of a number of submatrices.
A matrix C can be partitioned into smaller matrices by drawing horizontal lines
between the rows and vertical lines between the columns. The smaller matrices are
often referred to as blocks. For example, let

C =

-2

4 1 3
1 1 1 1
32 -1 2
6 2 2 4



1.6 Partitioned Matrices 71

If lines are drawn between the second and third rows and between the third and fourth
columns, then C will be divided into four submatrices, Cy1, Ci2, Ca1, and Cas.

1 -2 4 1 3

Ci Co| |2 1 1| 1 1

Cy Cn) |3 3 2/-1 2

4 6 2| 2 4

One useful way of partitioning a matrix is to partition it into columns. For
example, if

-1 2 1
B= 2 3 1
1 4 1

we can partition B into three column submatrices:

—1]211
B=Mbbby)=| 2[3]1
1141

Suppose that we are given a matrix A with three columns; then the product AB can
be viewed as a block multiplication. Each block of B is multiplied by A and the result
is a matrix with three blocks: Ab;, Ab,, and Abs; that is,

AB = A(b, b, by) = [Ab1 Ab, Ab3]

For example, if

13 1
A=[2 1—2]

then
= [ 5] b= [ 3] a3
and hence
A(by by b3) = [_2_1??]

In general, if A is an m x n matrix and B is an n X r matrix that has been partitioned

into columns [ b, --- b, ] , then the block multiplication of A times B is given by

AB = (Ab; Ab, --- Ab))

In particular,

(al ---an)=A=A1=(A61 Aen)
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Let A be an m x n matrix. If we partition A into rows, then

If Bis an n x r matrix, the ith row of the product AB is determined by multiplying the
ith row of A times B. Thus the ith row of AB is a;B. In general, the product AB can be
partitioned into rows as follows:

a,B

aB
AB = .
a,B

To illustrate this result, let us look at an example. If

2 5
A=13 4 andB:[_zl‘5 % _i’]
1 7
then
as=[19 -1]
aB=[5 10 5]
3B = [—4 9 4]
These are the row vectors of the product AB:
a;B 1 9 -1
AB= | a,B | = 5 10 -5
a3B -4 9 4

Next, we consider how to compute the product AB in terms of more general
partitions of A and B.

Block Multiplication

Let A be an m x n matrix and B an n x r matrix. It is often useful to partition A and B
and express the product in terms of the submatrices of A and B. Consider the following
four cases.
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Casel. If B = [ B, B> ] where B is an n X t matrix and B, is an n X (r — t)
matrix, then
AB =A(by,...,b,b, 1 ...b,)
= (Aby,...,Ab,,Ab,,4,...,Ab,)
= (A(by ...b:),A(brt1 - -+ b,))
- [ABl AB, ]

Thus,

A[B1 Bz] - [ABI ABZ]

Case2. IfA = [ i; ] , where A| is a k x n matrix and A, is an (m — k) X n matrix,

then
Eil 513
A a B
"IB=|-2|B=|=
Ay Ay ak+lB
a, a,,B
a
- |B
i 5_:)1]( B A]B]
s AB
: B
a,
Thus,

(- [

Case3. LetA = [ Al Ay ] and B = [ g; ] , where Ay is an m X s matrix, A, is an

m x (n — s) matrix, By is an s X r matrix, and B, is an (n — s) x r matrix. If C = AB,
then

n s n
C,'j = E aﬂblj = E ailblj + E a,-lblj
=1 =1

I=s+1
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Thus ¢;; is the sum of the (i, ) entry of A{B; and the (i, ) entry of A,B,. Therefore,
AB=C =AB| +A>B;

and it follows that

B
[Al A2] [B;] =AB| +AB;

Case 4. Let A and B both be partitioned as follows:

A |An | & B— By [Bia | s
Ay | Ay ) m—k~ By | By ) =S
n—s t r—t
Let
A A
A = n Ay = ’
Aa Ax

Bl:[Bn 312]’ B2=[321 Bzz]
It follows from case 3 that
B,
AB = [A1 Az] [B ] =AB; +AB;
2

It follows from cases 1 and 2 that
AB) = [Au ] [A11B1 ] [A11B11 AyBpp ]
Ay Ay B Ay By AyBio

A ] [Alsz [A12321 AnBy ]

ArBr, =
202 [Azz AnB> AnBr AxBy

Therefore,

Ay Ap B B _ AyByy +AppBy AnBi +ApBxn
Axy Axm By B Ax1Bi1 +Ax»nBy1 AxBiy +AxnBx»

In general, if the blocks have the proper dimensions, the block multiplication can
be carried out in the same manner as ordinary matrix multiplication, that is, if

Ay - Ay By -+ By

A= : and B = :
Asl T Asl Bt] e Btr
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then

Ch - Cy,
AB = :
Csl Csr

where

t
Cj= ZAikBkj
k=1

The multiplication can be carried out in this manner only if the number of columns of
Aji equals the number of rows of By; for each k.

EXAMPLE | Let

1 1 1 1
A=12 2 1 1
3 3 2 2
and
B B
B=[” 12]=
By By

Partition A into four blocks and perform the block multiplication.

Solution

Since each By; has two rows, the A;’s must each have two columns. Thus, we have one
of two possibilities

A A 1 1|1 1
(i) IA“ A“]: 2 201 1
21 22 3 3 )

in which case

1111 8§ 6| 4
2 201 1 =l10 9| 6
3 3|2 2 18 15|10 12
or
| 1 1)1 1
(i) IA“ A”]: 2 201 1
21 22 3 3]2 2
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in which case

1
)|y 8 6| 4 5
2 2|1 1] |5 =10 9| 6 7 n
332 2) ] 18 15\10 12

EXAMPLE 2 Let A be an n x n matrix of the form

AH (0]
(0] A22

where A is a k X k matrix (k < n). Show that A is nonsingular if and only if A;; and
Ay, are nonsingular.

Solution

If Aj; and A, are nonsingular, then

Ay o [A11 O)_ (& 01 _,
0 A 0O An) O Lix)

and

Anp 0] A7l o L O
0 Ax 0 Ay ) 1O L

so A is nonsingular and

A7l 0
Al = [ 11 - ]
0 A

Conversely, if A is nonsingular, then let B = A~! and partition B in the same manner

as A. Since
BA =1=AB
it follows that
[311 B12] [An OV_[& O )_[An O ] [311 312]
By1 By 0 Ap O I 0O Ap By1 By
[BnAn 312A22] _ [ O ) _ [AuBu A11312]
By1Ai1 BnAxn O I, AnBr AxBi»

Thus,

BiiAn = Iy =AnBn
B»Ay = I,y =AnB»n

Hence, Aj; and Ay, are both nonsingular with inverses B1; and By, respectively. [ |
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Outer Product Expansions

Given two vectors x and y in R”, it is possible to perform a matrix multiplication of the
vectors if we transpose one of the vectors first. The matrix product x”y is the product
of arow vector (a 1 x n matrix) and a column vector (an n x 1 matrix). The result will
be a 1 x 1 matrix, or simply a scalar:

Vi

T 2

Xy:[.X] Xy v _xn] . :x1y1+x2y2+...+xnyn
Yn

This type of product is referred to as a scalar product or an inner product. The scalar
product is one of the most commonly performed operations. For example, when we
multiply two matrices, each entry of the product is computed as a scalar product (a row
vector times a column vector).

It is also useful to multiply a column vector times a row vector. The matrix product
xy’ is the product of an n x 1 matrix times a 1 x n matrix. The result is a full n x n
matrix.

X1 X1yr X1y2 - XiYn

T X2 X2y1 X2yY2 v X2Yn
Xy = . [)’1 D ] = .

Xn XnY1  XnY2 0 XpYn

The product xy is referred to as the outer product of x and y. The outer product matrix
has special structure in that each of its rows is a multiple of y” and each of its column
vectors is a multiple of x. For example, if

ST

then
4 12 20 8
xy = |1 [352]: 305 2
3 9 15 6

Note that each row is a multiple of (3, 5,2) and each column is a multiple of x.

We are now ready to generalize the idea of an outer product from vectors to
matrices. Suppose that we start with an m x n matrix X and a k x n matrix Y. We
can then form a matrix product XY”. If we partition X into columns and Y7 into rows
and perform the block multiplication, we see that XY” can be represented as a sum of
outer products of vectors:

yi
T
y
XYT:[Xl Xy .- Xn] 2 =xyl 4 xoyl 4 4 xy!

vy
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This representation is referred to as an outer product expansion. These types of ex-
pansions play an important role in many applications. In Section 5 of Chapter 6, we
will see how outer product expansions are used in digital imaging and in information
retrieval applications.

EXAMPLE 3 Given

31 1 2
X=12 4 and Y=12 4
1 2 3.1
compute the outer product expansion of XY7.
Solution
31
xY" = |2 4 [é Z :15]
1 2
3 1
:2[123]+4[241]
1 2
36 9 2 4 1
=12 4 6|+|8 16 4 [ ]
1 2 3 4 8 2
SECTION 1.6 EXERCISES
1. Let A be a nonsingular n x n matrix. Perform the 4. Let
following multiplications:
A I_[IO] E_[Ol] 0_[00
(a)A*l[A 1] (b)[I]A*‘ =lo 1) *T 11 0):9Flo o
r 1 0 2 0
@ [+ 1) [ 1) e B R P
T
@) [A 1] [A 1] and

A—l
(€ [ 1 ][A 1] B:[Bll 312]:
2. Let B = A”A. Show that b; = a'a;. By Bn

3. Let

Perform each of the following block multiplica-
1 1 2 1 .
A= 2 1 and B = 1 3 tions.
(a) Calculate Ab; and Ab,. I 0 By By
(b) Calculate a,B and a,B. b Cc O B, Bp
(¢) Multiply AB and verify that its column vectors 0 ¢ B Br
are the vectors in part (a) and its row vectors D O B, Bp
are the vectors in part (b). (0 o0 I By, By




E O By, Bp
@ (o 7[5 5]
. Perform each of the following block multiplica-
tions:

4 -2 1
@ [ -2 3o
Vl2 1 2/=1) 1t 1 2
I 2 3
4 -2
2 3l (11 1] =1
“”11[212—1]
T 2
3
5
4
(0) >
0
0
00 1]0 0y (1 -1
01 0[0 o0o]]2 =2
@ |1 000 o3 -3
00 0|0 1| |2 =4
0001 0)Jl5s =5
. Given
21 5 1 2 4
X=[423]’ Y=231]

(a) Compute the outer product expansion of XY,

(b) Compute the outer product expansion of YX7T.
How is the outer product expansion of YX7 re-
lated to the outer product expansion of XY7?

. Let
Al A

A:[Au A12] and AT = ' :
Al Ay

AZ] A22

Is it possible to perform the block multiplications
of AAT and ATA? Explain.

. Let A be an m x n matrix, X an n X r matrix, and B
an m x r matrix. Show that

AX =B
if and only if
AXj=bj, j=1,...,r

. Let A be an n x n matrix and let D be an n x n
diagonal matrix.

10.

11.

12.

13.

14.
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(a) Show that D = (dllel, dzzeg, ey d,,,,en).
(b) Show that AD = (dllal, dzzaz, ey d,,,,a,,).
Let U be an m x m matrix, let V be an n x n matrix,

and let
2
(0]

where X, is an n x n diagonal matrix with diagonal

entries oy, 0s,...,0, and O is the (m — n) x n zero

matrix.

(a) Show that if U = (U, U,), where U, has n
columns, then

Y =

UZ - U] 21
(b) Show that if A = UXV7, then A can be ex-
pressed as an outer product expansion of the
form
A= oW v] +ooupvy + -+ + o,u,vh
Let

_[An A
a= % 4]

where all four blocks are n x n matrices.

(a) If A;; and A, are nonsingular, show that A
must also be nonsingular and that A~! must be
of the form

ALl C
0 | Ay

(b) Determine C.

Let A and B be n x n matrices and let M be a block
matrix of the form

A O
u=15 %]
Use condition (b) of Theorem 1.5.2 to show that if
either A or B is singular, then M must be singular.

Let
o 1
2=(% o]
where all four submatrices are k x k. Determine A”
and A*.
Let I denote the n x n identity matrix. Find a block
form for the inverse of each of the following 2n x2n

matrices.
@ 75 o (5 7]
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15. Let O be the k x k matrix whose entries are all 0, /
be the k x k identity matrix, and B be a k x k matrix
with the property that B2 = O. If

o 1
I B
determine the block form of A~ + A% + A3.

16. Let A and B be n x n matrices and define 2n x 2n
matrices S and M by

1 A ABO
48] we [

Determine the block form of S~' and use it to
compute the block form of the product S~!'MS.

17. Let

A=

A= All AIZ ]

Ay Axp
where Ay is a k X k nonsingular matrix. Show that
A can be factored into a product

[ ] [Au App
where

B = A21A1711 and C= A22 — AzlAalAlz
(Note that this problem gives a block matrix ver-
sion of the factorization in Exercise 18 of Sec-
tion 1.3.)

18. Let A, B, L, M, S, and T be n x n matrices with
A, B, and M nonsingular and L, S, and 7 singular.
Determine whether it is possible to find matrices X
and Y such that

o I O O O O M A

O 0 I O O O A T

O 0 0 I O O T| |L

O 0 0 O I O Ll |A

O 0 O O 0O X A S

Y O 0 0O O O B T
If so, show how; if not, explain why.

19.

20.

21.

22.

Let A be an n x n matrix and x € R".

(a) A scalar ¢ can also be considered as a 1 x 1
matrix C = (c), and a vector b € R" can be
considered as an n x 1 matrix B. Although the
matrix multiplication CB is not defined, show
that the matrix product BC is equal to cb, the
scalar multiplication of ¢ times b.

(b) Partition A into columns and x into rows and
perform the block multiplication of A times X.

(¢) Show that
AXx =xja; +xa; +--- +x,a,

If A is an n x n matrix with the property that Ax = 0
for all x € R", show that A = O. Hint: Let x = ¢;
forj=1,...,n

Let B and C be n x n matrices with the property that
Bx = Cx for all x € R". Show that B = C.

Consider a system of the form

Sl

where A is a nonsingular n x n matrix and a, b, and
¢ are vectors in R”.

(a) Multiply both sides of the system by

Al 0
—cfA™t 1
to obtain an equivalent triangular system.

(b) Sety = A~'a and z = A~'b. Show that if
B — ¢ly # 0, then the solution of the system
can be determined by letting

bn+1 — CTZ
=gy
and then setting

X=Z— Xp11Y

Chapter One Exercises

MATLAB EXERCISES

The exercises that follow are to be solved computa-
tionally with the software package MATLAB, which
is described in the appendix of this book. The exer-
cises also contain questions that are related to the

underlying mathematical principles illustrated in the
computations. Save a record of your session in a file.

After editing and printing out the file, you can fill in the

answers to the questions directly on the printout.



MATLAB has a help facility that explains all its
operations and commands. For example, to obtain in-
formation on the MATLAB command rand, you need
only type help rand. The commands used in the MAT-
LAB exercises for this chapter are inv, £loor, rand,
tic, toc, rref, abs, max, round, sum eye,
triu, ones, zeros, and magic. The operations in-
troduced are 4+, —, x, ', and \. The + and — represent
the usual addition and subtraction operations for both
scalars and matrices. The x corresponds to multiplica-
tion of either scalars or matrices. For matrices whose
entries are all real numbers the' operation corresponds
to the transpose operation. If A is a nonsingular n X n
matrix and B is any n X r matrix, the operation A\B is
equivalent to computing A™'B.

1. Use MATLAB to generate random 4 x 4 matrices A
and B. For each of the following, compute A1, A2,
A3, and A4 as indicated and determine which of the
matrices are equal (you can use MATLAB to test
whether two matrices are equal by computing their

difference).

(@) Al = AxB,A2 = BxA, A3 = (A’ x B'),
Ad = (B %A

(b) Al = A «B,A2 = (AxB),A3 = B x A/,
Ad = (BxA)

(¢) Al = inv(A % B), A2 = inv(A) * inv(B),
A3 = inv(B xA), A4 = inv(B) * inv(A)
(d) Al = inv((A % B)), A2 = inv(A' * B),
A3 = inv(A') * inv(B),
A4 = (inv(A) * inv(B))

2. Set n = 200 and generate an n X n matrix and
two vectors in R”, both having integer entries, by
setting

A = £loor(10 * rand(n));
b = sum(A')’;

z = ones(n, 1);

(Since the matrix and vectors are large, we use
semicolons to suppress the printout.)

(a) The exact solution of the system Ax = b
should be the vector z. Why? Explain. One
could compute the solution in MATLAB us-
ing the “\” operation or by computing A~
and then multiplying A~' times b. Let us
compare these two computational methods for
both speed and accuracy. One can use MAT-
LAB’s tic and toc commands to measure
the elapsed time for each computation. To do
this, use the commands
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tic, x = A\b; toc
tic, y=inv(A)xb; toc
Which method is faster?

To compare the accuracy of the two meth-
ods, we can measure how close the computed
solutions x and y are to the exact solution z. Do
this with the commands

max(abs(x — z))

max(abs(y — z))
Which method produces the most accurate
solution?

(b) Repeat part (a), using n = 500 and n = 1000.

. Set A = £loor(10 x rand(6)). By construction,

the matrix A will have integer entries. Let us change
the sixth column of A so as to make the matrix
singular. Set

B=A, A(;,6) = —sum(B(1:5,:))

(a) Setx = ones(6, 1) and use MATLAB to com-
pute Ax. Why do we know that A must be
singular? Explain. Check that A is singular by
computing its reduced row echelon form.

(b) Set
B=xx[1:6]

The product AB should equal the zero mat-
rix. Why? Explain. Verify that this is so by
computing AB with the MATLAB operation .

(¢) Set
C = £loor(10 * rand(6))

and

D=B+C

Although C # D, the products AC and AD
should be equal. Why? Explain. Compute AxC
and AxD, and verify that they are indeed equal.

. Construct a matrix as follows: Set

B = eye(10) — triu(ones(10),1)
Why do we know that B must be nonsingular? Set
C = inv(B) and x = C(:,10)
Now change B slightly by setting B(10,1) =
—1/256. Use MATLAB to compute the product
Bx. From the result of this computation, what can
you conclude about the new matrix B? Is it still

nonsingular? Explain. Use MATLAB to compute
its reduced row echelon form.
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5. Generate a matrix A by setting

A = £loox(10 * rand(6))

and generate a vector b by setting

(a)

(b)

(¢)

(d)

(e)

®

b = £loor(20 * rand(6, 1)) — 10

Since A was generated randomly, we would ex-
pect it to be nonsingular. The system Ax = b
should have a unique solution. Find the solu-
tion using the “\”” operation. Use MATLAB to
compute the reduced row echelon form U of
[A b]. How does the last column of U compare
with the solution x? In exact arithmetic, they
should be the same. Why? Explain. To com-
pare the two, compute the difference U(:, 7)—x
or examine both using format long.

Let us now change A so as to make it singular.
Set

AG3) =AG,1:2)x[4 3]

Use MATLAB to compute rref([A b]). How
many solutions will the system Ax = b have?
Explain.

Set

y = £loor(20 * rand(6, 1)) — 10
and

c=Axy
Why do we know that the system AX = ¢
must be consistent? Explain. Compute the re-
duced row echelon form U of [A ¢]. How
many solutions does the system AX = ¢ have?
Explain.
The free variable determined by the echelon
form should be x;. By examining the system
corresponding to the matrix U, you should be
able to determine the solution corresponding
to x3 = 0. Enter this solution into MATLAB
as a column vector w. To check that Aw = ¢,
compute the residual vector ¢ — Aw.
Set U(:,7) = zeros(6,1). The matrix U
should now correspond to the reduced row ech-
elon form of (A | 0). Use U to determine the
solution of the homogeneous system when the
free variable x; = 1 (do this by hand) and enter
your result as a vector z. Check your answer by
computing A * z.
Set v = w + 3 x z. The vector v should be a
solution of the system Ax = ¢. Why? Explain.
Verify that v is a solution by using MATLAB
to compute the residual vector ¢ — Av. What

is the value of the free variable x3 for this
solution? How could we determine all possible
solutions of the system in terms of the vectors
w and z? Explain.

6. Consider the graph

(a)

(b)

(c)

(d)

(e)

®

Vl VZ

Vs 12

Vs Ve

V4 V3

Determine the adjacency matrix A for the
graph and enter it in MATLAB.

Compute A? and determine the number of
walks of length 2 from (i) V; to V7, (ii) V4 to
Vs, (iii) Vs to Vi, and (iv) Vg to Vs.

Compute A*, A®, and A® and answer the ques-
tions in part (b) for walks of lengths 4, 6, and 8.
Make a conjecture as to when there will be no
walks of even length from vertex V; to vertex
V.

Compute A%, A>, and A7 and answer the ques-
tions from part (b) for walks of lengths 3, 5,
and 7. Does your conjecture from part (c) hold
for walks of odd length? Explain. Make a con-
jecture as to whether there are any walks of
length k from V; to V; based on whether i+j+k
is odd or even.

If we add the edges {Vi, Vs}, {Vs, Vs} to the
graph, the adjacency matrix B for the new
graph can be generated by setting B = A and
then setting

B(3,6) =1,
B(,8) =1,

B(6,3) =1,
B(8,5) =1

Compute B* for k = 2,3,4,5. Is your con-
jecture from part (d) still valid for the new
graph?

Add the edge {Vs, Vg} to the figure and con-
struct the adjacency matrix C for the resulting



graph. Compute powers of C to determine
whether your conjecture from part (d) will still
hold for this new graph.

. In Application 1 of Section 1.4, the numbers
of married and single women after 1 and 2
years were determined by computing the products
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AX and A’X for the given matrices A and X.
Use format long and enter these matrices
in MATLAB. Compute A* and A*X for k =
5, 10, 15, 20. What is happening to A* as k gets
large? What is the long-run distribution of married
and single women in the town?

. The following table describes a seven-stage model for the life cycle of the loggerhead sea turtle.

Table |  Seven-Stage Model for Loggerhead Sea Turtle Demographics

Stage Description Annual Eggs laid
Number (age in years) survivorship per year
1 Eggs, hatchlings (<1) 0.6747 0
2 Small juveniles (1-7) 0.7857 0
3 Large juveniles (8-15) 0.6758 0
4 Subadults (16-21) 0.7425 0
5 Novice breeders (22) 0.8091 127
6 First-year remigrants (23) 0.8091 4
7 Mature breeders (24-54) 0.8091 80
The corresponding Leslie matrix is
0 0 0 0 127 4 80
0.6747 0.7370 0 0 0 0 0
0 0.0486 0.6610 0 0 0 0
L= 0 0 0.0147 0.6907 0 0 0
0 0 0 0.0518 0 0 0
0 0 0 0 0.8091 0 0
0 0 0 0 0 0.8091 0.8089

Suppose that the number of turtles in each stage of the initial turtle population is described by the vector

Xo = (200,000 130,000 100,000 70,000 500 400 1100)"

(a) Enter L into MATLAB and then set
x0 = [200000, 130000, 100000, 70000, 500, 400, 1100]’
Use the command
x50 = round(L"50%x0)

to compute Xs5o. Compute also the values of
X1005 X150 X200, X250, and X3oo.

(b) Loggerhead sea turtles lay their eggs on
land. Suppose that conservationists take spe-
cial measures to protect these eggs and, as a
result, the survival rate for eggs and hatchlings
increases to 77 percent. To incorporate this
change into our model, we need only change
the (2,1) entry of L to 0.77. Make this modi-
fication to the matrix L and repeat part (a).

Has the survival potential of the loggerhead sea
turtle improved significantly?

(¢) Suppose that, instead of improving the sur-
vival rate for eggs and hatchlings, we could
devise a means of protecting the small juven-
iles so that their survival rate increases to 88
percent. Use equations (1) and (2) from Ap-
plication 2 of Section 1.4 to determine the
proportion of small juveniles that survive and
remain in the same stage and the proportion
that survive and grow to the next stage. Modify
your original matrix L accordingly and repeat
part (a), using the new matrix. Has the survival
potential of the loggerhead sea turtle improved
significantly?
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9. Set A = magic(8) and then compute its reduced
row echelon form. The leading 1’s should corres-
pond to the first three variables x;, x,, and x3, and
the remaining five variables are all free.

(@) Set ¢ = [1 : 8] and determine whether the
system AX = c is consistent by computing the
reduced row echelon form of [A c¢]. Does the
system turn out to be consistent? Explain.

(b) Set

b=[8 -8 —8 8 8 —8 —8 87;
and consider the system Ax = b. This sys-
tem should be consistent. Verify that it is by
computing U = rref([A b]). We should
be able to find a solution for any choice
of the five free variables. Indeed, set x2 =
floor(10 x rand(5, 1)). If x2 represents the
last five coordinates of a solution of the sys-
tem, then we should be able to determine x1 =
(x1, X2, x3)7 in terms of x2. To do this, set
U = rref([A b]). The nonzero rows of
U correspond to a linear system with block

form
]

To solve equation (1), set
V=U1:3,4:8), ¢=U1:3,9)
and use MATLAB to compute x1 in terms of

x2, ¢, and V. Set x = [x1; x2] and verify that
X is a solution of the system.

10. Set
B=[-1,—-1; 1,1]
and
A = [zeros(2), eye(2); eye(2),B]
and verify that B> = O.

CHAPTER TEST A True or False

This chapter test consists of true-or-false questions. In
each case, answer frue if the statement is always true
and false otherwise. In the case of a true statement,
explain or prove your answer. In the case of a false
statement, give an example to show that the statement
is not always true. For example, consider the following
statements about n x n matrices A and B:

(i) A+B=B+A
(ii) AB = BA

(a) Use MATLAB to compute A%, A*, A%, and AS.
Make a conjecture as to what the block form
of A%* will be in terms of the submatrices I,
0, and B. Use mathematical induction to prove
that your conjecture is true for any positive
integer k.

(b) Use MATLAB to compute A%, A3, A7, and A°.
Make a conjecture as to what the block form of
A1 will be in terms of the submatrices I, O,
and B. Prove your conjecture.

11. (a) The MATLAB commands

A = £floor(10 * rand(6)), B=A"xA

will result in a symmetric matrix with in-
teger entries. Why? Explain. Compute B in this
way and verify these claims. Next, partition B
into four 3 x 3 submatrices. To determine the
submatrices in MATLAB, set

Bll=B(1:3,1:3), Bl12=DB(1:3,4:6)

and define B21 and B22 in a similar manner
using rows 4 through 6 of B.

(b) Set C = inv(B11). It should be the case that
CT = C and B21T = B12. Why? Explain.
Use the MATLAB operation ' to compute the
transposes and verify these claims. Next, set

E=B21%C and F =B22—B21%C=x*B21’
and use the MATLAB functions eye and

zeros to construct

I O Bll O
L:[E 1]’ D:[O F

Compute H = L+ DL’ and compare H with B
by computing H — B. Prove that if all computa-
tions had been done in exact arithmetic, LDL"
would equal B exactly.

Statement (i) is always true. Explanation: The (i, )
entry of A + B is a;; + b;; and the (i, /) entry of B + A
is b + a;;. Since a;; + b;j = b;; + a;; for each i and j, it
follows that A + B = B + A.

The answer to statement (ii) is false. Although the
statement may be true in some cases, it is not always
true. To show this, we need only exhibit one instance in
which equality fails to hold. For example, if

1 2 2 3
A=[3 1] and B=[1 1]



then

4 5 11 7
AB:[7 10] and BA = 4 3]

This proves that statement (ii) is false.

1. If the row reduced echelon form of A involves
free variables, then the system Ax = b will have
infinitely many solutions.

2. Every homogeneous linear system is consistent.

3. Ann x n matrix A is nonsingular if and only if the
reduced row echelon form of A is I (the identity
matrix).

4. If A is nonsingular, then A can be factored into a
product of elementary matrices.

5. If A and B are nonsingular n x n matrices, then A +
B is also nonsingular and (A + B)™' = A~ + B~
6. IfA = A", then A must be equal to either / or —1.

7. If A and B are n x n matrices, then (A — B’ =
A? —2AB + B>

CHAPTER TEST B

1. Find all solutions of the linear system
1

-2
1

X1 — X2 + 3x3 + 2x4
=X+ X —2x3 + x4
2)61 — 2)C2 + 7X3 + 7)C4

2.(a) A linear equation in two unknowns corresponds
to a line in the plane. Give a similar geomet-
ric interpretation of a linear equation in three
unknowns.

(b) Given a linear system consisting of two equa-
tions in three unknowns, what is the possible
number of solutions? Give a geometric explan-
ation of your answer.

(¢c) Given a homogeneous linear system con-
sisting of two equations in three un-
knowns, how many solutions will it have?
Explain.

3. Let Ax = b be a system of n linear equations in
n unknowns and suppose that x; and x, are both
solutions and x| # X,.

(a) How many solutions will the system have? Ex-
plain.
(b) Is the matrix A nonsingular? Explain.
4. Let A be a matrix of the form

4= o)
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8. If AB = AC and A # O (the zero matrix), then
B=C.

9. If AB = O, then BA = O.

10. If A is a 3 x 3 matrix and a; + 2a, — a3 = 0, then
A must be singular.

11. If A is a 4 x 3 matrix and b = a; + a3, then the
system AX = b must be consistent.

12. Let A be a 4 x 3 matrix with a, as. If b =
a; + a, + as, then the system Ax = b will have
infinitely many solutions.

13. If E is an elementary matrix, then ET is also an
elementary matrix.

14. The product of two elementary matrices is an
elementary matrix.

15. If x and y are nonzero vectors in R” and A = xy”,
then the row echelon form of A will have exactly
one nonzero row.

where « and 8 are fixed scalars not both equal to 0.
(a) Explain why the system

e 3)

must be inconsistent.

(b) How can one choose a nonzero vector b so that
the system Ax = b will be consistent? Explain.

5. Let
2 1 3 2 1 3
A=1|4 2 7], B= 135],
1 3 5 4 2 7
0 1 3
C= 027]
-5 3 5

(a) Find an elementary matrix E such that

EA = B.
(b) Find an elementary matrix F such that
AF = C.

6. Let A be a3 x 3 matrix and let
b = 3a; + a, + 4a;
Will the system Ax = b be consistent? Explain.
7. Let A be a3 x 3 matrix and suppose that
a; — 3a, + 2a3 = 0 (the zero vector)

Is A nonsingular? Explain.
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10.

11.
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o (1)

is it possible to find 2 x 2 matrices A and B so that
A # B and Ax, = Bx,? Explain.

. Given the vector

. Let A and B be symmetric n X n matrices and let

C = AB. Is C symmetric? Explain.

Let E and F be n x n elementary matrices and let
C = EF. Is C nonsingular? Explain.

Given

I O O
A=10 I O
O B 1

where all of the submatrices are n x n, determine
the block form of A~!.

12. LetA and B be 10 x 10 matrices that are partitioned
into submatrices as follows

A Anp ] [Bn B, ]
A = N B =
[AZI Ap By By

(a) If A is a 6 x 5 matrix, and By, is a k x r mat-
rix, what conditions, if any, must k and r satisfy
in order to make the block multiplication of A
times B possible?

(b) Assuming that the block multiplication is pos-
sible, how would the (2, 2) block of the product
be determined?
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(1)

N

Determinants

With each square matrix, it is possible to associate a real number called the determinant
of the matrix. The value of this number will tell us whether the matrix is singular.

In Section 2.1, the definition of the determinant of a matrix is given. In Section 2.2,
we study properties of determinants and derive an elimination method for evaluating
determinants. The elimination method is generally the simplest method to use for eval-
uating the determinant of an n x n matrix when n > 3. In Section 2.3, we see how
determinants can be applied to solving n x n linear systems and how they can be
used to calculate the inverse of a matrix. Two applications of determinants are presen-
ted in Section 2.3. Additional applications will also be presented later in Chapters 3
and 6.

The Determinant of a Matrix

With each n x n matrix A it is possible to associate a scalar, det(A), whose value will
tell us whether the matrix is nonsingular. Before proceeding to the general definition,
let us consider the following cases.

Case 1.1 x 1 Matrices If A = (@) isa 1 x 1 matrix, then A will have a multiplicative
inverse if and only if a # 0. Thus, if we define

det(A) =a

then A will be nonsingular if and only if det(A) # 0.
Case 2. 2 x 2 Matrices Let
A= [ an  an ]
az| 4

By Theorem 1.5.2, A will be nonsingular if and only if it is row equivalent to /. Then,
if a;; # 0, we can test whether A is row equivalent to / by performing the following
operations:

87
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1. Multiply the second row of A by ay;
[ an an ]
ajazr  apa
2. Subtract a,; times the first row from the new second row

ai an ]
0 anaxn —anap

Since a;; # 0, the resulting matrix will be row equivalent to 7 if and only if
ajaxy — azapy #0 (1
If a;; = 0, we can switch the two rows of A. The resulting matrix

dy; Ay
0 an

will be row equivalent to / if and only if aya;, 7# 0. This requirement is equivalent to
condition (1) when a;; = 0. Thus, if A is any 2 x 2 matrix and we define

det(A) = ajjaxn — appas;

then A is nonsingular if and only if det(A) # 0.

Notation

We can refer to the determinant of a specific matrix by enclosing the array between
vertical lines. For example, if

3 4
A:[z 1]
then
3 4
21

represents the determinant of A.

Case 3. 3 x 3 Matrices We can test whether a 3 x 3 matrix is nonsingular by per-
forming row operations to see if the matrix is row equivalent to the identity matrix
I. To carry out the elimination in the first column of an arbitrary 3 x 3 matrix A, let
us first assume that a;; # 0. The elimination can then be performed by subtracting
api/ay; times the first row from the second and az;/a;; times the first row from the

third:
ap as
app dpp daps ] apdzy —dazidyy  djdazz —dzid)3
azy dx Az ap ap
a1 dzn a3 apjdasz; —dasiayy  4pdsz —dadsa;s
ap ap
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The matrix on the right will be row equivalent to / if and only if

appd —dazidiz  dpdaz — dz1d;3

u ap ar £0
11
ajpdsz —asydjy  apdsz — adspags

ar ag
Although the algebra is somewhat messy, this condition can be simplified to
a11axnas; — a11a3ax — a;pdx1as; + a;pdsaxs (2)
+ apayazp —apazian #0
Thus, if we define
det(A) = ajjaxnas; — ay1anaxp — a;pazas; (3)
+ anaziax + ajzaz az — ajzaziaxn

then, for the case a;; # 0, the matrix will be nonsingular if and only if det(A) # 0.
What if a;; = 0? Consider the following possibilities:

(i) a1 =0,a2 #0
(ii) ajg =a =0,a3 #0
(iii) a11 = ax = a3 =0
In case (i), it is not difficult to show that A is row equivalent to / if and only if
—apa21a33 + a12a31a3 + azaz azp — ajzaziaxp # 0

But this condition is the same as condition (2) with a;; = 0. The details of case (i) are
left as an exercise for the reader (see Exercise 7 at the end of the section).
In case (i1), it follows that

0 ap apz
A= 0 ajyy dr3
asy dsy dasj

is row equivalent to / if and only if

azi(anna — apaiz) # 0

Again, this is a special case of condition (2) with a;; = a>; = 0.

Clearly, in case (iii) the matrix A cannot be row equivalent to / and hence must be
singular. In this case, if we set a;1, a1, and as; equal to 0 in formula (3), the result will
be det(A) = 0.

In general, then, formula (2) gives a necessary and sufficient condition for a 3 x 3
matrix A to be nonsingular (regardless of the value of a;).

We would now like to define the determinant of an n x n matrix. To see how to do
this, note that the determinant of a 2 x 2 matrix

ay a
A= [ 1noan ]
axi  an
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Definition

can be defined in terms of the two 1 x 1 matrices
My = (ax) and M = (az)

The matrix M is formed from A by deleting its first row and first column, and M, is
formed from A by deleting its first row and second column.
The determinant of A can be expressed in the form

det(A) = aj1axn — appax = ay det(My1) — arp det(Mi2) “4)
For a 3 x 3 matrix A, we can rewrite equation (3) in the form
det(A) = ai1(axnas; — anax) — ap(azasz — azas) + aiz(anaz — azan)

Forj = 1,2, 3, let My; denote the 2 x 2 matrix formed from A by deleting its first row
and jth column. The determinant of A can then be represented in the form

det(A) = ayy det(My1) — aip det(M12) + ay3 det(M3) )
where
a» a a a a a
My, = [a22 23 ] M= [ 21 a23 ] My = [ 2 a2 ]
3 433 as;  ay az; azy

To see how to generalize (4) and (5) to the case n > 3, we introduce the following
definition.

Let A = (a;) be an n x n matrix and let M;; denote the (n — 1) x (n — 1) matrix
obtained from A by deleting the row and column containing a;;. The determinant of
M;; is called the minor of a;. We define the cofactor A;; of a;; by

Ay = (=1)" det(M;)

In view of this definition, for a 2 x 2 matrix A, we may rewrite equation (4) in the
form

det(A) = ajAy +apAp (n=2) (6)

Equation (6) is called the cofactor expansion of det(A) along the first row of A. Note
that we could also write

det(A) = ari(—ai2) + axay = axAz + anAxn @)

Equation (7) expresses det(A) in terms of the entries of the second row of A and their
cofactors. Actually, there is no reason that we must expand along a row of the matrix;
the determinant could just as well be represented by the cofactor expansion along one
of the columns:

det(A) = ajiaxn + axi(—ap)
ariAn + axiAs (first column)

ap(—azy) + axa
= apAp +anin (second column)

det(A)
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For a 3 x 3 matrix A, we have
det(A) = ajAy +apApn +apAi (8

Thus, the determinant of a 3 x 3 matrix can be defined in terms of the elements in the
first row of the matrix and their corresponding cofactors.

It

then

det(A) = anAy + apAin + azAss
= (—D?ay; det(My)) + (—1)’ara det(M2) + (—1)*a;3 det(M3)

12 32 301
S Rt
— 26— 8) — 5(18 — 10) + 4(12 — 5)
= —16 |

As in the case of 2 x 2 matrices, the determinant of a 3 x 3 matrix can be represented
as a cofactor expansion using any row or column. For example, equation (3) can be
rewritten in the form

det(A) = anaziax; — a3az1a2 — 411032023 + A13a21a32 + 11022033 — A12021033
= a31(annax — apax) — an(anay — apaz) + as(anaxn — apas)
= a31A3) + a3Az + a3As;

This is the cofactor expansion along the third row of A.

Let A be the matrix in Example 1. The cofactor expansion of det(A) along the second
column is given by

ey = 53 2|2 4-af2 4]
= =518 —10) + 1(12 — 20) — 4(4 — 12) = —16 ]

The determinant of a 4 x 4 matrix can be defined in terms of a cofactor expansion
along any row or column. To compute the value of the 4 x 4 determinant, we would
have to evaluate four 3 x 3 determinants.
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Definition The determinant of an n x n matrix A, denoted det(A), is a scalar associated with
the matrix A that is defined inductively as

ary ifn=1
anAn +apApn+ -+ anAn ifn>1

det(A) = {
where
Ay =(=D)"dettMy;) j=1,...,n
are the cofactors associated with the entries in the first row of A.

As we have seen, it is not necessary to limit ourselves to using the first row for the
cofactor expansion. We state the following theorem without proof:

Theorem 2.1.1  IfAis an n x n matrix with n > 2, then det(A) can be expressed as a cofactor expansion
using any row or column of A.

det(A) = ajjAit +apAp + - - - + aAiy
= aijAij + arjAs + - - - + aiAn

fori=1,...,nandj=1,...,n

The cofactor expansion of a 4 x 4 determinant will involve four 3 x 3 determinants.
We can often save work by expanding along the row or column that contains the most
zeros. For example, to evaluate

0 230
0 450
01 0 3
2 01 3
we would expand down the first column. The first three terms will drop out, leaving
2 30
214 5 O=—2-3-'i 2‘:12
1 0 3

For n < 3, we have seen that an n x n matrix A is nonsingular if and only if
det(A) # 0. In the next section we will show that this result holds for all values of
n. In that section we also look at the effect of row operations on the value of the
determinant, and we will make use of row operations to derive a more efficient method
for computing the value of a determinant.

We close this section with three theorems that are simple consequences of the
cofactor expansion definition. The proofs of the last two theorems are left for the reader
(see Exercises 8, 9, and 10 at the end of this section).

Theorem 2.1.2  IfAis an n x n matrix, then det(AT) = det(A).
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Proof The proof is by induction on n. Clearly, the result holds if n = 1, since a 1 x 1 matrix

Theorem 2.1.3

Proof

Theorem 2.1.4

is necessarily symmetric. Assume that the result holds for all k x k matrices and that A
isa(k+ 1) x (k+ 1) matrix. Expanding det(A) along the first row of A, we get

det(A) = ayy det(My1) — aipdet(M12) + — - - £ ay g1 det(M g41)
Since the Mj;’s are all k x k matrices, it follows from the induction hypothesis that
det(A) = ayy det(M7)) — ap det(M{,) + — - - - &+ @y 441 det(M7 ) ©)

The right-hand side of (9) is just the expansion by minors of det(A”) using the first
column of A”. Therefore,

det(AT) = det(A) n

If A is an n x n triangular matrix, then the determinant of A equals the product of the
diagonal elements of A.

In view of Theorem 2.1.2, it suffices to prove the theorem for lower triangular matrices.
The result follows easily using the cofactor expansion and induction on n. The details
are left for the reader (see Exercise 8 at the end of the section). [ ]

Let A be an n x n matrix.

(i) If A has a row or column consisting entirely of zeros, then det(A) = 0.
(i) If A has two identical rows or two identical columns, then det(A) = 0.

Both of these results can be easily proved with the use of the cofactor expansion.
The proofs are left for the reader (see Exercises 9 and 10). ]

In the next section we look at the effect of row operations on the value of the
determinant. This will allow us to make use of Theorem 2.1.3 to derive a more efficient
method for computing the value of a determinant.

SECTION 2.1 EXERCISES

1. Let 35 3.6
3 2 4 (a)[24 (b)[24
A= [ 1 -2 3 ]
3 -6
2 3 2 © [ > e ]
(@) Find the values of det(My), det(Mz), and 3. Evaluate the following determinants:
dCt(M23).
. 3 5 5 =2
(b) Find the values of As;, Ay, and Ays. (a) 3 (b) 8§ 4
(c) Use your answers from part (b) to compute
det(A). 31 2 4 3 0
2. Use determinants to determine whether the follow- () |2 4 5 ) |3 1 2
ing 2 x 2 matrices are nonsingular: 2 45 5 -1 -4
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1 3 2 2 -1 2
(e) |4 I -2 @ |1 2
2 1 3 5 1 6
2 0 0 1
0O 1 0 0
®1 6 2 o0
1 1 -2 3
2 1 2 1
30 1 1
I S S
3 2 3 1

. Evaluate the following determinants by inspection:

2 0 0
(a);f1 M4 1 0

7 3 -2
oo [to
© |2 1 1 @ |5 o 3 4
1 2 2

102 3

. Evaluate the following determinant. Write your
answer as a polynomial in x:

a—x b c
1 —X 0
0 1 —x

. Find all values of A for which the following determ-
inant will equal O:

2—-A 4
3 3—-A4

10.

11.

12.

13.

. Let A be a3 x 3 matrix with a;; = 0 and a,; # 0.

Show that A is row equivalent to / if and only if
— apdaaz + apdsz dax;

+ apayayn — ajzazap #0

. Write out the details of the proof of Theorem 2.1.3.
. Prove that if a row or a column of an n x n matrix

A consists entirely of zeros, then det(A) = 0.

Use mathematical induction to prove that if A is an
(n+ 1) x (n + 1) matrix with two identical rows,
then det(A) = 0.

Let A and B be 2 x 2 matrices.

(a) Does det(A + B) = det(A) + det(B)?
(b) Does det(AB) = det(A) det(B)?

(¢) Does det(AB) = det(BA)?

Justify your answers.

Let A and B be 2 x 2 matrices and let
ay;  dp bll b12 ]
C= R D= )
bz] b22 ] az] ax
0 «
£= {5

(a) Show that det(A + B) = det(A) + det(B) +
det(C) + det(D).

(b) Show that if B = EA, then det(A + B) =
det(A) + det(B).

Let A be a symmetric tridiagonal matrix (i.e., A is

symmetric and a; = 0 whenever |i — j| > 1). Let

B be the matrix formed from A by deleting the first

two rows and columns. Show that

det(A) = aj; det(M,) — a3, det(B)

Properties of Determinants

In this section we consider the effects of row operations on the determinant of a matrix.
Once these effects have been established, we will prove that a matrix A is singular
if and only if its determinant is zero, and we will develop a method for evaluating
determinants by using row operations. Also, we will establish an important theorem
about the determinant of the product of two matrices. We begin with the following

lemma:

Lemma 2.2.1

anAji + apAp + -+ + ainAjp =

Let A be an n x n matrix. If Ay denotes the cofactor of ay fork = 1,...,n, then

det(A)  ifi=j

0 fi#j o
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Proof 1Ifi =, (1)is just the cofactor expansion of det(A) along the ith row of A. To prove (1)

in the case i # j, let A* be the matrix obtained by replacing the jth row of A by the ith
row of A:

ajip app - dip

ajp dp v A ]th TOW
A* =

ajp  dip o dip

apl A2 - dpp

Since two rows of A* are the same, its determinant must be zero. It follows from the
cofactor expansion of det(A*) along the jth row that

0 = det(A") = anAj} + anAj + -+ - + ainA},
= ailAjl + aizAjz +---+ ainAjn u

Let us now consider the effects of each of the three row operations on the value of
the determinant.
Row Operation |

Two rows of A are interchanged.
If Ais a2 x 2 matrix and

0 1
e= 1 o)
then
det(EA) = an = ayiay;p — arpay; = —det(A)
ap ap

Forn > 2, let Ej; be the elementary matrix that switches rows i and j of A. It is a simple
induction proof to show that det(E;;A) = — det(A). We illustrate the idea behind the
proof for the case n = 3. Suppose that the first and third rows of a 3 x 3 matrix A have
been interchanged. Expanding det(£;3A) along the second row and making use of the
result for 2 x 2 matrices, we see that

az; ax ass
det(E;3A) = |ax axn anx
ay ap  aps

azy dsjz asy  asz asy  as
= —ay + ax — a3
app a3 ap  ap a  ap
ap a3 ayp aps ap;  apn
= day —an +a
asy dsjz asy  asz asy  as

= —det(A)
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In general, if A is an n X n matrix and Ej; is the n x n elementary matrix formed by
interchanging the ith and jth rows of I, then

det(E;A) = — det(A)
In particular,
det(E;) = det(Eyl) = —det(/) = —1
Thus, for any elementary matrix E of type I,
det(EA) = — det(A) = det(E) det(A)

Row Operation II

A row of A is multiplied by a nonzero scalar.

Let E denote the elementary matrix of type II formed from / by multiplying the
ith row by the nonzero scalar «. If det(EA) is expanded by cofactors along the ith row,
then

det(EA) = aajAn + aapAp + -+ - + aa,Ai

=a(ajAi + aplp + - -+ aphi)

= a det(A)
In particular,

det(E) = det(El) = a det(]) = o
and hence,
det(EA) = a det(A) = det(E) det(A)

Row Operation 11

A multiple of one row is added to another row.

Let E be the elementary matrix of type III formed from / by adding ¢ times the ith
row to the jth row. Since E is triangular and its diagonal elements are all 1, it follows
that det(E) = 1. We will show that

det(EA) = det(A) = det(E) det(A)
If det(EA) is expanded by cofactors along the jth row, it follows from Lemma 2.2.1 that

det(EA) = (aj +cai)Aj + (ap +cap)Ap + - - - + (@jn + cain)Ajn
= (ajAj1 + - - +ajAjy) + clandjn + - - + aindjn)
= det(A)
Thus,

det(EA) = det(A) = det(E) det(A)
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SUMMARY In summation, if E is an elementary matrix, then

det(EA) = det(E) det(A)

where
—1 if E is of type I
det(F) =43 a #0 if E is of type II (2)
1 if E 1s of type III

Similar results hold for column operations. Indeed, if E is an elementary mat-
rix, then ET is also an elementary matrix (see Exercise 8 at the end of the section)
and

det(AE) = det((AE)") = det(E"AT)
= det(E") det(AT) = det(E) det(A)

Thus, the effects that row or column operations have on the value of the determinant
can be summarized as follows:

I. Interchanging two rows (or columns) of a matrix changes the sign of the
determinant.

II. Multiplying a single row or column of a matrix by a scalar has the effect of
multiplying the value of the determinant by that scalar.

III. Adding a multiple of one row (or column) to another does not change the
value of the determinant.

Note

As a consequence of III, if one row (or column) of a matrix is a multiple of another,
the determinant of the matrix must equal zero.

Main Results

We can now make use of the effects of row operations on determinants to prove two
major theorems and to establish a simpler method of computing determinants. It fol-
lows from (2) that all elementary matrices have nonzero determinants. This observation
can be used to prove the following theorem:

Theorem 2.2.2  Ann X n matrix A is singular if and only if
det(A) =0

Proof The matrix A can be reduced to row echelon form with a finite number of row
operations. Thus,

U=EE._,---EA
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EXAMPLE |

where U is in row echelon form and the E;’s are all elementary matrices. It follows that

det(U) = det(EEr_1 - - - E1A)
= det(Ey) det(Ex_1) - - - det(E) det(A)

Since the determinants of the E;’s are all nonzero, it follows that det(A) = 0 if and only
if det(U) = 0. If A is singular, then U has a row consisting entirely of zeros, and hence
det(U) = 0. If A is nonsingular, then U is triangular with 1’s along the diagonal and
hence det(U) = 1. [ |

From the proof of Theorem 2.2.2, we can obtain a method for computing det(A).
We reduce A to row echelon form.

U=EE,---EA

If the last row of U consists entirely of zeros, A is singular and det(A) = 0. Otherwise,
A is nonsingular and

det(A) = [det(Ey) det(Ex_y) - - - det(Ep)] '

Actually, if A is nonsingular, it is simpler to reduce A to triangular form. This can be
done using only row operations I and III. Thus,

T=E,E,_1 --EA
and hence,
det(A) = £det(T) = £t11t3 - - - tn

where the #;’s are the diagonal entries of 7. The sign will be positive if row operation
I has been used an even number of times and negative otherwise.

Evaluate
2 1
4 2 1
6 -3
Solution
2 1 3 2 1 3 2 1 3
4 2 11=10 0 -5|=(-1D|0 -6 -5
6 -3 4 0 -6 -5 0 0 -5
= (= D2)(—6)(-5)
=—60 u

We now have two methods for evaluating the determinant of an n X n matrix A.
If n > 3 and A has nonzero entries, elimination is the most efficient method, in the
sense that it involves fewer arithmetic operations. In Table 1, the number of arithmetic
operations involved in each method is given for n = 2,3,4,5,10. It is not difficult
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Proof
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Table |  Operation Counts

Cofactors Elimination

Multiplications

n Additions Multiplications Additions and Divisions

2 1 2 1 3

3 5 9 5 10

4 23 40 14 23

5 119 205 30 44

10 3,628,799 6,235,300 285 339

to derive general formulas for the number of operations in each of the methods (see
Exercises 20 and 21 at the end of the section).
We have seen that, for any elementary matrix E,

det(EA) = det(E) det(A) = det(AE)
This is a special case of the following theorem:

If A and B are n x n matrices, then
det(AB) = det(A) det(B)

If B is singular, it follows from Theorem 1.5.2 that AB is also singular (see Exercise 14
of Section 1.5), and therefore,

det(AB) = 0 = det(A) det(B)

If B is nonsingular, B can be written as a product of elementary matrices. We have
already seen that the result holds for elementary matrices. Thus

det(AB) = det(AELE;_; - - - Ey)
= det(A) det(Ey) det(Eyx_1) - - - det(Ey)
= det(A)det(ExEr—; - - - Ey)
= det(A) det(B) [ ]

If A is singular, the computed value of det(A) using exact arithmetic must be
0. However, this result is unlikely if the computations are done by computer. Since
computers use a finite number system, roundoff errors are usually unavoidable. Con-
sequently, it is more likely that the computed value of det(A) will only be near
0. Because of roundoff errors, it is virtually impossible to determine computation-
ally whether a matrix is exactly singular. In computer applications, it is often more
meaningful to ask whether a matrix is “close” to being singular. In general, the
value of det(A) is not a good indicator of nearness to singularity. In Section 5 of
Chapter 6 we will discuss how to determine whether a matrix is close to being
singular.
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SECTION 2.2 EXERCISES

1. Evaluate each of the following determinants by 4. Find all possible choices of ¢ that would make the

(a) Use the elimination method to evaluate det(A).

(b) Use the value of det(A) to evaluate

inspection. following matrix singular:
(@ |0 4 1 1 9 ¢
2 3 1 1 ¢ 3
1 1 1 3 5. Let A be an n x n matrix and « a scalar. Show that
0 3 ! 1 det(a¢A) = " det(A
™| 0 5 a2 o (@A) (A)
-1 =1 -1 2 6. Let A be a nonsingular matrix. Show that
det(A™") =
R = gy
(© 01 0 0 7. Let A and B be 3 x 3 matrices with det(A) = 4 and
0 0 1 0 det(B) = 5. Find the value of
. Let (a) det(AB) (b) det(3A)
: ) (c) det(2AB) (d) det(A~'B)
(1) | 1 i’ 8. Show that if £ is an elementary matrix, then E” is
A= 2 o 3 3 an elementary matrix of the same type as E.
1 2 -2 -3 9. Let E|,E,, and E; be 3 x 3 elementary matrices

of types I, II, and III, respectively, and let A be a
3 x 3 matrix with det(A) = 6. Assume, addition-
ally, that E, was formed from / by multiplying its
second row by 3. Find the values of each of the
following:

g ; § 3 2 3 (@) det(EA) (b) det(E»A)

-2 - 3 111

L 2 -2 3t -1 4 a4 (¢) det(E3A) (d) det(AE))
11 11 2 3 -1 =2 (e) det(E?) () det(E,\E,Es)

3. For each of the following, compute the determ-

inant and state whether the matrix is singular or
nonsingular:

10.

Let A and B be row equivalent matrices, and sup-
pose that B can be obtained from A by using only
row operations I and IIIl. How do the values of
det(A) and det(B) compare? How will the values
compare if B can be obtained from A using only

(a) Z ; ] (b) [ i ; ] row operation III? Explain your answers.
11. Let A be an n x n matrix. Is it possible for A2 +1 =
3 3 1 2 1 1 O in the case where n is odd? Answer the same
@ |0 1 2 I d) I 4 3 5 ] question in the case where n is even.
0 23 2.1 2 12. Consider the 3 x 3 Vandermonde matrix
2 -1 3 I ox
e | -1 2 —2] V=11 x x
4 0 1 x3 x3
1 1 1 (a) Show that det(V) = (xa — x1)(x3 — x1)(x3 — X2).
2 - 302 Hint: Make use of row operation II1.
® 0 2 1
0 7 3 (b) What conditions must the scalars x, x», and x3

satisfy in order for V to be nonsingular?



13.

14.

15.

16.

17.

Additional Topics and Applications

Suppose that a 3 x 3 matrix A factors into a product

0 0 M11 Uiy U3
Zz] 1 u22
I3

Determine the value of det(A).

Let A and B be nxn matrices. Prove that the product
AB is nonsingular if and only if A and B are both
nonsingular.

Let A and B be n x n matrices. Prove that if AB = I,
then BA = [I. What is the significance of this
result in terms of the definition of a nonsingular
matrix?

A matrix A is said to be skew symmetric if
AT = —A. For example,
o

is skew symmetric, since

—_ 0 - —_—
=|; ol =
If A is an n x n skew-symmetric matrix and » is

odd, show that A must be singular.

Let A be a nonsingular n x n matrix with a nonzero
cofactor A,,,, and set

_ det(A)
B Ann

Show that if we subtract ¢ from a,,, then the
resulting matrix will be singular.

18.

19.

20.

21.
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Let A be a kxk matrix and let B be an
(n — k) x (n — k) matrix. Let

_ [k O _
E=lo B) F= [ 0 1,, NE
A O
€=lo B ]

where [, and [, ; are the kxk and
(n — k) x (n — k) identity matrices.
(a) Show that det(E) = det(B).
(b) Show that det(F) = det(A).
(c) Show that det(C) = det(A) det(B).

Let A and B be k x k matrices and let
O B
% o
Show that det(M) = (—1)* det(A) det(B).
Show that evaluating the determinant of an n x n
matrix by cofactors involves (n! — 1) additions and

n—1

> n!/k! multiplications.

k=1

Show that the elimination method of computing
the value of the determinant of an n X n mat-
rix involves [n(n — 1)(2n — 1)]/6 additions and
[(n — 1)(n* + n + 3)]/3 multiplications and divi-
sions. Hint: At the ith step of the reduction process,
it takes n — i divisions to calculate the multiples
of the ith row that are to be subtracted from the
remaining rows below the pivot. We must then cal-
culate new values for the (n — i)* entries in rows
i + 1 through n and columns i + 1 through n.

M:

In this section, we learn a method for computing the inverse of a nonsingular mat-
rix A using determinants and we learn a method for solving linear systems using
determinants. Both methods depend on Lemma 2.2.1. We also show how to use de-
terminants to define the cross product of two vectors. The cross product is useful in
physics applications involving the motion of a particle in 3-space.

The Adjoint of a Matrix

Let A be an n x n matrix. We define a new matrix called the adjoint of A by

adjA =

Ay Ay An
A Axp Ap
A‘ln A2n Ann
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Thus, to form the adjoint, we must replace each term by its cofactor and then transpose
the resulting matrix. By Lemma 2.2.1,

det(A ifi=j
apnAji + apAjp + - - -+ apdj, = {O “) i #j.
and it follows that

A(adjA) = det(A)]

If A is nonsingular, det(A) is a nonzero scalar, and we may write

1
A adjA) =1
det(A)
Thus,
Al = ! adjA when det(A) # 0
= det(a)

EXAMPLE |  Fora?2 x 2 matrix,

adiA = [ ap  —anp ]
—dasi ari

If A is nonsingular, then

1 a —a
Al = [ 22 12 ] -
ajjdry — Aajday —daz] aii

EXAMPLE 2 Let

21 2
A=1|3 2 2
1 2 3
Compute adjA and A~
Solution
2 2| (32 |3 2y
23 1 3 1 2
2 1 -2
. 1 2 2 2 2 1
adjA = | - - =|1-7 4 2
2 3 13 12 ‘ 43 1]
1 2] ]2 2 2 1
2 2 3 2 3 2




Theorem 2.3.1

Proof

EXAMPLE 3

A7l =

Using the formula
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1 . 1 2 1 -2
adiA=—-1-7 4 2 -

-1

diA
deta)

we can derive a rule for representing the solution to the system Ax = b in terms of

determinants.

Cramer’s Rule

Cramer’s Rule

Let A be a nonsingular n x

n matrix, and let b € R". Let A; be the matrix obtained by

replacing the ith column of A by b. If X is the unique solution of AX = b, then

det(A;)

;= =12,...,
X detA) for n
Since
=A"'b= djA)b
X derca) AU A
it follows that
v b1A1; + DyAsi + - + byAyi
o det(A)
det(A))
= [
det(A)
Use Cramer’s rule to solve
X +2x+ x3=5
2)61 + 2)62 + X3 = 6
X1+ 2x+3x3=9
Solution
1 2 1 5 2 1
dettA) =12 2 1|=-4 det(A;)) =16 2 1|=-4
1 2 3 9 2 3
1 5 1 1 25
det(A))=1(2 6 1|=-4 det(A3) =1|2 2 6|=-8
1 9 1 2 9
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APPLICATION |

Therefore,

—4 —4 -8
X1=_—4=1, X2:_—4:1, X3=_—4=2 |

Cramer’s rule gives us a convenient method for writing the solution of an n x n sys-
tem of linear equations in terms of determinants. To compute the solution, however, we
must evaluate n+ 1 determinants of order n. Evaluating even two of these determinants
generally involves more computation than solving the system by Gaussian elimination.

Coded Messages

A common way of sending a coded message is to assign an integer value to each
letter of the alphabet and to send the message as a string of integers. For example, the
message

SEND MONEY
might be coded as
5,8,10,21,7,2,10,8, 3

Here the S is represented by a 5, the E by an 8, and so on. Unfortunately, this type of
code is generally easy to break. In a longer message we might be able to guess which
letter is represented by a number on the basis of the relative frequency of occurrence
of that number. For example, if 8 is the most frequently occurring number in the coded
message, then it is likely that it represents the letter E, the letter that occurs most
frequently in the English language.

We can disguise the message further by using matrix multiplications. If A is a
matrix whose entries are all integers and whose determinant is &1, then, since Al =
+ adj A, the entries of A~! will be integers. We can use such a matrix to transform the
message. The transformed message will be more difficult to decipher. To illustrate the

technique, let
1 2 1
2 5 3

2 3 2

A=

The coded message is put into the columns of a matrix B having three rows:

5 21 10
B = 8 7 8
10 2 3

The product

AB =

5 21 10 31 37 29
2 5 3 =80 83 69
2 3 2 54 67 50

gives the coded message to be sent:

31, 80, 54, 37, 83, 67, 29, 69, 50
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The person receiving the message can decode it by multiplying by A~
1 -1 1 37 29 5 21
2 0 —1 80 83 69
—4 1 1

54 67 50
To construct a coding matrix A, we can begin with the identity 7 and successively
apply row operation III, being careful to add integer multiples of one row to another.
Row operation I can also be used. The resulting matrix A will have integer entries, and
since

det(A) = +det(]) =

A~" will also have integer entries.

References

1. Hansen, Robert, Integer Matrices Whose Inverses Contain Only Integers, Tivo-
Year College Mathematics Journal, 13(1), 1982.

The Cross Product

Given two vectors X and y in R?, one can define a third vector, the cross product,

denoted x x y, by
X2y3 — Y2X3
XXy=|yixz—Xx1y3 (D

X1Y2 — YiX2

If C is any matrix of the form

wyp w2 wj
C=|x x x3
yrooy2 y3
then
Cn
xxy=Cpe +Cpes+Cpes = | Cpp
Ci3

Expanding det(C) by cofactors along the first row, we see that
det(C) = wiCiy +waCrp + wiCi3 = W' (X X y)

In particular, if we choose w = x or w =y, then the matrix C will have two identical
rows, and hence its determinant will be 0. We then have

X'xxy) =y (xxy) =0 2)

In calculus books, it is standard to use row vectors

X = (x1,Xx2,x3) and Yy =01.)2,)3)
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APPLICATION 2

and to define the cross product to be the row vector

X Xy = (x2y3 — y2x3)i — (x1y3 — y1x3)j + (x1y2 — y1x2)k

where 1, j, and k are the row vectors of the 3 x 3 identity matrix. If one uses i, j, and k
in place of wy, w,, and w3, respectively, in the first row of the matrix M, then the cross
product can be written as a determinant.

i j k
X XYy= X1 X2 X3
yio Y2 y3

In linear algebra courses it is generally more standard to view X, y and x X y as column
vectors. In this case we can represent the cross product in terms of the determinant of
a matrix whose entries in the first row are e, €, €3, the column vectors of the 3 x 3
identity matrix:

€ € €3
XXy=| X3 X2 X3
yro Y2 y3

The relation given in equation (2) has applications in Newtonian mechanics. In
particular, the cross product can be used to define a binormal direction, which Newton
used to derive the laws of motion for a particle in 3-space.

Newtonian Mechanics

If x is a vector in either R? or R3 then we can define the length of x, denoted |x||, by
1
x|l = (x"x)2

A vector X is said to be a unit vector if ||x|| = 1. Unit vectors were used by Newton

to derive the laws of motion for a particle in either the plane or 3-space. If x and y are
nonzero vectors in R?, then the angle  between the vectors is the smallest angle of
rotation necessary to rotate one of the two vectors clockwise so that it ends up in the
same direction as the other vector (see Figure 2.3.1).

A particle moving in a plane traces out a curve in the plane. The position of the
particle at any time ¢ can be represented by a vector (x;(#),x2(¢)). In describing the
motion of a particle, Newton found it convenient to represent the position of vectors at
time ¢ as linear combinations of the vectors T(¢) and N(r), where T(¢) is a unit vector
in the direction of the tangent line to curve at the point (x(f), x»(¢)) and N(¢) is a unit
vector in the direction of a normal line (a line perpendicular to the tangent line) to the
curve at the given point (see Figure 2.3.2).

In Chapter 5, we will show that if x and y are nonzero vectors and 6 is the angle
between the vectors, then

x'y = [x|lllyll cos & 3)

This equation can also be used to define the angle between nonzero vectors in R3.
It follows from (3) that the angle between the vectors is a right angle if and only if
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3t T(f) ]

251 b
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N(@)

0

Figure 2.3.1.

0 0.5 1 1.5 2 2.5 3 3.5
Figure 2.3.2.

x’y = 0. In this case, we say that the vectors x and y are orthogonal. In particular
since T(¢) and N(¢) are unit orthogonal vectors in R?, we have || T(?)|| = [IN®)| = 1
and the angle between the vectors is % It follows from (3) that

TH)'N@) =0

In Chapter 5, we will also show that if x and y are vectors in R* and 6 is the angle
between the vectors, then

x <yl = lIx|lyll sin6 “4)

A particle moving in three dimensions will trace out a curve in 3-space. In this
case, at time ¢ the tangent and normal lines to the curve at the point (x;(¢), x2(¢)) de-
termine a plane in 3-space. However, in 3-space the motion is not restricted to a plane.
To derive laws describing the motion, Newton needed to use a third vector, a vector
in a direction normal to the plane determined by T(#) and N(#). If z is any nonzero
vector in the direction of the normal line to this plane, then the angle between the
vectors z and T(¢) and the angle between z and N(#) should both be right angles. If
we set

B(f) = T(t) x N(t) &)

then it follows from (2) that B(¢) is orthogonal to both T(#) and N(#) and hence is
in the direction of the normal line. Furthermore B(7) is a unit vector since it follows
from (4) that

IBOI = T x NOI = [TOIIN@ Sin% =1
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B(1)
T()

N()

Figure 2.3.3.

The vector B(?) defined by (5) is called the binormal vector (see Figure 2.3.3).

SECTION 2.3 EXERCISES

1.

For each of the following, compute (i) det(A),
(i) adj A, and (iii) A™":

1 2 31
@ A4=3 —1] (b)A:[:z 4]
1 3 1
(© A= 2 1 1
-2 2 -1
1 1 1
@a@A=1]0 1 1
0 0 1
. Use Cramer’s rule to solve each of the following
systems:
(a) X1 + 2)62 =3 (b) 2.X1 + 3X2 =2
3)61— )C2=1 3X1+2X2=5

(C) 2)61 + X — 3)63 =0
dx; + 5%+ x3=28
—2)C1 — X2 + 4X3 =2

(d) X1 +3x +x3 1
2+ X +x3 =

—2x1 + 2)62 — X3 = —8

(e) X1 + X =0
)Cz-‘r— X3—2.X4:1
X1 +2X3+ X4=0
X1+ X + x4=0
. Given
1 2 1
A=10 4 3
1 2 2

determine the (2,3) entry of A~! by computing a
quotient of two determinants.

. Let A be the matrix in Exercise 3. Compute the

third column of A~! by using Cramer’s rule to solve
AX = €3.

. Let

1 2 3
A=12 3 4

3 45

(a) Compute the determinant of A. Is A nonsingu-
lar?

(b) Compute adj A and the product A adj A.

. If A is singular, what can you say about the product

AadjA?



7. Let B; denote the matrix obtained by replacing the
Jjth column of the identity matrix with a vector
b = (by,...,b,)". Use Cramer’s rule to show that

b; = det(B)) for j=1,...,n
8. Let A be a nonsingular n X n matrix with n > 1.
Show that

det(adjA) = (det(A))"!
9. Let A be a4 x 4 matrix. If

2 0 0 0
. 0 2 1 0
diA=1y 4 3
0 —2 -1 2

(a) calculate the value of det(adjA). What should
the value of det(A) be? Hint: Use the result
from Exercise 8.

(b) find A.

10. Show that if A is nonsingular, then adj A is nonsin-
gular and

(adjA)™! = det(A™HA = adjA™!

11. Show that if A is singular, then adjA is also singu-

lar.
12. Show that if det(A) = 1, then

adj(adjA) = A

13. Suppose that Q is a matrix with the property Q' =

Q7. Show that

det(Q)

qij
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14. In coding a message, a blank space was represented
by 0,an A by 1,a B by 2, a C by 3, and so on. The
message was transformed using the matrix

-1 -1 2 0
1 1 -1 0
0 0 -1 1
1 0 0 -1

A=

and sent as
—19,19,25,-21,0,18,—-18, 15,3, 10,
—8,3,-2,20,-7,12

What was the message?

15. Let x, y, and z be vectors in R3?. Show each of the
following:
(@) xxx=0 (b) yxx=—-(xXxYy)

© xxy+z=xxy)+xx2z)

X X2 X3
@ zZ'xxy)=|»n » »
21 22 23

16. Let x and y be vectors in R? and define the skew-
symmetric matrix A, by

0 —X3 X2
A = X3 0 —X1
—X X 0

(a) Show thatx x y = A.,y.
(b) Show thaty x x = ATy.

Chapter Two Exercises

MATLAB EXERCISES

The first four exercises that follow involve integer
matrices and illustrate some of the properties of de-
terminants that were covered in this chapter. The last
two exercises illustrate some of the differences that may
arise when we work with determinants in floating-point
arithmetic.

In theory, the value of the determinant should tell
us whether the matrix is nonsingular. However, if the
matrix is singular and its determinant is computed
using finite-precision arithmetic, then, because of roun-
doff errors, the computed value of the determinant may
not equal zero. A computed value near zero does not

necessarily mean that the matrix is singular or even
close to being singular. Furthermore, a matrix may be
nearly singular and have a determinant that is not even
close to zero (see Exercise 0).

1. Generate random 5 x 5 matrices with integer entries
by setting

A = round(10 * rand(5))

and
B = round(20 * rand(5)) — 10
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Use MATLAB to compute each of the pairs of
numbers that follow. In each case, check whether
the first number is equal to the second.

(a) det(A) det(AT)

(b) det(A + B) det(A) + det(B)

(c) det(AB) det(A) det(B)

(d) det(ATBT) det(AT)det(BT)

(e) det(A™')  1/det(A)

(f) det(AB~') det(A)/ det(B)

. Are n x n magic squares nonsingular? Use the
MATLAB command det(magic(n)) to compute
the determinants of the magic squares matrices in
the cases n = 3,4,...,10. What seems to be hap-

pening? Check the cases n = 24 and 25 to see if
the pattern still holds.

. Set A = round(10 * rand(6)). In each of the fol-
lowing, use MATLAB to compute a second matrix
as indicated. State how the second matrix is re-
lated to A and compute the determinants of both
matrices. How are the determinants related?

(@) B=A; B(2,))=A(,:); B(,:)=A(2,)
(b) C=A; C@3,:))=4%A@3,:)

() D=A; D(5,:))=AG5,)+2xA4,:)

. We can generate a random 6 x 6 matrix A whose
entries consist entirely of 0’s and 1’s by setting

A = round(rand(6))

(a) What percentage of these random 0—1 matrices
are singular? You can estimate the percentage
in MATLAB by setting

y = zeros(1,100);

and then generating 100 test matrices and set-
ting y(j) = 1 if the jth matrix is singular and
0 otherwise. The easy way to do this in MAT-
LAB is to use a for loop. Generate the loop as
follows:

A = round(rand(6));
y(j) = (det(A) == 0);
end

(Note: A semicolon at the end of a line sup-
presses printout. It is recommended that you
include one at the end of each line of calcula-
tion that occurs inside a for loop.) To determine
how many singular matrices were generated,
use the MATLAB command sum(y). What
percentage of the matrices generated were
singular?

(b) For any positive integer n, we can generate
a random 6 x 6 matrix A whose entries are
integers from O to n by setting

A = round(n * rand(6))

What percentage of random integer matrices
generated in this manner will be singular if
n=3?1fn =67 If n = 107 We can estimate
the answers to these questions by using MAT-
LAB. In each case, generate 100 test matrices
and determine how many of the matrices are
singular.

. If a matrix is sensitive to roundoff errors, the com-

puted value of its determinant may differ drastically
from the exact value. For an example of this, set

U = round(100 x rand(10));
U =triuU,1)+ 0.1 x eye(10)
In theory,
det(U) = det(U") = 107"°
and
det(UU") = det(U) det(U") = 107%°

Compute det(U), det(U’), and det(U x U’) with
MATLAB. Do the computed values match the
theoretical values?

. Use MATLAB to construct a matrix A by setting

A = vander(l : 6); A =A—diag(sum(A’))

(a) By construction, the entries in each row of A
should all add up to zero. To check this, set
x = ones(6,1) and use MATLAB to com-
pute the product Ax. The matrix A should be
singular. Why? Explain. Use the MATLAB
functions det and inv to compute the values
of det(A) and A~'. Which MATLAB function
is a more reliable indicator of singularity?

(b) Use MATLAB to compute det(AT). Are the
computed values of det(A) and det(AT) equal?
Another way to check if a matrix is singular is
to compute its reduced row echelon form. Use
MATLAB to compute the reduced row echelon
forms of A and A”.

(¢) To see what is going wrong, it helps to know
how MATLAB computes determinants. The
MATLAB routine for determinants first com-
putes a form of the LU factorization of the
matrix. The determinant of the matrix L is
+1, depending on whether an even or odd
number of row interchanges were used in the



computation. The computed value of the de-
terminant of A is the product of the diagonal
entries of U and det(L) = =£1. To see what is
happening with our original matrix, use the fol-
lowing commands to compute and display the
factor U.

format short e

[L,U] =1u(A); U

CHAPTER TEST A True or False

For each statement that follows, answer true if the state-
ment is always true and false otherwise. In the case of a
true statement, explain or prove your answer. In the case
of a false statement, give an example to show that the
statement is not always true. Assume that all the given
matrices are n X 7.

det(AB) = det(BA)

det(A + B) = det(A) + det(B)

det(cA) = cdet(A)

det((AB)") = det(A) det(B)

det(A) = det(B) implies A = B.

nk WD

CHAPTER TEST B

1. Let A and B be 3 x 3 matrices with det(A) = 4
and det(B) = 6, and let E be an elementary mat-
rix of type 1. Determine the value of each of the

following:
(a) det(%A) (b) det(B~'AT) (c) det(EA?)
2. Let
x 1 1 I
A= 1 x -1
-1 -1 X

(a) Compute the value of det(A) (Your answer
should be a function of x.)

(b) For what values of x will the matrix be singular?

Explain.
3. Let
1 1 1 1
1 2 3 4
A=11 3 6 10
1 4 10 20

(a) Compute the LU factorization of A.

(b) Use the LU factorization to determine the value
of det(A).
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In exact arithmetic, U should be sin-
gular. Is the computed matrix U singular? If
not, what goes wrong? Use the following com-
mands to see the rest of the computation of
d = det(A):

format short
d = prod(diag(U))

6. det(A¥) = det(A)

10.

10.

. A triangular matrix is nonsingular if and only if its

diagonal entries are all nonzero.

. If x is a nonzero vector in R” and Ax = 0, then

det(A) = 0.

If A and B are row equivalent matrices, then their
determinants are equal.

If A # O, but A¥ = O (where O denotes the zero
matrix) for some positive integer k, then A must be
singular.

. If A is a nonsingular n x n matrix, show that ATA

is nonsingular and det(ATA) > 0.

. Let A be an n x n matrix. Show that if B = S~'AS

for some nonsingular matrix S, then det(B) =
det(A).

. Let A and B be n x n matrices and let C = AB.

Use determinants to show that if either A or B is
singular, then C must be singular.

. Let A be ann x n matrix and let A be a scalar. Show

that
dettA — M) =0

if and only if

Ax = Ax for some x # 0

. Let x and y be vectors in R”, n > 1. Show that if

A = xy’, then det(4) = 0.

. Let x and y be distinct vectors in R” (i.e., X # y),

and let A be an n x n matrix with the property that
Ax = Ay. Show that det(A) = 0.

Let A be a matrix with integer entries. If
|det(A)| = 1, then what can you conclude about
the nature of the entries of A~'? Explain.
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Vector Spaces

The operations of addition and scalar multiplication are used in many diverse contexts
in mathematics. Regardless of the context, however, these operations usually obey the
same set of algebraic rules. Thus, a general theory of mathematical systems involving
addition and scalar multiplication will be applicable to many areas in mathematics.
Mathematical systems of this form are called vector spaces or linear spaces. In this
chapter, the definition of a vector space is given and some of the general theory of
vector spaces is developed.

Definition and Examples

112

In this section, we present the formal definition of a vector space. Before doing this,
however, it is instructive to look at a number of examples. We begin with the Euclidean
vector spaces R”.

Euclidean Vector Spaces

Perhaps the most elementary vector spaces are the Euclidean vector spaces R", n =
1,2,.... For simplicity, let us consider first R2. Nonzero vectors in R? can be repres-
ented geometrically by directed line segments. This geometric representation will help
us to visualize how the operations of scalar multiplication and addition work in R

X1

Given a nonzero vector X = N ] , we can associate it with the directed line segment
2

in the plane from (0,0) to (x, x;) (see Figure 3.1.1). If we equate line segments that
have the same length and direction (Figure 3.1.2), x can be represented by any line
segment from (a, b) to (a + x1, b + x7).
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X (Q+X1,b+)€2)

(a. b)

X (x1, X2)

X2

X (1, x2)

! i ©.0]
Figure 3.1.1. Figure 3.1.2.

For example, the vector x = 1

the directed line segment from (2,2) to (4, 3) or from (—1, —1) to (1,0), as shown in

Figure 3.1.3.
/

X2 2 2

X Vg +x3
L
x|~
/ X1

Figure 3.1.3. Figure 3.1.4.

2 ] in R? could just as well be represented by

We can think of the Euclidean length of a vector x = [ ;Cl ] as the length of
2
any directed line segment representing x. The length of the line segment from (0, 0) to

(x1,x2) 18 x% + x% (see Figure 3.1.4). For each vector x = [ ;C; ] and each scalar «,

« ) =[]

For example, as shown in Figure 3.1.5, if x = [ % ] , then

T | P

the product ax is defined by

3x

(a) (b) (© (d)
Figure 3.1.5.
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The vector 3x is in the same direction as X, but its length is three times that of x.
The vector —x has the same length as x, but it points in the opposite direction. The
vector —2x is twice as long as x and it points in the same direction as —x. The sum of
two vectors

is defined by

| ur+wn
u+v= [u2+v2]

Note that, if v is placed at the terminal point of u, then u 4 v is represented by the
directed line segment from the initial point of u to the terminal point of v (Figure 3.1.6).
If both u and v are placed at the origin and a parallelogram is formed as in Figure 3.1.7,
the diagonals of the parallelogram will represent the sum u + v and the difference
v — u. In a similar manner, vectors in R® can be represented by directed line segments
in 3-space (see Figure 3.1.8).

(g + vy, up+v2)

(uy, 1)
Z=u+V
u+v
u Uu+w=v or w=v-u
v
(0,0)
Figure 3.1.6. Figure 3.1.7.
+
X+y y
*3 (x1, X2, X3)
X l
| X1 X
L
[
X L _|//
(a) (b)
Figure 3.1.8.

In general, scalar multiplication and addition in R" are, respectively, defined by

ox X1+
o) X2+ 2
oax = . and X+y= .
Xy Xp + Yn
for any X,y € R” and any scalar «.
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The Vector Space R™*"

We can also view R” as the set of all n x 1 matrices with real entries. The addition and
scalar multiplication of vectors in R” is just the usual addition and scalar multiplication
of matrices. More generally, let R"*" denote the set of all m x n matrices with real
entries. If A = (a;;) and B = (b;;), then the sum A + B is defined to be the m x n matrix
C = (cj), where ¢;; = a; + by;. Given a scalar «, we can define @A to be the m x n
matrix whose (i, j) entry is aa;;. Thus, by defining operations on the set R”*", we have
created a mathematical system. The operations of addition and scalar multiplication of
R™*" obey certain algebraic rules. These rules form the axioms that are used to define
the concept of a vector space.

Vector Space Axioms

Let V be a set on which the operations of addition and scalar multiplication are
defined. By this we mean that, with each pair of elements x and y in V, we can
associate a unique element x + y that is also in V, and with each element x in V and
each scalar o, we can associate a unique element ax in V. The set V together with
the operations of addition and scalar multiplication is said to form a vector space
if the following axioms are satisfied:

Al. x+y=y+xforanyxandyinV.

A2. x+y)+z=x+(y+z) foranyx,y,andzin V.

A3. There exists an element 0 in V such that x + 0 = x foreachx € V.

Ad4. For each x € V, there exists an element —x in V such that x+ (—x) = 0.
AS. a(x+y) = ax + ay for each scalar « and any x and y in V.

A6. (@ + B)x = ax + Bx for any scalars o and 8 and any x € V.

A7. (aB)x = a(pBx) for any scalars & and f and any x € V.

A8. Ix=xforallx e V.

We will refer to the set V as the universal set for the vector space. Its elements are
called vectors and are usually denoted by boldface letters such as u, v, w, X, y, and z.
The term scalar will generally refer to a real number, although in some cases it will be
used to refer to complex numbers. Scalars will generally be represented by lowercase
italic letters such as a, b, and ¢ or lowercase Greek letters such as «, 8, and y. In the
first five chapters of this book, the term scalars will always refer to real numbers. Often
the term real vector space is used to indicate that the set of scalars is the set of real
numbers. The boldface symbol 0 was used in Axiom 3 in order to distinguish the zero
vector from the scalar 0.

An important component of the definition is the closure properties of the two
operations. These properties can be summarized as follows:

Cl. If x € V and « is a scalar, then ax € V.
C2. Ifx,ye V,thenx+yeV.
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To illustrate the necessity of the closure properties, consider the following
example: Let

W = {(a,1) | areal}

with addition and scalar multiplication defined in the usual way. The elements (3, 1)
and (5, 1) are in W, but the sum

G, D+, 1)=(8,2)

is not an element of W. The operation + is not really an operation on the set W because
property C2 fails to hold. Similarly, scalar multiplication is not defined on W, because
property Cl1 fails to hold. The set W, together with the operations of addition and scalar
multiplication, is not a vector space.

If, however, we are given a set U on which the operations of addition and scalar
multiplication have been defined and satisfy properties C1 and C2, then we must check
to see if the eight axioms are valid in order to determine whether U is a vector space.
We leave it to the reader to verify that R” and R™*", with the usual addition and
scalar multiplication of matrices, are both vector spaces. There are a number of other
important examples of vector spaces.

The Vector Space Cla, b]

Let Cla, b] denote the set of all real-valued functions that are defined and continuous
on the closed interval [a, b]. In this case, our universal set is a set of functions. Thus,
our vectors are the functions in C[a, b]. The sum f + g of two functions in Cla, b] is
defined by

(f + &)(x) =f(x) + g

for all x in [a, b]. The new function f + g is an element of C[a, b] since the sum of two
continuous functions is continuous. If f is a function in C[a, b] and « is a real number,
define of by

(af)(x) = af (x)

for all x in [a, b]. Clearly, af is in C[a, b] since a constant times a continuous function
is always continuous. Thus we have defined the operations of addition and scalar mul-
tiplication on C[a, b]. To show that the first axiom, f + g = g +f, is satisfied, we must
show that

f+9x) =(g+/Hx) for every x in [a, b]
This follows because
(f + 80 =f(x) + g(x) = g(x) + f(x) = (g +/)x)
for every x in [a, b]. Axiom 3 is satisfied, since the function
z(x) =0 forall x in [a, b]
acts as the zero vector; that is,
f+z=f forallfin Cla,b]

We leave it to the reader to verify that the remaining vector space axioms are all
satisfied.
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The Vector Space P,

Let P, denote the set of all polynomials of degree less than n. Define p 4+ ¢ and ap,
respectively, by

P+ 9x) = pl) + q(x)
and
(ap)(x) = ap(x)
for all real numbers x. In this case, the zero vector is the zero polynomial,
Zx) =0 0"+ 4+ 0x+0
It is easily verified that all the vector space axioms hold. Thus, P,, with the standard
addition and scalar multiplication of functions, is a vector space.
Additional Properties of Vector Spaces

We close this section with a theorem that states three more fundamental properties of
vector spaces. Other important properties are given in Exercises 7, 8, and 9 at the end
of the section.

If V is a vector space and X is any element of V, then
(i) 0x=0.
(ii) x +y = 0 implies that y = —X (i.e., the additive inverse of X is unique).
(iii) (—Dx = —x.
It follows from axioms A6 and A8 that
x=1x=(14+0)x=1x+0x =x+4 0x
Thus

—X+xXx = x4+ X+0x)=(—x+x)+0x (A2)
0 =0+0x=0x (Al, A3, and A4)

To prove (ii), suppose that x +y = 0. Then
—Xx=—-Xx+0=—-x+x+Yy)
Therefore,
X = (—x+x)+y=0+y=y (Al A2, A3, and A4)
Finally, to prove (iii), note that
0 =0xx=04+C))x=1x+(-Dx [(1) and A6]
Thus
x+(-Dx =0 (A8)
and it follows from part (ii) that

(—DHx=—x [ |
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SECTION 3.1 EXERCISES

1.

10.

Consider the vectors x; = (8, 6)” and
X, = (4, =17 in R
(a) Determine the length of each vector.

(b) Let x3 = X; + X,. Determine the length of x;.
How does its length compare with the sum of
the lengths of x; and x,?

(c) Draw a graph illustrating how x3 can be con-
structed geometrically using x; and x,. Use
this graph to give a geometrical interpretation
of your answer to the question in part (b).

. Repeat Exercise 1 for the vectors x; = (2, 1)7 and

Xy = (6, 3)T

. Let C be the set of complex numbers. Define

addition on C by
(a+bi)+ (c+diy=(a+c)+ (b+d)i
and define scalar multiplication by
a(a + bi) = axa + abi

for all real numbers «. Show that C'is a vector space
with these operations.

. Show that R™*", together with the usual addition

and scalar multiplication of matrices, satisfies the
eight axioms of a vector space.

Show that Cla,b], together with the usual scalar
multiplication and addition of functions, satisfies
the eight axioms of a vector space.

Let P be the set of all polynomials. Show that P,
together with the usual addition and scalar multi-
plication of functions, forms a vector space.

Show that the element 0 in a vector space is
unique.

Letx, y, and z be vectors in a vector space V. Prove
that if
X+y=x+1z

theny = z.

Let V be a vector space and let x € V. Show that
(a) B0 = 0 for each scalar S.

(b) if ax = 0, then either = 0 orx = 0.

Let S be the set of all ordered pairs of real numbers.
Define scalar multiplication and addition on S by

alxy,x) = (oxy, 0xz)

(1, x2) © (1, y2) = (1 +y1,0)

11.

12.

13.

We use the symbol @ to denote the addition opera-
tion for this system in order to avoid confusion with
the usual addition x 4+ y of row vectors. Show that
S, together with the ordinary scalar multiplication
and the addition operation &, is not a vector space.
Which of the eight axioms fail to hold?

Let V be the set of all ordered pairs of real numbers
with addition defined by

(1, x2) + (1, y2) = (X1 + y1, %2 + y2)
and scalar multiplication defined by
o o (x1,X) = (exy, X2)

Scalar multiplication for this system is defined in
an unusual way, and consequently we use the sym-
bol o to avoid confusion with the ordinary scalar
multiplication of row vectors. Is V a vector space
with these operations? Justify your answer.

Let Rt denote the set of positive real numbers.
Define the operation of scalar multiplication, de-
noted o, by

aox=2x"

for each x € R™ and for any real number «. Define
the operation of addition, denoted @, by

XQy=x-y for all x,y €RT

Thus, for this system, the scalar product of —3
times 1 is given by

1 N’
°2 <2>

and the sum of 2 and 5 is given by
2@5=2-5=10

Is R" a vector space with these operations? Prove

your answer.

Let R denote the set of real numbers. Define scalar
multiplication by

ax =« -x (the usual multiplication of

real numbers)
and define addition, denoted @, by
x @y =max(x,y) (the maximum of the two
numbers)

Is R a vector space with these operations? Prove
your answer.



14. Let Z denote the set of all integers with addi-

tion defined in the usual way and define scalar
multiplication, denoted o, by

aok =] -k keZ
where [[«]] denotes the greatest integer less than or
equal to «. For example,
22504 =[225]]-4=2-4=38
Show that Z, together with these operations, is not
a vector space. Which axioms fail to hold?

for all

16.
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Show that § is a vector space.
We can define a one-to-one correspondence
between the elements of P, and R” by

p) =a;+ax+---+a,x""!

< (ar,...,a) =a

Show that if p <> a and g <> b, then
(a) ap <> «a for any scalar «.

15. Let S denote the set of all infinite sequences of real
numbers with scalar multiplication and addition

defined by

{an} + {bn} = {an + bn}

(b) p+qg<a+b.

[In general, two vector spaces are said to be iso-
morphic if their elements can be put into a one-to-
one correspondence that is preserved under scalar
multiplication and addition as in (a) and (b).]

ala,} = {aa,}

Subspaces

EXAMPLE |

Given a vector space V, it is often possible to form another vector space by taking a
subset S of V and using the operations of V. Since V is a vector space, the operations
of addition and scalar multiplication always produce another vector in V. For a new
system using a subset S of V as its universal set to be a vector space, the set S must be
closed under the operations of addition and scalar multiplication. That is, the sum of
two elements of S must always be an element of S, and the product of a scalar and an
element of S must always be an element of S.

s=1 (]
= (5]

is any element of S and « is any scalar, then

_ c)] [ «ac
AX=0N 20| = | 20

() = (2]

are any two elements of S, then their sum

a+b o a+b
2a+2b ) — | 2(a+ b)

is also an element of S. It is easily seen that the mathematical system consisting of the
set S (instead of R?), together with the operations from R?, is itself a vector space. M

Let

x2:2x1}

S is a subset of R2. If

is also an element of S. If
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Definition

EXAMPLE 2

EXAMPLE 3

If § is a nonempty subset of a vector space V, and S satisfies the conditions

(i) ax € S whenever x € S for any scalar o
(ii) x+y € S wheneverx € Sandy € §

then S is said to be a subspace of V.

Condition (i) says that S is closed under scalar multiplication. That is, whenever
an element of S is multiplied by a scalar, the result is an element of S. Condition (ii)
says that S is closed under addition. That is, the sum of two elements of S is always
an element of S. Thus, if we use the operations from V and the elements of S, to do
arithmetic, then we will always end up with elements of S. A subspace of V, then, is a
subset S that is closed under the operations of V.

Let S be a subspace of a vector space V. Using the operations of addition and
scalar multiplication as defined on V, we can form a new mathematical system with
S as the universal set. It is easily seen that all eight axioms will remain valid for this
new system. Axioms A3 and A4 follow from Theorem 3.1.1 and condition (i) of the
definition of a subspace. The remaining six axioms are valid for any elements of V, so,
in particular, they are valid for the elements of S. Thus the mathematical system with
universal set S and the two operations inherited from the vector space V satisfies all
the conditions in the definition of a vector space. Every subspace of a vector space is
a vector space in its own right.

Remarks

1. In a vector space V, it can be readily verified that {0} and V are subspaces of V.
All other subspaces are referred to as proper subspaces. We refer to {0} as the
zero subspace.

2. To show that a subset S of a vector space forms a subspace, we must show that
S is nonempty and that the closure properties (i) and (ii) in the definition are
satisfied. Since every subspace must contain the zero vector, we can verify that
S is nonempty by showing that 0 € S.

Let S = {(x1,x2,x3)7 | x; = x»}. The set S is nonempty since 0 = (0,0,0)” € S. To
show that S is a subspace of R?, we need to verify that the two closure properties hold:
(i) If x = (a,a,b)" is any vector in S, then
ax = (aa,aa, ozb)T es
(ii) If (a,a,b)" and (c, c,d)" are arbitrary elements of S, then
(a,a,b) +(c,e,d)f =(a+c,a+ce,b+d)l €S

Since S is nonempty and satisfies the two closure conditions, it follows that S is a
subspace of R3. ]

s={(1]

Let

xis areal number}
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If either of the two conditions in the definition fails to hold, then S will not be a
subspace. In this case the first condition fails since

a[’f] = [0;"] ¢S whena # 1

Therefore, S is not a subspace. Actually, both conditions fail to hold. § is not closed

under addition, since
X Y| _ [x+Yy
[+ () =737 es .

EXAMPLE 4 LetS = {A € R**? | a;; = —ay}. The set S is nonempty, since O (the zero matrix) is
in S. To show that S is a subspace, we verify that the closure properties are satisfied:

(i) If A € S, then A must be of the form

=)

and hence

axa ob

A = [—ab ac

Since the (2, 1) entry of ¢A is the negative of the (1,2) entry, ®A € S.
(i) If A, B € S, then they must be of the form

a b d e
Az[_b c] and B:[—ef
It follows that

a+d b+e
—(b+e) c+f

Hence A+ B € S. [ |

A+B=[

EXAMPLE 5  Let S be the set of all polynomials of degree less than n with the property that p(0) = 0.
The set S is nonempty since it contains the zero polynomial. We claim that S is a
subspace of P,. This follows, because

(i) if p(x) € S and « is a scalar, then
ap(0)=a-0=0

and hence ap € §; and
(i) if p(x) and g(x) are elements of S, then

P+ ¢0)=p0)+4¢0)=0+0=0
and hence p + g € S. [ ]

EXAMPLE 6 Let C"[a, b] be the set of all functions f that have a continuous nth derivative on [a, b].
We leave it to the reader to verify that C"[a, b] is a subspace of Cla, b]. [ |
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EXAMPLE 7  The function f(x) = |x| is in C[—1, 1], but it is not differentiable at x = 0 and hence

EXAMPLE 8

EXAMPLE 9

it is not in C'[—1, 1]. This shows that C'[—1, 1] is a proper subspace of C[—1, 1]. The
function g(x) = x|x| is in C'[—1, 1] since it is differentiable at every point in [—1, 1]
and g'(x) = 2|x| is continuous on [—1, 1]. However, g & C?*[—1, 1], since g”(x) is not
defined when x = 0. Thus the vector space C*[—1,1] is a proper subspace of both
C[—1,1] and C'[—1,1]. n

Let S be the set of all f in C?[a, b] such that
f'0)+fx) =0

for all x in [a, b]. The set S is nonempty since the zero function is in S. If f € S and «
is any scalar, then for any x in [a, b]

(@f)' () + (@)) = af"(x) + af ()
—a(f’') + ) =a-0=0

Thus of € S. If f and g are both in S, then

(F+8"®+(f+ ) =/"(x) + g"(x) + f(x) + g(x)
=" + /0] + [8"(x) + g)]
=04+0=0

Thus the set of all solutions on [a, b] to the differential equation y” 4+ y = 0 forms a
subspace of C?[a, b]. If we note that f(x) = sinx and g(x) = cosx are both in S, it
follows that any function of the form ¢, sin x4 ¢; cos x must also be in S. We can easily
verify that functions of this form are solutions to y” +y = 0. [ ]

The Null Space of a Matrix

Let A be an m x n matrix. Let N(A) denote the set of all solutions to the homogeneous
system Ax = 0. Thus,

N@A) = {x e R" | Ax = 0}

We claim that N(A) is a subspace of R”. Clearly, 0 € N(A), so N(A) is nonempty. If
X € N(A) and « is a scalar, then

A(ax) = aAx=a0 =0
and hence ax € N(A). If x and y are elements of N(A), then
Ax+y) =Ax+Ay=04+0=0

Therefore, x +y € N(A). It then follows that N(A) is a subspace of R". The set of all
solutions of the homogeneous system Ax = 0 forms a subspace of R”. The subspace
N(A) is called the null space of A.

Determine N(A) if

111
A:[210

— O
—_—
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Solution
Using Gauss—Jordan reduction to solve Ax = 0, we obtain

1 1 1 0_)1110
2 1 0 0 0 -1 -2 1

_)10—110_)10—110
0 -1 -2 0 o 1 2 —-110

The reduced row echelon form involves two free variables, x3 and x4.

0
0

)

[S—

X1 = X3 — X4
Xy = —2X3 + X4

Thus, if we set x3 = « and x4 = B, then

oa—pf 1 -1

| 2a+B| -2 1
X= o - 1 +h 0
B 0 1

is a solution of Ax = 0. The vector space N(A) consists of all vectors of the form

1

1
) 1
af 1 |tB] o

0 1

where « and f are scalars. [ |

The Span of a Set of Vectors

Let vi,vy,...,V, be vectors in a vector space V. A sum of the form «o;v; +

Vo + -+ + a,V,, where «,...,«a, are scalars, is called a linear combination
of vi,va,...,V,. The set of all linear combinations of v, v,,...,V, is called the
span of vy, ..., v,. The span of v{, ..., v, will be denoted by Span(vy, ..., v,).

In Example 9, we saw that the null space of A was the span of the vectors
(1,-2,1,0)" and (-1, 1,0, 1)T.

In R3, the span of e; and e; is the set of all vectors of the form

o
oe + fe; = [,BI
0
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Theorem 3.2.1

Proof

The reader may verify that Span(e;,e,) is a subspace of R*. The subspace can be
interpreted geometrically as the set of all vectors in 3-space that lie in the x;x;-plane
(see Figure 3.2.1). The span of ey, e, e3 is the set of all vectors of the form

ol
aje; +are; +oze; = | o

a3

Thus, Span(e;, e;, €3) = R°. n

A3

€3

€ X1
/\ X
€
X2 Span(ey, e,)

Figure 3.2.1.
If vi,va,...,v, are elements of a vector space V, then Span(vi,v,...,V,) is a
subspace of V.

Let B be a scalar and let v = ovy + opv, + - -+ + o, Vv, be an arbitrary element of
Span(vy, va, ..., V,). Since

By = (Ba)vi + (Baz)va + -+ - + (Bay) vy,

it follows that Bv € Span(vy,...,v,). Next, we must show that any sum of elements
of Span(vy,...,v,)isin Span(vy,...,v,). Letv=av| +--- 4+ o,v, and w = B;v| +
o BV

v+ w=(a;+ BV + -+ (@ + Bu)Vy € Span(vy,...,V,)
Therefore, Span(vy, ..., V,) is a subspace of V. [ |

A vector x in R? is in Span(e;, ;) if and only if it lies in the x;x,-plane in 3-space.
Thus, we can think of the x;x;-plane as the geometrical representation of the sub-
space Span(e, e;) (see Figure 3.2.1). Similarly, given two vectors x and y, if (0, 0, 0),
(x1, x2, x3), and (yy, y2, y3) are not collinear, these points determine a plane. If
Z = c¢i1X + ¢y, then z is a sum of vectors parallel to x and y and hence must lie
on the plane determined by the two vectors (see Figure 3.2.2). In general, if two vec-
tors x and y can be used to determine a plane in 3-space, that plane is the geometrical
representation of Span(x, y).



Definition

EXAMPLE 11

3.2 Subspaces 125

X2

Figure 3.2.2.

Spanning Set for a Vector Space

Letvy, vy, ..., v, be vectors in a vector space V. We will refer to Span(vy, ..., v,) as the
subspace of V spanned by vy, Vs, ...,v,. It may happen that Span(vy,...,v,) =V, in
which case we say that the vectors vy, ..., v, span V, or that {vy, ..., v,} is a spanning

set for V. Thus, we have the following definition:

The set {vy,...,v,} is a spanning set for V if and only if every vector in V can be
written as a linear combination of v{,v,,...,V,.

Which of the following are spanning sets for R3?
(@) {e, e, e3,(1,2,3)"}
(b) {(1,1, DT, (1,1,0)",(1,0,0)7}
(©) {(1,0,D7,(0,1,0)"}
@ {(1,2,97,2,1,3)",4, -1, )7}
Solution

To determine whether a set spans R?, we must determine whether an arbitrary vector
(a,b,c)" in R? can be written as a linear combination of the vectors in the set. In part
(a), it is easily seen that (a, b, ¢)” can be written as

(a,b,c)" = ae; + be, + ces +0(1,2,3)7

For part (b), we must determine whether it is possible to find constants o, oo, and o3

such that
a 1
b = ] 0
c 0

This leads to the system of equations

1
1
0

1
1 + o + o3
1

o +oy+a3=a
o] + o =b
[04] =cC
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EXAMPLE 12

Since the coefficient matrix of the system is nonsingular, the system has a unique

solution. In fact, we find that
(03] C
(0%) = b—rc
o3 a—>b

a 1
bl =cl|l]|+0B-0c
c 1

1
+@—-0b)10
0
so the three vectors span R
For part (c), we should note that linear combinations of (1,0, 1)” and (0, 1,0)”
produce vectors of the form (e, 8, «)”. Thus, any vector (a, b, c)” in R3, where a # ¢,
would not be in the span of these two vectors.
Part (d) can be done in the same manner as part (b). If

Thus,

1
1
0

a 1 2 4
b = ] 2 +012 1 +Ol3 —1
c 4 3 1

then

o) + 200 + 4oz =a
201 + oy — a3 =>b
da; + 300 + a3 =c

In this case, however, the coefficient matrix is singular. Gaussian elimination will yield
a system of the form

o1+ 200 + 4oy =a
2a — b
3
0=2a—3c+5b

oy + 3a3 =

If
2a —3c+5b#0

then the system is inconsistent. Hence, for most choices of a, b, and c, it is impossible
to express (a, b, ¢)! as a linear combination of (1,2,4)7, (2,1,3)7, and (4, —1,1)7. The
vectors do not span R3. ]

The vectors 1 — x?, x + 2, and x> span P3. Thus, if ax? + bx + c is any polynomial in
Ps, it is possible to find scalars o, o, and o3 such that

ax®> +bx+c=a;(1 —x*) + ar(x + 2) + azx®
Indeed,
ar(1 —x%) + aa(x +2) + a3x” = (a3 — a)x” + aox + (o1 + 20)
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Setting
o3 — A =a
(0%) =b
o] + 20 =c¢
and solving, we see that o) = ¢ — 2b, oy = b, and a3 = a + ¢ — 2b. [ |

In Example 11(a), we saw that the vectors ey, e;,e3, (1,2, 37T span R3. Clearly,
R3 could be spanned with only the vectors e, e, e3. The vector (1,2,3)7 is really not
necessary. In the next section, we consider the problem of finding minimal spanning
sets for a vector space V (i.e., spanning sets that contain the smallest possible number
of vectors).

Linear Systems Revisited

Let S be the solution set to a consistent m X n linear system Ax = b. In the case that
b = 0 we have that S = N(A) and consequently the solution set forms a subspace
of R". If b # 0, then S does not form a subspace of R"”; however, if one can find a
particular solution X, then it is possible to represent any solution vector in terms of X,
and a vector z from the null space of A.

Let Ax = b be a consistent linear system and let xy be a particular solution to
the system. If there is another solution x; to the system, then the difference vector
Z = X; — Xy must be in N(A) since

Az =AXx; —Axg=b—-b =0

Thus if there is a second solution, it must be of the form x; = Xy + z where z € N(A).
In general, if xq is a particular solution to Ax = b and z is any vector in N(A), then
setting y = x( + z, we have

Ay =Axo+Az=b+0=D>b

Soy = x¢ + z must also be a solution to the system Ax = b.
These observations are summarized in the following theorem.

If the linear system AX = b is consistent and Xy is a particular solution, then a vector
y will also be a solution if and only if y = Xo + 2 where z € N(A).

To help understand the meaning of Theorem 3.2.2 let us consider the case of an
m x 3 matrix whose null space is spanned by two nonzero vectors z; and z,. If z; is
not a multiple of z,, then the set of all linear combinations of z; and z, corresponds to
a plane through the origin in 3-space (see Figure 3.2.3). If X is a vector in R* and b =
AX is a nonzero vector, then X is a particular solution to the nonhomogeneous system
Ax = b. It follows from Theorem 3.2.2 that the solution set S consists of all vectors of
the form

Y =X+ C1Z] + 273
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where ¢; and ¢, are arbitrary scalars. The solution set S corresponds to a plane in
3-space that does not pass through the origin. See Figure 3.2.3.

S

.

Xo

N(A)

Figure 3.2.3.

SECTION 3.2 EXERCISES

1.

Determine whether the following sets form sub-
spaces of R?:

@ {(,x)" [ x +x =0}

(b) {(xl,xz)T | x1x, = 0}

(©) {(ri,x)" | x =3xy)

) {(,:)" | x| = xl)

(e) {(Xl,xz)T | X% = X%}

Determine whether the following sets form sub-
spaces of R3:

@ {(xr,x,x3)" | X1 +x3 =1}
(b) {(xl,xz,x3)7 | X1 = x2 = x3}
(©) {(ri,x,x3)" [ x3 = x1 + X2}
(d) {(x1,x2,x3)" | x3 = x; orx3 = 2}
D;:tgrmine whether the following are subspaces of
R=*=:
(a) The set of all 2 x 2 diagonal matrices
(b) The set of all 2 x 2 triangular matrices
(c) The set of all 2 x 2 lower triangular matrices
(d) The set of all 2 x 2 matrices A such that
ap =1
(e) The set of all 2 x 2 matrices B such that
by =0
(f) The set of all symmetric 2 x 2 matrices
(g) The set of all singular 2 x 2 matrices

Determine the null space of each of the following
matrices:

@ (3 3]

(b) [—; . _2 _3]

1 3 4
(c) 2 -1 -1
-1 -3 4
1 1 -1 2
(d) 2 2 -3 1
-1 -1 0 -5
Determine whether the following are subspaces of
P4 (be careful!):
(a) The set of polynomials in P4 of even degree
(b) The set of all polynomials of degree 3
(c) The set of all polynomials p(x) in P4 such that
p(0)=0
(d) The set of all polynomials in P4 having at least
one real root
Determine whether the following are subspaces of
Ccl—1,1]:
(a) The set of functions f in C[—1, 1] such that
F=D=f1)
(b) The set of odd functions in C[—1, 1]
(c) The set of continuous nondecreasing functions
on[—1,1]
(d) The set of functions f in C[—1, 1] such that
f(=1)=0andf(1)=0
(e) The set of functions f in C[—1, 1] such that
f(=1)=0orf(1)=0

7. Show that C"[a, b] is a subspace of Cla, b].

8.

Let A be a fixed vector in R”*" and let S be the set
of all matrices that commute with A, that is,

S ={B|AB = BA}

Show that S is a subspace of R"*".



9.

10.

11.

12.

13.

14.

In each of the following determine the subspace of
R?*2 consisting of all matrices that commute with

the given matrix:
(b0 w()
o (1)

o i)

Let A be a particular vector in R?*2, Determine
whether the following are subspaces of R?*?:

(a) S, = {BeR>2 | BA =0}
(b) S, = {B € R*2 | AB # BA)}
(©) S;={BeR¥?|AB+B = 0}

Determine whether the following are spanning sets
for R%:

S HEHIRCEHER]
o {31150 12)]

@ {[2) (=) ()]

o {[2]-[1]]

Which of the sets that follow are spanning sets for
R3? Justify your answers.

(a) {(1,0,0)7,(0, 1, )T, (1,0, )T}

(b) {(1,0,0)7,(0,1, )T, (1,0, )T, (1,2,3)"}

© {2,1,-2)7,(3,2,-2)7,(2,2,0)7}
{
{

d {2, 1,-2)7,(=2,—-1,2)7,(4,2, -H)T}
e {(1,1,3)7,(0,2, HT}

Given
-1 3
X| = 2 N X, = 4 N
3 2

2 -9
x=1]61, y=1| -2
6 5

(a) Isx e Span(xy,x;)?

(b) Isy € Span(x;,x,)?
Prove your answers.

Let A be a 4 x 3 matrix and let b € R*. How many
possible solutions could the system Ax = b have if
N(A) = {0}? Answer the same question in the case
N(A) # {0}. Explain your answers.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.
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Let A be a 4 x 3 matrix and let
c=2a +a,+a;
(a) If N(A) = {0}, what can you conclude about
the solutions to the linear system Ax = ¢?
(b) If N(A) # {0}, how many solutions will the
system Ax = ¢ have? Explain.

Let x; be a particular solution to a system Ax = b
and let {z,, Z,, Z3} be a spanning set for N(A). If

Z = [ 7, 7, 13 ] N
show that y will be a solution to Ax = b if and only

ify = x; + Zc for some ¢ € R3.

Let {xq,x,,...

space V.

(a) If we add another vector, X, 1, to the set, will
we still have a spanning set? Explain.

,X;} be a spanning set for a vector

(b) If we delete one of the vectors, say, X;, from the
set, will we still have a spanning set? Explain.

In R?*2, Jet

1 0 0 1
E11=[0 O]’ E12=[0 ]

0 0 0
E21=[] 0], E22=[0

Show that Ey, E15, Es1, Ey span R?*2,

Which of the sets that follow are spanning sets for
P57 Justify your answers.

(@) {I,x°,x* =2} () {2,x%,x,2x + 3}
© (x+2,x+1,x> =1} (@ {x+2,x>—1}
Let S be the vector space of infinite sequences
defined in Exercise 15 of Section 3.1. Let S, be

the set of {a,} with the property that a, — 0 as
n — oo. Show that S is a subspace of S.

(=)

— O
[——

Prove that if S is a subspace of R!', then either
S=1{0}orS=R'

Let A be an n x n matrix. Prove that the following
statements are equivalent.

(@ N@A) = {0}.

(c) For each b € R”", the system Ax = b has a
unique solution.

Let U and V be subspaces of a vector space W.

Prove that their intersection UNV is also a subspace
of W.

Let S be the subspace of R? spanned by e, and let
T be the subspace of R? spanned by e,. Is SU T a
subspace of R?? Explain.

(b) A is nonsingular.
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25.

26.

Let U and V be subspaces of a vector space W.
Define

U+V={z|z=u+vwhereue Uandv e V}
Show that U + V is a subspace of W.

Let S, T, and U be subspaces of a vector space
V. We can form new subspaces using the opera-
tions of N and + defined in Exercises 23 and 25.
When we do arithmetic with numbers, we know

that the operation of multiplication distributes over
the operation of addition in the sense that

a(b+c¢) =ab+ ac

It is natural to ask whether similar distributive laws

hold for the two operations with subspaces.

(a) Does the intersection operation for subspaces
distribute over the addition operation? That is,
does

SNT+0)=SNT)+SNU)

(b) Does the addition operation for subspaces dis-
tribute over the intersection operation? That is,
does

S+TNU)=ES+DHNES+U)

c} Linear Independence

In this section, we look more closely at the structure of vector spaces. To begin with, we
restrict ourselves to vector spaces that can be generated from a finite set of elements.
Each vector in the vector space can be built up from the elements in this generating
set using only the operations of addition and scalar multiplication. The generating set
is usually referred to as a spanning set. In particular, it is desirable to find a minimal
spanning set. By minimal we mean a spanning set with no unnecessary elements (i.e.,
all the elements in the set are needed in order to span the vector space). To see how to
find a minimal spanning set, it is necessary to consider how the vectors in the collection
depend on each other. Consequently, we introduce the concepts of linear dependence
and linear independence. These simple concepts provide the keys to understanding the

structure of vector spaces.

Consider the following vectors in R?:

S

Let S be the subspace of R* spanned by X;, X,, X3. Actually, S can be represented in
terms of the two vectors x; and X;, since the vector X3 is already in the span of x; and

X,; that is,

X3 = 3x; + 2x» (D

Any linear combination of X, X,, and X3 can be reduced to a linear combination of x;

and X5:

a1X] + Xy + a3X3 = a1X) + 02Xy + a3(3x; + 2x7)

Thus,

= (a1 + 303)X; + (a2 + 203)X;

S = Span(x1 > X2, X3) = Span(xl P X2)

Equation (1) can be rewritten in the form

3 + 2%, — 1x3 =0 (2)
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Since the three coefficients in (2) are nonzero, we could solve for any vector in terms
of the other two:

2 -I-1 ) —I—l 3x; +2
X] = —=Xp + =Xa, X; = — =X + =Xz, X3 = 3x X
1 X2 T 3% 2 S X1 T X3 3 1 2

It follows that
Span(xy, X», X3) = Span(xy, X3) = Span(x;,X3) = Span(xy, X)

Because of the dependency relation (2), the subspace S can be represented as the span
of any two of the given vectors.

In contrast, no such dependency relationship exists between x; and X,. Indeed, if
there were scalars ¢; and ¢;, not both 0, such that

Xy +ox =0 3)
then we could solve for one of the vectors in terms of the other:

(&5} !
X|=——x (c; #0) or X =——X; (2 #0)
C1 2

However, neither of the two vectors in question is a multiple of the other. Therefore,
Span(x;) and Span(x;) are both proper subspaces of Span(x;,X;), and the only way
that (3) can hold isif ¢; = ¢, = 0.

We can generalize this example by making the following observations:

@) Ifvy,vy,...,v, span a vector space V and one of these vectors can be written
as a linear combination of the other n — 1 vectors, then those n — 1 vectors
span V.

(II) Given n vectors vy, ..., V,, it is possible to write one of the vectors as a lin-

ear combination of the other n — 1 vectors if and only if there exist scalars
c1,...,Cy, not all zero, such that

caviteova+ - +e,v, =0

Suppose that v, can be written as a linear combination of the vectors vy, Vs, ..., V,_1;
that is,

Vo =B1vi+Bovo+ -+ BVt
Let v be any element of V. Since vy, ..., v, span V, we can write

V=01V + Vo + -+ 01 Vo vy,
=aVi+ave+ -+ o1V + Oln(ﬁlvl +---+ IBn—lvn—l)
= (a1 + anfi)V1 + (a2 + @ f2)Va + - - - + (@n—1 + X fu—1)Vn1

Thus, any vector v in V can be written as a linear combination of v, v, ..., v,_;, and
hence these vectors span V. ]
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Proof of (1)

Definition

EXAMPLE |

Definition

Suppose that one of the vectors v, vs,...,V,, say v,, can be written as a linear
combination of the others.

Vp =0 Vy Vo + -+ - Vg
Subtracting v, from both sides of this equation, we get
Vi + Vo 4+ oy Ve —V, =0

Ifwesetc;,=«;fori=1,...,n— 1, and set ¢, = —1, then it follows that

cavit+eova+ - +ev, =0
Conversely, if

cvit+cevr+---+¢,v, =0
and at least one of the ¢;’s, say, ¢,, is nonzero, then

—C1 —C2 —Cn—1

Vi = v+ Vo4 4 V-1 u
Cn Cy Cn
The vectors vy, Vs, ..., V, in a vector space V are said to be linearly independent
if
cavit+eova+ -+ cev, =0
implies that all the scalars cy, . . ., ¢, must equal 0.
It follows from (I) and (II) that, if {vi,v,...,Vv,} is a minimal spanning set, then
Vi, Va,...,V, are linearly independent. Conversely, if v,. .., v, are linearly independ-
ent and span V, then {vy,...,v,} is a minimal spanning set for V (see Exercise 20 at

the end of this section). A minimal spanning set is called a basis. The concept of a
basis will be studied in more detail in the next section.

The vectors [ } ] and [ ; ] are linearly independent, since if

o (i) e a)=10)

then
ci+ =0
1 + 2C2 =0
and the only solution to this system is ¢; = 0,¢; = 0. ]
The vectors v, Vs, ..., V, in a vector space V are said to be linearly dependent if

there exist scalars ¢y, ¢3, . . ., ¢,, not all zero, such that

cavit+eova+ -+ cev, =0
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EXAMPLE 2 Letx = (1,2,3)". The vectors ey, e,, e3, and x are linearly dependent, since
e +2e +3e;—x=0

(Inthiscase ¢y = 1,¢p = 2,¢c3 =3,¢c4 = —1.) [ |

Given a set of vectors {vy, vy, ..., V,}in a vector space V, it is trivial to find scalars
c1,C3,...,Cy such that

aviteova+-+ce, vy, =0
Just take

co=c=---=c¢,=0

If there are nontrivial choices of scalars for which the linear combination

c1vy + - -+ + ¢,v, equals the zero vector, then vy, ..., v, are linearly dependent.
If the only way the linear combination ¢;v; + - - - + ¢,V, can equal the zero vector
is for all the scalars cy, ..., c, to be 0, then vy, ..., v, are linearly independent.

Geometric Interpretation

If x and y are linearly dependent in R?, then
cix+oy=0

where ¢; and ¢, are not both 0. If, say, ¢; # 0, we can write
2
X=——"y
c
If two vectors in R? are linearly dependent, one of the vectors can be written as a scalar
multiple of the other. Thus, if both vectors are placed at the origin, they will lie along
the same line (see Figure 3.3.1).

(yla Y2)
(x1, x2)
P 01, y2)
(1, x2)
X
y
(a) x and y linearly dependent (b) x and y linearly independent
Figure 3.3.1.
If

X1 Y1

x=|x and Yy=1»

X3 y3
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are linearly independent in R3, then the two points (x1, X2, x3) and (y1, y2, y3) will not lie
on the same line through the origin in 3-space. Since (0, 0, 0), (x1, x2, x3), and (y1, y2, y3)
are not collinear, they determine a plane. If (z;,22,23) lies on this plane, the vector
z = (21,22,23)" can be written as a linear combination of x and y, and hence x, y, and
z are linearly dependent. If (z1, 2, z3) does not lie on the plane, the three vectors will
be linearly independent (see Figure 3.3.2).

/

(a) (b)
Figure 3.3.2.

Theorems and Examples

EXAMPLE 3 Which of the following collections of vectors are linearly independent in R3?
@ (1,1, D7, (1,1,07, (1,0,0)"
(b) (1,0, )7, (0,1,0)"
(C) (19 29 4)T9 (29 19 3)T’ (49 _19 1)T
Solution

(a) These three vectors are linearly independent. To verify this, we must show that the
only way for

(L, LD+ 61, 1,007 + ¢3(1,0,0)" = (0,0,0)" “4)

is if the scalars ¢y, ¢, ¢3 are all zero. Equation (4) can be written as a linear system
with unknowns c1, ¢;, c3:

ci+c+c3=0

c1+ ¢ =0
(&} =0
The only solution of this systemis ¢; =0, ¢, =0, ¢3 = 0.
(b) If
c1(1,0, D" 4 ¢2(0,1,0)" = (0,0,0)"
then

(c1,c2,¢1)' =(0,0,0)"

so ¢; = ¢ = 0. Therefore, the two vectors are linearly independent.
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Proof

EXAMPLE 4
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(¢) If
a1(1,2, 9" + 2, 1,3) + 34, -1, )" = (0,0,0)”
then
c1+ 2c +4c3=0
2c1+ ¢ — ¢3=0
dcy + 3¢+ ¢3=0

The coefficient matrix of the system is singular and hence the system has
nontrivial solutions. Therefore, the vectors are linearly dependent. ]

Notice in Example 3, parts (a) and (c), that it was necessary to solve a 3 x 3
system to determine whether the three vectors were linearly independent. In part (a),
where the coefficient matrix was nonsingular, the vectors were linearly independent,
while in part (c), where the coefficient matrix was singular, the vectors were linearly
dependent. This illustrates a special case of the following theorem:

LetXy,Xa,...,X, be nvectors in R" and let X = (X1, . ..,X,). The vectors Xi,Xa,...,X,
will be linearly dependent if and only if X is singular.
The equation

C1X1 +62X2+-~-+C,,Xn =0

can be rewritten as a matrix equation

Xc=0
This equation will have a nontrivial solution if and only if X is singular. Thus, xy, . . ., X,
will be linearly dependent if and only if X is singular. ]

We can use Theorem 3.3.1 to test whether n vectors are linearly independent in
R”. Simply form a matrix X whose columns are the vectors being tested. To determine
whether X is singular, calculate the value of det(X). If det(X) = 0, the vectors are
linearly dependent. If det(X) # 0, the vectors are linearly independent.

Determine whether the vectors (4,2,3)7, (2,3, 1)7, and (2, —5, 3)7 are linearly depend-
ent.

Solution
Since
4 2 2
2 3 =5/=0
3 1 3
the vectors are linearly dependent. ]

To determine whether k vectors X, X, ... X in R” are linearly independent we can
rewrite the equation

axitox+tax=0
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EXAMPLE 5

Theorem 3.3.2

Proof

as a linear system Xc¢ = 0, where X = (Xy, X, ... X¢). If k # n, then the matrix X is not
square, so we cannot use determinants to decide whether the vectors are linearly inde-
pendent. The system is homogeneous, so it has the trivial solution ¢ = 0. It will have
nontrivial solutions if and only if the row echelon forms of X involve free variables. If
there are nontrivial solutions, then the vectors are linearly dependent. If there are no
free variables, then ¢ = 0 is the only solution, and hence the vectors must be linearly

independent.
1 -2
X = 2 , X2 = 1 , X3 =
-2

3

Given

N3O~

To determine whether the vectors are linearly independent, we reduce the system
Xc¢ = 0 to row echelon form:

1 =2 11]0 1 —2 1]0
1 3 0]o0 0 1 1]0
2 1 7l0l 7o o0 o0lo0
3 -2 710 0 0 0|0

Since the echelon form involves a free variable c3, there are nontrivial solutions and
hence the vectors must be linearly dependent. ]

Next, we consider a very important property of linearly independent vectors: Lin-
ear combinations of linearly independent vectors are unique. More precisely, we have
the following theorem.

Let vy,...,v, be vectors in a vector space V. A vector v € Span(vy,...,V,) can be
written uniquely as a linear combination of vy, ...,v, if and only if vy,...,v, are
linearly independent.

If v € Span(vy, ..., v,), then v can be written as a linear combination
V=a1vi +aavy+ -+ oV, (5)

Suppose that v can also be expressed as a linear combination

V=P52vI+Bvo+ -+ BV, (6)
We will show that, if vy,...,v, are linearly independent, then §; = «;, i = 1,...,n,
and if vy, ..., v, are linearly dependent, then it is possible to choose the §;’s different
from the «;’s.
If vy, ..., v, are linearly independent, then subtracting (6) from (5) yields
(a1 — B)Vi + (o — B2V + -+ - + (o, — BV, = 0 (7
By the linear independence of vy, .. ., v,, the coefficients of (7) must all be 0. Hence

ar =B, a=pH,...,0, =B,
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Thus, the representation (5) is unique when vy, . .., v, are linearly independent.
On the other hand, if vy, ..., v, are linearly dependent, then there exist cy, ..., ¢y,
not all 0, such that

0=civi+cvo+---4+c,v, (8)
Now if we set
Bi=ai+ci, po=ar+co ..., Bu=a,+cp
then, adding (5) and (8), we get

V= {(a; +cp)Vi + (a2 +c2)Vvo + - - - + (ot + )V,
= IBIVI +132V2 +-- :ann

Since the ¢;’s are not all 0, §; # «; for at least one value of i. Thus, if v,...,v, are
linearly dependent, the representation of a vector as a linear combination of vy, ..., v,
is not unique. ]

Vector Spaces of Functions

To determine whether a set of vectors is linearly independent in R”, we must solve
a homogeneous linear system of equations. A similar situation holds for the vector
space P,,.

The Vector Space P,

To test whether the following polynomials py, pa,...,px are linearly independent in
P,, we set

ciprteprt-tape=z 9)
where z represents the zero polynomial; that is,
) =0+ 0" 24+ 4+0x40

If the polynomial on the left-hand side of equation (9) is rewritten in the form a;x"~! +
axX" 2 4 .- + a,_1x + a,, then, since two polynomials are equal if and only if their
coefficients are equal, it follows that the coefficients ¢; must all be 0. But each of the
a;’s is a linear combination of the ¢;’s. This leads to a homogeneous linear system with
unknowns ¢y, ¢, . . ., cx. If the system has only the trivial solution, the polynomials are
linearly independent; otherwise, they are linearly dependent.

To test whether the vectors
pi(x) = X —2x+3, p2(x) = 2x° +x +8, p3(x) = x4+ 8x+7
are linearly independent, set

c1p1(X) + capa(x) + c3p3(x) = 0x% + 0x + 0
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Grouping terms by powers of x, we get
(c1 +2¢2 + c3)x* + (=2¢1 + 2 + 8c3)x + (e + 8¢x + Tez) = 0 + 0x + 0

Equating coefficients leads to the system

ci+20+ ¢3=0
—2c1+ ¢+ 8c3=0
3ci +8c; +T7c3=0

The coefficient matrix for this system is singular and hence there are nontrivial
solutions. Therefore, p;, p», and p3 are linearly dependent. [ ]

The Vector Space C"~V[q, b]

In Example 4, a determinant was used to test whether three vectors were linearly
independent in R3. Determinants can also be used to help to decide whether a set
of n vectors is linearly independent in C"D[a, b]. Indeed, let fi:f2, - - > fn be ele-
ments of C"~V[a, b]. If these vectors are linearly dependent, then there exist scalars
c1,C2,...,Cy, not all zero, such that

c1fi(x) + e2f2(x) + - - + cpfu(x) = 0 (10)
for each x in [a, b]. Taking the derivative with respect to x of both sides of (10) yields
cifix) + eafs(x) + -+ cnfs(x) =0

If we continue taking derivatives of both sides, we end up with the system
cifix) + o) +--+ ofulx) =0
afi®) + afix) +-+ of(x) =0

(1) (1) o =D(y) — 0
cifi (x) + cof, x) + + cf, (x) =

For each fixed x in [a, b], the matrix equation

filx) L) fud a 0

fi) L) e fi) ‘ as ] ‘ 0 l

: S B B (11)
70 A P@ - 00w ) e, 0

will have the same nontrivial solution (cy, 3, . ..,c,)". Thus, if fi,- .., fn are linearly

dependent in C"~V[a, b], then, for each fixed x in [a,b], the coefficient matrix of
system (11) is singular. If the matrix is singular, its determinant is zero.
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EXAMPLE 7

EXAMPLE 8
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Let fi,f,....f, be functions in C" D[a,b], and define the function
W[fl 9f2’ oo ’fn](x) on [aa b] by

S1(x) L) - fio
i) L) e i)
W[fl’fz""’fn](x) = .

"o A0 e S
The function W[fi, f>,...,f.] is called the Wronskian of fi,/, ..., f,.

Let fi,f>, . ...f, be elements of C"~V|a, b]. If there exists a point xy in [a, b] such that
Wlfi,fa, - - - [ul(xo) # O, then f1,f>, . . .. [, are linearly independent.

Iff1. /2, ..., fn were linearly dependent, then by the preceding discussion the coefficient
matrix in (11) would be singular for each x in [a, b] and hence W[f1, f>, . . ., f,](x) would
be identically zero on [a, b]. [ |

If f1./2, .. ..f, are linearly independent in C"=Diq, b], they will also be linearly
independent in Cla, b].
Show that ¢* and e are linearly independent in C(—o0, 00).
Solution

X

Wle*, e™] =

e
eX
Since We*, e] is not identically zero, e* and e are linearly independent. ]
Consider the functions x> and x|x| in C[—1, 1]. Both functions are in the subspace
C'[—1, 1] (see Example 7 of Section 3.2), so we can compute the Wronskian

x> x)x|

2x  2lx|

Il
o

W, x|x|] =

Since the Wronskian is identically zero, it gives no information as to whether the
functions are linearly independent. To answer the question, suppose that

X’ + coxlx] =0

for all x in [—1, 1]. Then, in particular for x = 1 and x = —1, we have
ci1+c=0
Cl —Cy = 0

and the only solution of this system is ¢; = ¢, = 0. Thus, the functions x*> and x|x| are
linearly independent in C[—1, 1] even though W[x2, x|x|] = 0.
This example shows that the converse of Theorem 3.3.3 is not valid. [ |
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EXAMPLE 9  Show that the vectors 1, x,x?, and x° are linearly independent in C((—o00, 00)).

Solution

W[l,x,xz,x3] =

Since W[1, x,x?,x%] # 0, the vectors are linearly independent.

SECTION 3.3 EXERCISES

1.

3.

Determine whether the following vectors are lin-
early independent in R?:

o [1).5) @ [5) (e
o [7)-(3)- (3]
@ 7). I 2] [

Determine whether the following vectors are lin-
early independent in R3:
1

1 0
@ |o].|l1].]o0
0 1 1
1 0 1 1
® [o].]1 ] , lo , |2I
0 1 1 3
2 3 2
(©) 1.l 21,12
-2 -2 0
2 -2 4
(d) -], 2
-2 2 —4

1 0
(e) 11,12
3 1

For each of the sets of vectors in Exercise 2, de-
scribe geometrically the span of the given vectors.

Determine whether the following vectors are lin-
early independent in R**%:

@ (1 7)[0 o

10.

1 x 22 X
0 1 2x 3x
0 0 2 6x| 12
0 0 O 6

1 0 0 1 0 0
® o V][0 o [V 0]
© 1 0 0 1 2 3
1o 1)°1o o) Lo 2
. Letxy,X;,...,X; be linearly independent vectors in

a vector space V.

(a) If we add a vector x;, to the collection, will
we still have a linearly independent collection
of vectors? Explain.

(b) If we delete a vector, say, X, from the collec-
tion, will we still have a linearly independent
collection of vectors? Explain.

. Let Xy, X5, and x; be linearly independent vectors

in R" and let

Yi=X1+X2, Y,=X+X3 Y;=X3+X

Arey,, y,, and y; linearly independent? Prove your
answer.

Let x;, X;, and x5 be linearly independent vectors
in R” and let

Y =X X, Y,=X3—Xp, Y;=X3—X

Arey,, y,, and y; linearly independent? Prove your
answer.

Determine whether the following vectors are lin-
early independent in P;:

@ 1,x%x> -2 (b) 2,x%,x,2x+3

() x+2,x+1,x>—1 d) x+2,x*—1

For each of the following, show that the given
vectors are linearly independent in C[0, 1]:

(a) cosmx, sinmx (b) 372, X2

© 1, +e ™ ef—e™ (d) e, e, e
Determine whether the vectors cosx, 1, and
sinz(x/ 2) are linearly independent in C[—m, 7].



11.

12.

13.

14.

15.

16.

Consider the vectors cos(x + «) and sinx in

C[—m, m]. For what values of @ will the two vectors

be linearly dependent? Give a graphical interpreta-

tion of your answer.

Given the functions 2x and |x|, show that

(a) these two vectors are linearly independent in
C[—-1,1].

(b) the vectors are linearly dependent in C[O0, 1].

Prove that any finite set of vectors that contains the

zero vector must be linearly dependent.

Let vy, and v, be two vectors in a vector space V.

Show that v; and v, are linearly dependent if and

only if one of the vectors is a scalar multiple of the

other.

Prove that any nonempty subset of a linearly inde-

pendent set of vectors {vy,...,v,} is also linearly

independent.

Let A be an m x n matrix. Show that if A has linearly

independent column vectors, then N(A) = {0}.

17.

18.

19.

20.
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[Hint: For any x € R",
AX = xja; +xa, + - -+ +xnan]'

Let xy,...,x; be linearly independent vectors in
R", and let A be a nonsingular n x n matrix. Define
y;, = Ax; fori = 1,...,k. Show thaty,,...,y, are
linearly independent.

Let A be a 3 x 3 matrix and let Xy, X,, X3 be vectors
in R3. Show that if the vectors

Yy =Ax1, Y, =A%, y;=A4x;

are linearly independent, then the matrix A must be
nonsingular and the vectors X, X,, and X3 must be
linearly independent.

Let {vy,...,v,} be a spanning set for the vector
space V, and let v be any other vector in V. Show
that v, vy, ..., v, are linearly dependent.

Let v, v,,...,V, be linearly independent vectors
in a vector space V. Show that v,,...,v, cannot
span V.

Basis and Dimension

In Section 3.3, we showed that a spanning set for a vector space is minimal if its
elements are linearly independent. The elements of a minimal spanning set form the
basic building blocks for the whole vector space, and consequently, we say that they

form a basis for the vector space.

Definition The vectors vy, v, .
(i) Vi,..
(ii) vi,...,v,span V.
EXAMPLE |

choose for R?. For example,

.., v, form a basis for a vector space V if and only if

., v, are linearly independent.

The standard basis for R is {e|, e,, e3}; however, there are many bases that we could

HAHAH I HABEH

are both bases for R*. We will see shortly that any basis for R? must have exactly three

elements.
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EXAMPLE 2

Theorem 3.4.1

Proof

In R?>*2, consider the set {E;1, E12, E»1, E2»}, where

1 0 0 1
E11=[0 0], Ep = 0 0],

0 0 0 0
E21:[1 0]7 E22=[0 1]

ciEn + B + 3By 4+ csEyn = 0

clT C - 0 0

C3 C4 B 0 0
so ¢; = ¢; = ¢3 = ¢4 = 0. Therefore, E11, E2, E»1, and E,; are linearly independent.
If A is in R%*2, then

If

then

A =anky +ankpn + anky + ankx»

Thus, E1, E12, Ea1, Ey; span R?*? and hence form a basis for R?*2. ]

In many applications, it is necessary to find a particular subspace of a vector space
V. This can be done by finding a set of basis elements of the subspace. For example, to
find all solutions of the system

X1+ x + X3 =0
2x1 + xo + x4 =0

we must find the null space of the matrix
1 110
A= [ 2 1 0 1 ]

In Example 9 of Section 3.2, we saw that N(A) is the subspace of R* spanned by the

vectors
1 —1
-2 1
‘ 1 and ‘ 0 l
0 1

Since these two vectors are linearly independent, they form a basis for N(A).

If {vi,va,...,v,} is a spanning set for a vector space V, then any collection of m
vectors in 'V, where m > n, is linearly dependent.

Letuj,uy,...,u, be m vectors in V where m > n. Then, since v{,v,,...,v, span V,
we have

w;, =ajvy+apvy + -+ ap,v, for i=1,2,....m
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Proof

Definition
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A linear combination cju; + cou; + - - - + ¢4, can be written in the form

n n n
cy E aijv; + ¢ E Vit -+ E AV
=1 j=1 j=1

Rearranging the terms, we see that
m n n m
ciuy + CoUp + -+ -+ Cplly = E Ci E a;ijvj = E aici | v;
J=1 1

i=1 j=1 \i=

Now consider the system of equations

m
Za,,c,:o j=12,...,n
i=1

This is a homogeneous system with more unknowns than equations. Therefore, by
Theorem 1.2.1, the system must have a nontrivial solution (¢, ¢, . . ., &))" . But then

n
ciuy + coup + - -+ Cputy, = E Oov; =0

J=1
Hence, u;,uy, . .., u,, are linearly dependent. [ ]
If both {vy,...,v,} and {uy,...,u,} are bases for a vector space V, then n = m.

Let vi,v,...,v, and uj,u,,...,u, both be bases for V. Since v, vy,...,Vv, span
V and uy,uy,...,u, are linearly independent, it follows from Theorem 3.4.1 that
m < n. By the same reasoning uj,u,...,u, span V, and v, v,,...,V, are linearly
independent, so n < m. [ |

In view of Corollary 3.4.2, we can now refer to the number of elements in any
basis for a given vector space. This leads to the following definition.

Let V be a vector space. If V has a basis consisting of n vectors, we say that V has
dimension n. The subspace {0} of V is said to have dimension 0. V is said to be
finite dimensional if there is a finite set of vectors that spans V; otherwise, we say
that V is infinite dimensional.

If x is a nonzero vector in R3, then x spans a one-dimensional subspace Span(x) =
{ax | o is a scalar}. A vector (a, b, ¢)” will be in Span(x) if and only if the point (a, b, c)
is on the line determined by (0, 0, 0) and (x1, x2, x3). Thus, a one-dimensional subspace
of R? can be represented geometrically by a line through the origin.

If x and y are linearly independent in R?, then

Span(x,y) = {&x + By | @ and B are scalars}
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EXAMPLE 3

Theorem 3.4.3

Proof

is a two-dimensional subspace of R3. A vector (a, b, ¢) will be in Span(x, y) if and only
if (a, b, c) lies on the plane determined by (0, 0, 0), (x1, x2, x3), and (y1, y2, y3). Thus, we
can think of a two-dimensional subspace of R? as a plane through the origin. If x, y,
and z are linearly independent in IR?, they form a basis for R® and Span(x, y,z) = R>.
Hence, any fourth point (a, b, ¢)” must lie in Span(x, y, z) (see Figure 3.4.1).

Span(x, y) z
y
Span(x) y
(x1, X2, x3) X X
Span(x, y, z) = R
() (b) ()

Figure 3.4.1.

Let P be the vector space of all polynomials. We claim that P is infinite dimen-
sional. If P were finite dimensional, say of dimension n, any set of n + 1 vectors
would be linearly dependent. However, 1,x,x?,...,x" are linearly independent, since
W[l,x,x%,...,x"] > 0. Therefore, P cannot be of dimension n. Since n was arbit-
rary, P must be infinite dimensional. The same argument shows that C[a, b] is infinite
dimensional. ]

If V is a vector space of dimension n > 0, then

(I) any set of n linearly independent vectors spans V.
(II) any n vectors that span 'V are linearly independent.

To prove (I), suppose that vy, ..., v, are linearly independent and v is any other vector
in V. Since V has dimension n, it has a basis consisting of n vectors and these vec-
tors span V. It follows from Theorem 3.4.1 that v, v,,...,V,, and v must be linearly
dependent. Thus there exist scalars cy, ¢, . . . , Cy, Cp1 DOt all zero such that

cavit+ova+ -Vt cpv=20 (D

The scalar c,; cannot be zero, for then (1) would imply that vy, ..., v, are linearly
dependent. Hence, (1) can be solved for v.

V=0o1V] +avy + -+ o,Vv,

Here, o; = —c;/cy+1 fori = 1,2,...,n. Since v was an arbitrary vector in V, it follows
that vy, vp,...,v, span V.
To prove (II), suppose that vy, ..., v, span V. If vi, ..., v, are linearly dependent,

then one of the v;’s, say v,, can be written as a linear combination of the others. It



EXAMPLE 4

Theorem 3.4.4

Proof
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follows that vy,...,v,_; will still span V. If vy,...,v,_; are linearly dependent, we
can eliminate another vector and still have a spanning set. We can continue elimin-
ating vectors in this way until we arrive at a linearly independent spanning set with

k < n elements. But this contradicts dim V = n. Therefore, vy, ..., Vv, must be linearly
independent. ]
1 -2 1
Show that 21, 1],1]0 is a basis for R?.
3 0 1
Solution

Since dim R* = 3, we need only show that these three vectors are linearly independent.
This follows, since

1 -2 1
2 1 0]=2 ]
3 1

If V is a vector space of dimension n > 0, then

(i) no set of fewer than n vectors can span V.
(ii) any subset of fewer than n linearly independent vectors can be extended to
Jorm a basis for V.

(iii) any spanning set containing more than n vectors can be pared down to form
a basis for V.

Statement (i) follows by the same reasoning that was used to prove part (I) of The-
orem 3.4.3. To prove (ii), suppose that vy, ..., vy are linearly independent and k < n.
It follows from (i) that Span(vy,..., V) is a proper subspace of V and hence there
exists a vector viy; that is in V but not in Span(vy,...,v;). It then follows that
Vi, V2,..., Vi, Vi must be linearly independent. If k + 1 < n, then, in the same man-
ner, {vi,..., Vg, Vi11} can be extended to a set of k 4 2 linearly independent vectors.
This extension process may be continued until a set {vy,Va,..., Vi, Viil,...,V,} of 1
linearly independent vectors is obtained.

To prove (iii), suppose that v, ..., v, span V and m > n. Then, by Theorem 3.4.1,
vi,...,V, must be linearly dependent. It follows that one of the vectors, say v,,, can
be written as a linear combination of the others. Hence, if v,, is eliminated from the
set, the remaining m — 1 vectors will still span V. If m — 1 > n, we can continue
to eliminate vectors in this manner until we arrive at a spanning set containing n
vectors. [ |

Standard Bases

In Example 1, we referred to the set {e,, e;, e3} as the standard basis for R3. We refer to
this basis as the standard basis because it is the most natural one to use for representing
vectors in R3. More generally, the standard basis for R” is the set {e},e;,...,e,}.

The most natural way to represent matrices in R**? is in terms of the basis
{E11, E12, E>1, Exy} given in Example 2. This, then, is the standard basis for R?*2.
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The standard way to represent a polynomial in P, is in terms of the functions
1, x,x%, ..., x""!, and consequently, the standard basis for P, is {1,x,x%,...,x""'}.

Although these standard bases appear to be the simplest and most natural to use,
they are not the most appropriate bases for many applied problems. (See, for example,
the least squares problems in Chapter 5 or the eigenvalue applications in Chapter 6.)
Indeed, the key to solving many applied problems is to switch from one of the standard
bases to a basis that is in some sense natural for the particular application. Once the
application is solved in terms of the new basis, it is a simple matter to switch back and
represent the solution in terms of the standard basis. In the next section, we will learn
how to switch from one basis to another.

SECTION 3.4 EXERCISES

1. In Exercise 1 of Section 3.3, indicate whether the 8. Givenx, = (1, 1, DT andx, = (3, —1, 4)":
given vectors form a basis for R (a) Do x; and x, span R3? Explain.
. In Exercise 2 of Section 3.3, indicate whether the (b) Let x3 be a third vector in R? and set X =
given vectors form a basis for R>. (x; X; Xx3). What condition(s) would X have
. Consider the vectors to satisfy in order for x;, X,, and X3 to form a
) 4 7 basis for R3?
= [ 1 ] s = [ 3 ] ) X3 = [ 3 ] (¢) Find a third vector x5 that will extend the set
{X1,X,) to a basis for R3.
: 2
(a) Show that x; and x, form a basis for R*. 9. Leta, and a, be linearly independent vectors in R,

(b) Why must x, X,, X3 be linearly dependent?

(¢) What is the dimension of Span(x;, X, X3)?

) )

what is the dimension of Span(x;, X;, X3)?
2
=16
4

. Let
2 3
xi=|1]. =|-11,
3 4

(a) Show that X, X,, and x3 are linearly dependent.

. Given the vectors

(b) Show that x; and x; are linearly independent.

(¢) What is the dimension of Span(xy, X, X3)?

(d) Give a geometric
Span(xi, X2, X3).

. In Exercise 2 of Section 3.2, some of the sets

formed subspaces of R3. In each of these cases,

find a basis for the subspace and determine its
dimension.

description of

. Find a basis for the subspace S of R* consisting of
all vectors of the form (a + b,a — b + 2¢,b,¢)",
where a, b, and ¢ are all real numbers. What is the
dimension of §?

and let x be a vector in R?.
(a) Describe geometrically Span(ay, a,).

(b) If A = (a;,a;) and b = Ax, then what is the
dimension of Span(a,, a,, b)? Explain.

10. The vectors

12.

13.

14.

=|é], =|§|
Ll

span R3. Pare down the set {X;,X»,X3,Xs, X5}
form a basis for R3.

. Let S be the subspace of P; consisting of all polyno-

mials of the form ax? 4+ bx + 2a + 3b. Find a basis
for S.

In Exercise 3 of Section 3.2, some of the sets
formed subspaces of R**2. In each of these cases,
find a basis for the subspace and determine its
dimension.

In C[—m, ], find the dimension of the subspace
spanned by 1, cos 2x, cos x.

In each of the following, find the dimension of the
subspace of P3 spanned by the given vectors:

@ xx—1,x>+1
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) x,x—1,x>+1,x22—1 for each of these four subspaces. (See Exercises 23
and 25 of Section 3.2.)

17. Is it possible to find a pair of two-dimensional
subspaces U and V of R? whose intersection
is {0}? Prove your answer. Give a geomet-

© >x>—x—1x+1 () 2x,x—2

15. Let S be the subspace of P3 consisting of all poly-
nomials p(x) such that p(0) = 0, and let T be the
subs'pace of all polynomials g(x) such that ¢(1) = rical interpretation of your conclusion. Hint: Let
0. Find bases for {u;,w} and {v;,v,} be bases for U and V, re-
(a) S (b) T ) SNT spectively. Show that u;,u,, vy, v, are linearly

16. In R*, let U be the subspace of all vectors of the dependent.

form (u1,us,0,0)7, and let V be the subspace of 18. Show that if U and V are subspaces of R" and

all vectors of the form (0, v4, v3,0)". What are the UNV = {0}, then
dimensions of U, V, U NV, U + V? Find a basis dim (U + V) = dim U + dim V

Change of Basis

Many applied problems can be simplified by changing from one coordinate system
to another. Changing coordinate systems in a vector space is essentially the same as
changing from one basis to another. For example, in describing the motion of a particle
in the plane at a particular time, it is often convenient to use a basis for R? consisting of
a unit tangent vector t and a unit normal vector n instead of the standard basis {ej, e,}.

In this section, we discuss the problem of switching from one coordinate system to
another. We will show that this can be accomplished by multiplying a given coordinate
vector X by a nonsingular matrix S. The product y = Sx will be the coordinate vector
for the new coordinate system.

Changing Coordinates in R?

The standard basis for R? is {e;, e;}. Any vector x in R? can be expressed as a linear
combination

X = x1€; + x2€>

The scalars x; and x, can be thought of as the coordinates of x with respect to the
standard basis. Actually, for any basis {y, z} for R?, it follows from Theorem 3.3.2 that
a given vector x can be represented uniquely as a linear combination

X =ay+ fz

The scalars « and B are the coordinates of x with respect to the basis {y, z}. Let us order
the basis elements so that y is considered the first basis vector and z is considered the
second, and denote the ordered basis by [y, z]. We can then refer to the vector (a, )"
as the coordinate vector of x with respect to [y, z]. Note that, if we reverse the order
of the basis vectors and take [z,y], then we must also reorder the coordinate vector.
The coordinate vector of x with respect to [z,y] will be (8, o)’. When we refer to a
basis using subscripts, such as {u;,u,}, the subscripts assign an ordering to the basis
vectors.
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EXAMPLE |

APPLICATION 1

Lety = (2,1)" andz = (1,4)”. The vectors y and z are linearly independent and hence
form a basis for R2. The vector x = (7,7)" can be written as a linear combination

Xx=3y+z

Thus, the coordinate vector of x with respect to [y, z] is (3, DT. Geometrically, the
coordinate vector specifies how to get from the origin to the point (7,7) by moving
first in the direction of y and then in the direction of z. If, instead, we treat z as our first
basis vector and y as the second basis vector, then

X =z + 3y

The coordinate vector of x with respect to the ordered basis [z,y] is (1,3)”. Geomet-
rically, this vector tells us how to get from the origin to (7,7) by moving first in the
direction of z and then in the direction of y (see Figure 3.5.1). [ |

Figure 3.5.1.

As an example of a problem for which it is helpful to change coordinates, consider
the following application.

Population Migration

Suppose that the total population of a large metropolitan area remains relatively fixed;
however, each year 6 percent of the people living in the city move to the suburbs and
2 percent of the people living in the suburbs move to the city. If, initially, 30 percent
of the population lives in the city and 70 percent lives in the suburbs, what will these
percentages be in 10 years? 30 years? 50 years? What are the long-term implications?

The changes in population can be determined by matrix multiplications. If we set

0.30

0.94 0.02
A= [ 0.70

0.06 0.98 and XO:[

then the percentages of people living in the city and suburbs after one year can be
calculated by setting x; = Axg. The percentages after two years can be calculated by
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setting X, = AX; = A’X,. In general, the percentages after n years will be given by
x, = A"x. If we calculate these percentages for n = 10, 30, and 50 years and round to
the nearest percent, we get

0.27 0.25 0.25
X0="1073 X0=1075 X50=1075

In fact, as n increases, the sequence of vectors x, = A"x( converges to a limit x =
(0.25,0.75)T. The limit vector X is called a steady-state vector for the process.

To understand why the process approaches a steady state, it is helpful to switch
to a different coordinate system. For the new coordinate system, we will pick vectors
u; and uy, for which it is easy to see the effect of multiplication by the matrix A. In
particular, if we pick u; to be any multiple of the steady-state vector x, then Au; will
equal u;. Let us choose u; = (1 3)" andu, = (—1 1)”. The second vector was chosen
because the effect of multiplying by A is just to scale the vector by a factor of 0.92.
Thus, our new basis vectors satisfy

i _ (094 002) (1) _ 1) _
YW= loo6 098) (3] = (3) ™™
094 0.02] [ -1 —0.92
A = | 0,06 0.98] [ I ] = [ 0.92] = 0.52u,

The initial vector Xo can be written as a linear combination of the new basis vectors:

0.30 1 -1
X) = [ 070 | = 0.25 [ 3 ] —0.05 [ 1 ] = 0.25u; — 0.05u,

It follows that
X, = A"xg = 0.25u; — 0.05(0.92)"u,

The entries of the second component approach 0 as n gets large. In fact, for n > 27,
the entries will be small enough so that the rounded values of x,, are all equal to

0.25
0.75

This application is an example of a type of mathematical model called a Markov
process. The sequence of vectors X, Xy, . . . is called a Markov chain. The matrix A has
a special structure in that its entries are nonnegative and its columns all add up to 1.
Such matrices are called stochastic matrices. More precise definitions will be given
later when we study these types of applications in Chapter 6. What we want to stress
here is that the key to understanding such processes is to switch to a basis for which
the effect of the matrix is quite simple. In particular, if A is n x n, then we will want to
choose basis vectors so that the effect of the matrix A on each basis vector u; is simply
to scale it by some factor ;, that is,

0.25111 =

Allj=)ujllj j=1,2,...,n (1)
In many applied problems involving an n x n matrix A, the key to solving the problem
often is to find basis vectors uy, ..., u, and scalars Ay, ..., A, such that (1) is satisfied.

The new basis vectors can be thought of as a natural coordinate system to use with the
matrix A, and the scalars can be thought of as natural frequencies for the basis vectors.
We will study these types of applications in more detail in Chapter 6.
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Changing Coordinates

Once we have decided to work with a new basis, we have the problem of finding the
coordinates with respect to that basis. Suppose, for example, that instead of using the
standard basis {e;, e,} for R?, we wish to use a different basis, say

w=[3] e (]

Indeed, we may want to switch back and forth between the two coordinate systems.
Let us consider the following two problems.

I. Given a vector x = (x1,x3)’, find its coordinates with respect to u; and u,.
II. Given a vector cju; + cuy, find its coordinates with respect to e; and e;.

We will solve II first, since it turns out to be the easier problem. To switch bases from
{u;,u} to {e;, e;}, we must express the old basis elements u; and u, in terms of the
new basis elements e; and e,.

u; = 3e; + 2e,
U= e +e

It follows then that

ciug + coup = (3cre; + 2c1€2) + (c2€1 + c2€2)
= (Bci + c2)e) + 2cy +cr)er

Thus the coordinate vector of cju; + cu, with respect to {e;, e} is
X — 3ci 4+ ¢ . 3 1 (4]
T2+ T 12 1 c)

U=(u,um)= [; }]

If we set

then, given any coordinate vector ¢ with respect to {u;, u,}, to find the corresponding
coordinate vector x with respect to {ej, e;}, we simply multiply U times c:

x = Uc (2)

The matrix U is called the transition matrix from the ordered basis {u;,u,} to the
standard basis {e;, e,}.

To solve problem I, we must find the transition matrix from {e;,e,} to {u;, u,}.
The matrix U in (2) is nonsingular, since its column vectors, u; and u,, are linearly
independent. It follows from (2) that

c=U"'x
Thus, given a vector
X = (x;,%)" =x1e] +x2€;

we need only multiply by U~! to find its coordinate vector with respect to {u;,u}.
U~ is the transition matrix from {e;, e,} to {u;, u,}.
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EXAMPLE 2 Letu; = (3,2)",u; = (1, )7, and x = (7,4)". Find the coordinates of x with respect

EXAMPLE 3

to u; and u,.

Solution

By the preceding discussion, the transition matrix from {e;,e;} to {u;,u,} is the
inverse of

U:(ul,u2>=[§ }]

== [ ) (1) - (2)

is the desired coordinate vector and

Thus

X = 3u; — 2u, [ |

Let by = (1,—1)" and b, = (—2,3)”. Find the transition matrix from {e,e,} to
{b;,b,} and determine the coordinates of x = (1, 2)” with respect to {b;, b}.

Solution
The transition matrix from {b;, b,} to {e;, e,} is

B=uby=|_; 3

and hence the transition matrix from {e;, e>} to {by, b,} is

=)

The coordinate vector of x with respect to {b;, b,} is
1. 32 Iy (7
c=Bx= [ 1) l2]) =13

x = 7b; + 3b, |

and hence

Now let us consider the general problem of changing from one ordered basis
{vi,v2} of R? to another ordered basis {u;,u,}. In this case, we assume that, for a
given vector X, its coordinates with respect to {v;, v,} are known:

X = C1V] + V2

Now we wish to represent x as a sum dyu; + d,u,. Thus, we must find scalars d; and
d, so that

civi + cvo = diuy + dowp 3)

If we set V = (vi,v2) and U = (uj,uy), then equation (3) can be written in matrix
form

Ve=Ud
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EXAMPLE 4

It follows that
d=U"'ve

Thus, given a vector x in R? and its coordinate vector ¢ with respect to the ordered
basis {vy, v»}, to find the coordinate vector of x with respect to the new basis {uy, u,},
we simply multiply ¢ by the transition matrix S = U~V

Find the transition matrix corresponding to the change of basis from {vy, v,} to {u;, u,},

where
5 7 3 1
vi= |, V2= 1|3 and u=|51 wm=1|,

Solution

The transition matrix from {v;, v»} to {u;, u,} is given by

o[ 1 =1 (5 7y 3 4
S=U V—[—z 3][23 —[—4 —5] =

The change of basis from {v, v,} to {u;, u,} can also be viewed as a two-step pro-
cess. First we change from {vy, v,} to the standard basis, {e;, e,}, and then we change
from the standard basis to {u;, u,}. Given a vector x in R?, if ¢ is the coordinate vector
of x with respect to {vy, v,} and d is the coordinate vector of x with respect to {u;, u,},
then

C1Vy] + vy = x1€1 + xpep = dllll + d2112

Since V is the transition matrix from {v;, v,} to {e;, e,} and U~ is the transition matrix
from {e;, e,} to {u;, u,}, it follows that

Ve=x and Ul'x=d
and hence
U''We=U"'x=d

As before, we see that the transition matrix from {v;, v,} to {u;,u;} is U™'V (see
Figure 3.5.2).

[vi, V2] [er, e;]

[uy, uy]

Figure 3.5.2.
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Change of Basis for a General Vector Space

Everything we have done so far can easily be generalized to apply to any finite-
dimensional vector space. We begin by defining coordinate vectors for an n-dimen-
sional vector space.

Let V be a vector space and let £ = {v;, Vs, ..., V,} be an ordered basis for V. If v
is any element of V, then v can be written in the form
V=cCiVi+ v+ -+ oV,

where ¢y, ¢y, . . ., ¢, are scalars. Thus, we can associate with each vector v a unique
vector ¢ = (cy,¢2,...,¢,)! in R™. The vector ¢ defined in this way is called the
coordinate vector of v with respect to the ordered basis E and is denoted [v]g. The
¢;’s are called the coordinates of v relative to E.

The examples considered so far have all dealt with changing coordinates in R?.
Similar techniques could be used for R”. In the case of R” the transition matrices will

be n x n.
1 2 1
vV = 1 , V) = 3 , V3 = 5
1 2 4
1 1 1
u = 1 , Uy = 2 , U3 = 2
0 0 1

then E = {v|, Vs, v3} and F = {u;, u, u3} are ordered bases for R>. Let

If

and

X =3v; 4+ 2vy — v3 and y=v] —3vy+2v;3

Find the transition matrix from E to F and use it to find the coordinates of x and y with
respect to the ordered basis F.

Solution
As in Example 4, the transition matrix is given by

2 -1 0 1 2 1 1 1 -3
— 1 -1 1 3 5]1=1-1 -1 0
0 0 1 1 2 4 1 2 4

The coordinate vectors of x and y with respect to the ordered basis F' are given by

1 I -3 3 8
[X]FZ -1 -1 0 2 = -5
1 2 4 -1 3

U~lv =
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and

1 1 =3 1 -8
ylr=| -1 -1 0 31 = 2
1 2 4 2 3

The reader may verify that

8u; — 5wy + 3u3 = 3v; +2v, — v3
—8u; + 2w +3u3 = vy — 3vy + 2v3 | ]

If V is any n-dimensional vector space, it is possible to change from one basis to
another by means of an n x n transition matrix. We will show that such a transition
matrix is necessarily nonsingular. To see how this is done, let £ = {wj,...,w,} and
F = {vi,...,v,} be two ordered bases for V. The key step is to express each basis
vector w; as a linear combination of the v;’s.

Wi = S;1Vp+ 8212 + - + 5,1V
Wy = S;pV] + 80V + - + 5,0V,

“4)

W, = S1,V1 +852,V2 + -+ - + S0V
Letv € V. If x = [V]g, it follows from (4) that

V=XW| +Xx2Wy + -4+ XxX,W,

n n n
= E $1jX; | V1 + E $2jX; | V2 +-- E SpjXj | Va
J=1 J=1 J=1

Thus, if y = [v]g, then

n
Vi = E 8ijXj i=1,...,n
J=1

and hence
y = 5x

The matrix S defined by (4) is referred to as the transition matrix. Once S has been
determined, it is a simple matter to change coordinate systems. To find the coordinates

of v=xw; + -+ x,w, with respect to {vy,...,v,}, we need only calculate y = Sx.
The transition matrix S corresponding to the change of basis from {wy,...,w,} to
{vi,...,v,} can be characterized by the condition

Sx=y if and only if XIWL 4o+ X, W, = ViV 4+ - + Y,V (®))
Taking y = 0 in (5), we see that Sx = 0 implies that

Xwi + -+ x,w, =0
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Since the w;’s are linearly independent, it follows that x = 0. Thus the equation
Sx = 0 has only the trivial solution and hence the matrix S is nonsingular. The inverse
matrix is characterized by the condition

S‘lyzx if and only if VIV YV =X W X W,

Thus S~! is the transition matrix used to change basis from {v;,...,v,} to
{wi,...,w,}.

Suppose that in P3 we want to change from the ordered basis [1, x, x*] to the ordered
basis [1, 2x, 4x> — 2]. Because [1, x, x*] is the standard basis for Ps, it is easier to find
the transition matrix from [1, 2x, 4x> — 2] to [1, x, x2]. Since

= 1-1+40x+ 0x?
2x= 0-1+4 2x + 0x?
4 — 2=—-2-1+ Ox + 4x°

1 0 =2
S=]10 2 0

the transition matrix is

0O 0 4

The inverse of S will be the transition matrix from [1, x, x*] to [1, 2x, 4x> — 2]:

(e]
o vi—

1
s'=1o0
0

S Pl—
FNT

Given any p(x) = a + bx + cx? in P, to find the coordinates of p(x) with respect to
[1,2x, 4x*> — 2], we simply multiply

1o % a a—f—%c
_ 1
0oL olle|= ?b
0 O i ¢ ZC
Thus,
p)=(@+1ic)- 1+(Gb) - 2x+ 1 (4 —2) -

We have seen that each transition matrix is nonsingular. Actually, any nonsingular
matrix can be thought of as a transition matrix. If S is an n x n nonsingular matrix and
{vi,...,v,} is an ordered basis for V, then define {w, w», ..., w,} by (4). To see that
the w;’s are linearly independent, suppose that

n
E )Cjo =0
J=1
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It follows from (4) that

n n
> Do s |vi=0

i=1 \ j=1

By the linear independence of the v;’s, it follows that

n
E sixi =0 i=1,...,n
J=1

or, equivalently,

Sx =0
Since S is nonsingular, x must equal 0. Therefore, wy, . .., w, are linearly independent
and hence they form a basis for V. The matrix S is the transition matrix corresponding
to the change from the ordered basis {wy,...,w,} to {vi,...,v,}.

In many applied problems, it is important to use the right type of basis for the
particular application. In Chapter 5, we will see that the key to solving least squares
problems is to switch to a special type of basis called an orthonormal basis. In
Chapter 6, we will consider a number of applications involving the eigenvalues and
eigenvectors associated with an n x n matrix A. The key to solving these types of
problems is to switch to a basis for R” consisting of eigenvectors of A.

SECTION 3.5 EXERCISES

1.

For each of the following, find the transition matrix
corresponding to the change of basis from {u;, u,}
to {e;, e}.

@ w=(,D" w=(-1D"

b) u =(1,2", w=(@2,5"

(© u=0D" w=(,0"

For each of the ordered bases {u;,u,} in Exer-

cise 1, find the transition matrix corresponding to
the change of basis from {e;, e;} to {u;, u,}.

Let v; = (3,2)" and v, = (4, 3)". For each ordered
basis {u;, u,} given in Exercise 1, find the transition
matrix from {vy, v,} to {u;, u,}.

Let £ = [(5,3)7,3,2)"] and let x = (1,1)7,
y = (I,=D7, and z = (10,7)7. Determine the
values of [X]g, [¥lg, and [z]g.

Letu = (1,1,DI, w» = (1,2,2)7, and u3 =
(2,3,497.

(a) Find the transition matrix corresponding to the
change of basis from {e;, e,, €5} to {u;, u,, uz}.

(b) Find the coordinates of each of the follow-
ing vectors with respect to the ordered basis
{up, u, w3}

i 3,2,57 i) (1,1,2)7 i) (2,3,2)7

6. Let vi = 4,6,D7, v, = (0,1,1)7, and v3 =

(0,1,2)7, and let u;, u,, and u3 be the vectors given

in Exercise 5.

(a) Find the transition matrix from {v;, vy, v3} to
{ug, uy, uz}.

(b) If x = 2v; + 3v, — 4v3, determine the coordin-
ates of x with respect to {u;, u,, us}.

. Given

= (4] 2 s (3 2)

find vectors w; and w, so that S will be the
transition matrix from {w, w,} to {vy, v»}.

s (i) s (3]

. Given

o[z
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find vectors u; and u, so that S will be the transition 10. Find the transition matrix representing the change
matrix from {vy, v,} to {u;, u,}. of coordinates on P; from the ordered basis
2 .
9. Let [x,1] and [2x — 1, 2x + 1] be ordered bases for [1,x,x7] to the ordered basis

Ps. [1,1+x 1 4+x+x%]

(a) Find the transition matrix representing the 11. Let £ = {uy,...,u,} and F = {vy,...,V,} be two
change in coordinates from [2x — 1,2x + 1] ordered bases for R”, and set
to [x, 1]. U=(u,...,u,), V=(...,V,)

(b) Find the transition matrix representing Show that the transition matrix from E to F can be
the change in coordinates from [x, 1] to determined by calculating the reduced row echelon
[2x —1,2x+ 1]. form of (V|U).

Row Space and Column Space

Definition

EXAMPLE |

Theorem 3.6.1

Proof

If A is an m x n matrix, each row of A is an n-tuple of real numbers and hence can be
considered as a vector in R'*". The m vectors corresponding to the rows of A will be
referred to as the row vectors of A. Similarly, each column of A can be considered as a
vector in R™, and we can associate n column vectors with the matrix A.

If A is an m x n matrix, the subspace of R!*" spanned by the row vectors of A is
called the row space of A. The subspace of R” spanned by the column vectors of
A is called the column space of A.

Let

100
A:[OIO]

The row space of A is the set of all 3-tuples of the form
a(1,0,0) + (0,1,0) = («, B,0)

The column space of A is the set of all vectors of the form

1 0 0 o
“lo) +2 (V) +r (o] = (%]
Thus the row space of A is a two-dimensional subspace of R!'*3, and the column space
of A is R [

Two row equivalent matrices have the same row space.

If B is row equivalent to A, then B can be formed from A by a finite sequence of row
operations. Thus the row vectors of B must be linear combinations of the row vectors
of A. Consequently, the row space of B must be a subspace of the row space of A. Since
A is row equivalent to B, by the same reasoning, the row space of A is a subspace of
the row space of B. ]
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Definition

EXAMPLE 2

Theorem 3.6.2

Theorem 3.6.3

The rank of a matrix A, denoted rank(A), is the dimension of the row space of A.

To determine the rank of a matrix, we can reduce the matrix to row echelon form.
The nonzero rows of the row echelon matrix will form a basis for the row space.

Let
1 -2 3
A=12 -5 1
1 -4 -7

Reducing A to row echelon form, we obtain the matrix

1 -2 3
U=1]0 1 5
0o 0 O

Clearly, (1,—2,3) and (0, 1, 5) form a basis for the row space of U. Since U and A are
row equivalent, they have the same row space, and hence the rank of A is 2. ]
Linear Systems

The concepts of row space and column space are useful in the study of linear systems.
A system Ax = b can be written in the form

ar apn a, by

an an aop by

xif ot o [t o= (1
aml am2 Amn b

m

In Chapter 1 we used this representation to characterize when a linear system will be
consistent. The result, Theorem 1.3.1, can now be restated in terms of the column space
of the matrix.

Consistency Theorem for Linear Systems

A linear system AX = b is consistent if and only if b is in the column space of A.
If b is replaced by the zero vector, then (1) becomes
xja; +xa---+x,a, =0 (2)

It follows from (2) that the system Ax = 0 will have only the trivial solution x = 0 if
and only if the column vectors of A are linearly independent.

Let A be an mxn matrix. The linear system AX = b is consistent for everyb € R" if and
only if the column vectors of A span R™. The system AX = b has at most one solution
for every b € R™ if and only if the column vectors of A are linearly independent.



Proof

Corollary 3.6.4

Theorem 3.6.5

Proof

EXAMPLE 3
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We have seen that the system Ax = b is consistent if and only if b is in the column
space of A. It follows that Ax = b will be consistent for every b € R™ if and only if the
column vectors of A span R”. To prove the second statement, note that, if Ax = b has
at most one solution for every b, then in particular the system Ax = 0 can have only
the trivial solution, and hence the column vectors of A must be linearly independent.
Conversely, if the column vectors of A are linearly independent, Ax = 0 has only the
trivial solution. Now, if X; and x, were both solutions of Ax = b, then x; — x, would
be a solution of Ax = 0,

A(Xl —X2)=AX1 —AX2 =b—-b=0
It follows that x; — x; = 0, and hence x; must equal x,. [ |

Let A be an m x n matrix. If the column vectors of A span R™, then n must be
greater than or equal to m, since no set of fewer than m vectors could span R”. If the
columns of A are linearly independent, then n must be less than or equal to m, since
every set of more than m vectors in R™ is linearly dependent. Thus, if the column
vectors of A form a basis for R”, then n must equal m.

An n x n matrix A is nonsingular if and only if the column vectors of A form a basis
for R,

In general, the rank and the dimension of the null space always add up to the
number of columns of the matrix. The dimension of the null space of a matrix is called
the nullity of the matrix.

The Rank—Nullity Theorem
If A is an m x n matrix, then the rank of A plus the nullity of A equals n.

Let U be the reduced row echelon form of A. The system Ax = 0 is equivalent to the
system Ux = 0. If A has rank r, then U will have r nonzero rows, and consequently the
system Ux = 0 will involve r lead variables and n — r free variables. The dimension
of N(A) will equal the number of free variables. [ |

Let

1 2 -1 1
2 4 -3 0
1 2 1 5

A=

Find a basis for the row space of A and a basis for N(A). Verify that dimN(A) =n —r.

Solution

The reduced row echelon form of A is given by

U=

S O =
S O
o = O

SN W
[ ——
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Theorem 3.6.6

Proof

Thus, {(1,2,0,3),(0,0, 1,2)} is a basis for the row space of A, and A has rank 2. Since
the systems Ax = 0 and Ux = 0 are equivalent, it follows that x is in N(A) if and
only if

X1+ 2x + 3x4 =0
x3+2x4=0
The lead variables x; and x3 can be solved for in terms of the free variables x, and x4:

X1 = —2x7 — 3x4
X3 = —2X4

Let x, = « and x4 = . It follows that N(A) consists of all vectors of the form

X1 —2a — 38 -2 -3
X2 _ 1 0
s ' [ —2;3 =l oA 2
X4 0 1
The vectors (—2, 1,0, 0)" and (—3,0, —2, 1) form a basis for N(A). Note that
n—r=4—2=2=dimNA) -

The Column Space

The matrices A and U in Example 3 have different column spaces; however, their
column vectors satisfy the same dependency relations. For the matrix U, the column
vectors u; and uj are linearly independent, while

u = 211]
wy = 3111 + 2113

The same relations hold for the columns of A: The vectors a; and a3 are linearly
independent, while

a = 231
a; = 3a; + 2a3

In general, if A is an m x n matrix and U is the row echelon form of A, then,
since Ax = 0 if and only if Ux = 0, their column vectors satisfy the same dependency
relations. We will use this property to prove that the dimension of the column space of
A is equal to the dimension of the row space of A.

If A is an m x n matrix, the dimension of the row space of A equals the dimension of
the column space of A.

If A is an m x n matrix of rank r, the row echelon form U of A will have r leading 1’s.
The columns of U corresponding to the leading 1’s will be linearly independent. They
do not, however, form a basis for the column space of A, since, in general, A and U will
have different column spaces. Let Uy denote the matrix obtained from U by deleting
all the columns corresponding to the free variables. Delete the same columns from A
and denote the new matrix by A;. The matrices Ay and U; are row equivalent. Thus,
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if x is a solution of A;x = 0, then x must also be a solution of U;x = 0. Since the
columns of Uy are linearly independent, x must equal 0. It follows from the remarks
preceding Theorem 3.6.3 that the columns of A are linearly independent. Since Ay, has
r columns, the dimension of the column space of A is at least r.

We have proved that, for any matrix, the dimension of the column space is greater
than or equal to the dimension of the row space. Applying this result to the matrix A7,
we see that

dim(row space of A) = dim(column space of A7)
> dim(row space of AT)
= dim(column space of A)

Thus, for any matrix A, the dimension of the row space must equal the dimension of
the column space. ]

We can use the row echelon form U of A to find a basis for the column space of
A. We need only determine the columns of U that correspond to the leading 1’s. These
same columns of A will be linearly independent and form a basis for the column space
of A.

Note

The row echelon form U tells us only which columns of A to use to form a basis.
We cannot use the column vectors from U, since, in general, U and A have different
column spaces.

Let
1 -2 1 1 2
-1 3 0 2 =2
A=l o 1 1 3 4
1 2 5 13 5
The row echelon form of A is given by
1 -2 1 1 2
0 1 1 3 0
=lo o o o 1
0O 0o o0 0 0

The leading 1’s occur in the first, second, and fifth columns. Thus

1 -2 2

—1 3 -2
al‘ Ols 32[ ll’ as = 4
1 2 5

form a basis for the column space of A. ]
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EXAMPLE 5  Find the dimension of the subspace of R* spanned by

1 2
2 5
X1 = -1 5 Xy = -3
0 2

Solution

2 3
4 8
, X3 = ) , X4 = -5

0 4

The subspace Span(xy, X,, X3, X4) is the same as the column space of the matrix

1
2
X = 1
0
The row echelon form of X is

1

0

0

0

2 2 3
5 4 8
-3 -2 =5
2 0 4
2 23
1 0 2
0 0O
0 00

The first two columns x;, x; of X will form a basis for the column space of X. Thus,

dim Span(xy, Xp, X3,X4) = 2.

SECTION 3.6 EXERCISES

1. For each of the following matrices, find a basis for
the row space, a basis for the column space, and a
basis for the null space.

1 3 2 3.
@ [2 1 4

4 7 8

3 1 3 4
(b) 1 2 -1 =2

3 8 4 2

1 3 =2 1
© |2 1 3 2

3 4 5 6

2. In each of the following, determine the dimension
of the subspace of R? spanned by the given vectors.

el

JHEHER 4'

[

1 2 2 3 1 4
A=12 4 5 5 4 9
36 78 5 9

(a) Compute the reduced row echelon form U of
A. Which column vectors of U correspond to
the free variables? Write each of these vectors
as a linear combination of the column vectors
corresponding to the lead variables.

(b) Which column vectors of A correspond to the
lead variables of U? These column vectors
form a basis for the column space of A. Write
each of the remaining column vectors of A as a
linear combination of these basis vectors.

For each of the following choices of A and b, de-

termine whether b is in the column space of A and

state whether the system Ax = b is consistent:



10.

11.

1 2 4
@A=1, 4) b= [8

3 6 1
b A=17 5] b= [ 1

2 1 4
©A=|3 4. b= [6

1 1 2 1
dA=]1 1 2|, b=

1 1 2 3

0 1 2
e A=1]1 0], b=]|>5

0 1 2

1 2 5
) A=1]2 4], b=|10

1 2 5
For each consistent system in Exercise 4, determ-

ine whether there will be one or infinitely many
solutions by examining the column vectors of the
coefficient matrix A.

How many solutions will the linear system Ax = b
have if b is in the column space of A and the column
vectors of A are linearly dependent? Explain.

Let A be a 6 x n matrix of rank r and let b be a vec-
tor in R®. For each choice of r and n that follows,
indicate the possibilities as to the number of solu-
tions one could have for the linear system Ax = b.
Explain your answers.

@ n=7r=5 b) n=7,r=6
(¢c) n=5r=>5 d n=5r=4
Let A be an m x n matrix with m > n. Letb € R”

and suppose that N(A) = {0}.

(a) What can you conclude about the column vec-
tors of A? Are they linearly independent? Do
they span R™? Explain.

(b) How many solutions will the system Ax = b
have if b is not in the column space of A?
How many solutions will there be if b is in the
column space of A? Explain.

Let A and B be 6 x 5 matrices. If dimN(A) = 2,

what is the rank of A? If the rank of B is 4, what is

the dimension of N(B)?

Let A be an m x n matrix whose rank is equal to n.
If Ac = Ad, does this imply that ¢ must be equal
to d? What if the rank of A is less than n? Explain
your answers.

Let A be an m x n matrix. Prove that

rank(A) < min(m, n)
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12. Let A and B be row equivalent matrices.

(a) Show that the dimension of the column space
of A equals the dimension of the column space
of B.

(b) Are the column spaces of the two matrices
necessarily the same? Justify your answer.

13. Let A be a4 x 3 matrix and suppose that the vectors

1 1
1 , Ip =
2

0
—1

form a basis for N(A). If b = a; + 2a, + a3, find all

solutions of the system Ax = b.

7, =

14. Let A be a 4 x 4 matrix with reduced row echelon
form given by

1 0 2 1
01 1 4
U=1o0 0 0 o
0O 0 0 O
If
-3 4
a.‘ ;I and az‘;l
1 —1

find a3 and a4.

15. Let A be a 4 x 5 matrix and let U be the reduced
row echelon form of A. If

2 -
R | 2
a; = _3 , Ay = 3 s

) 1
10 2 0 —1
01 3 0 -2
U=10 0 0o 1 5
00 0 0 0

(a) find a basis for N(A).
(b) given that X is a solution to Ax = b, where

0
b‘sl and xy =
4

(i) find all solutions to the system.

w

w
SO

(ii) determine the remaining column vectors
of A.

16. Let A be a 5 x 8 matrix with rank equal to 5 and
let b be any vector in R>. Explain why the system
Ax = b must have infinitely many solutions.
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17.

18.

19.

20.

21.

22,

23.
24.

25.

26.

27.

LetAbea4 x 5 matrix. If a;, a,, and a, are linearly
independent and

a; —a; +2a,, as=2a; —a,+3a,

determine the reduced row echelon form of A.

Let Abe a5 x 3 matrix of rank 3 and let {x;, X», X3}

be a basis for R>.

(a) Show that N(A) = {0}.

(b) Show that if y, = Ax;, y, = Ax,, and
y; = Ax; then y,, y,, and y; are linearly
independent.

(¢) Do the vectors y,, ¥,, ¥; from part (b) form a
basis for R3? Explain.

Let A be an m x n matrix with rank equal to n. Show
that if x = 0 and y = Ax, theny # 0.

Prove that a linear system Ax = b is consistent if
and only if the rank of (A | b) equals the rank of A.

Let A and B be m x n matrices. Show that
rank(A + B) < rank(A) + rank(B)

Let A be an m x n matrix.

(a) Show that if B is a nonsingular m X m matrix,
then BA and A have the same null space and
hence the same rank.

(b) Show that if C is a nonsingular n x n matrix,
then AC and A have the same rank.

Prove Corollary 3.6.4.

Show that if A and B are n x n matrices and

N(A —B) =R"then A = B.

Let A and B be n x n matrices.

(a) Show that AB = O if and only if the column
space of B is a subspace of the null space of A.

(b) Show thatif AB = O, then the sum of the ranks
of A and B cannot exceed n.

Let A € R™” and b € R™, and let x, be a partic-

ular solution of the system Ax = b. Prove that if

N(A) = {0}, then the solution x, must be unique.

Let x and y be nonzero vectors in R” and R”,

respectively, and let A = xy”.

(a) Show that {x} is a basis for the column space
of A and that {y”} is a basis for the row space
of A.

28.

29.

30.

31.

32.

33.

34.

35.

36.

(b) What is the dimension of N(A)?

LetA € R™", B € R™", and C = AB. Show that

(a) the column space of C is a subspace of the
column space of A.

(b) the row space of C is a subspace of the row
space of B.

(¢) rank(C) < min{rank(A), rank(B)}.

LetA € R™" B € R, and C = AB. Show that

(a) if A and B both have linearly independent
column vectors, then the column vectors of C
will also be linearly independent.

(b) if A and B both have linearly independent row
vectors, then the row vectors of C will also be
linearly independent.

[Hint: Apply part (a) to CT].
LetA € R™" B e R"™", and C = AB. Show that

(a) if the column vectors of B are linearly de-
pendent, then the column vectors of C must be
linearly dependent.

(b) if the row vectors of A are linearly depend-
ent, then the row vectors of C are linearly
dependent.

[Hint: Apply part (a) to CT].

An m x n matrix A is said to have a right inverse if

there exists an n x m matrix C such that AC = I,,,.

The matrix A is said to have a left inverse if there

exists an n x m matrix D such that DA = I,,.

(a) Show that if A has a right inverse, then the
column vectors of A span R”.

(b) Isit possible for an m x n matrix to have a right
inverse if n < m? n > m? Explain.

Prove: If A is an m x n matrix and the column vec-

tors of A span R”™, then A has a right inverse. Hint:

Let e; denote the jth column of /,, and solve Ax = ¢;

forj=1,...,m.

Show that a matrix B has a left inverse if and only

if BT has a right inverse.

Let B be an n x m matrix whose columns are

linearly independent. Show that B has a left

inverse.

Prove that if a matrix B has a left inverse then the

columns of B are linearly independent.

Show that if a matrix U is in row echelon form, then

the nonzero row vectors of U form a basis for the

row space of U.
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Chapter Three Exercises

MATLAB EXERCISES
1. (Change of Basis) Set

U = round(20 * rand(4)) — 10,
V = round(10 * rand(4))

and set b = ones(4, 1).

(a)

(b)

(c)

(@)

We can use the MATLAB function rank to de-
termine whether the column vectors of a matrix
are linearly independent. What should the rank
be if the column vectors of U are linearly inde-
pendent? Compute the rank of U, and verify that
its column vectors are linearly independent and
hence form a basis for R*. Compute the rank of
V, and verify that its column vectors also form
a basis for R*.

Use MATLAB to compute the transition mat-
rix from the standard basis for R* to the ordered
basis £ = {uj,u,,u3,uy}. [Note that in MAT-
LAB the notation for the jth column vector u;
is U(:,j).] Use this transition matrix to compute
the coordinate vector ¢ of b with respect to E.
Verify that

b= ciuy + coup + c3u3 + cquy = Uc

Use MATLAB to compute the transition mat-
rix from the standard basis to the ordered basis
F = {vy,v,,V3,V4}, and use this transition mat-
rix to find the coordinate vector d of b with
respect to F. Verify that

b= lel + d2V2 + d3V3 + d4V4 =Vd

Use MATLAB to compute the transition matrix
S from E to F and the transition matrix 7 from
F to E. How are S and T related? Verify that
Sc=dand Td = c.

2. (Rank-Deficient Matrices) In this exercise we con-
sider how to use MATLAB to generate matrices with
specified ranks.

(a)

In general, if A is an m x n matrix with rank
r, then r < min(m,n). Why? Explain. If the
entries of A are random numbers, we would ex-
pect that r = min(m, n). Why? Explain. Check
this out by generating random 6 x 6, 8 x 6, and
5 x 8 matrices and using the MATLAB com-
mand rank to compute their ranks. Whenever
the rank of an m x n matrix equals min(m, n), we
say that the matrix has full rank. Otherwise, we
say that the matrix is rank deficient.

(b)

(c)

()

(e)

MATLAB'’s rand and round commands can
be used to generate random m x n matrices with
integer entries in a given range [a, b]. This can
be done with a command of the form

A = round((b — a) * rand(m,n)) +a
For example, the command
A = round(4 * rand(6,8)) + 3

will generate a 6 x 8 matrix whose entries are
random integers in the range from 3 to 7. Using
the range [1, 10], create random integer 10 x 7,
8 x 12, and 10 x 15 matrices and in each case
check the rank of the matrix. Do these integer
matrices all have full rank?

Suppose that we want to use MATLAB to gen-
erate matrices with less than full rank. It is easy
to generate matrices of rank 1. If x and y are
nonzero vectors in R” and R”, respectively, then
A = xy” will be an m x n matrix with rank
1. Why? Explain. Verify this in MATLAB by
setting

x = round(9 * rand(8, 1)) + 1,
y = round(9 x rand(6, 1)) + 1
and using these vectors to construct an 8 x 6 mat-

rix A. Check the rank of A with the MATLAB
command rank.

In general,
rank(AB) < min(rank(A), rank(B)) (1)

(See Exercise 28 in Section 3.6.) If A and B
are noninteger random matrices, the relation (1)
should be an equality. Generate an 8§ x 6 matrix
A by setting

X = rand(8,2), Y =rand(6,2),
A=XxY

What would you expect the rank of A to be?
Explain. Test the rank of A with MATLAB.

Use MATLAB to generate matrices A, B, and C
such that
(i) Ais 8 x 8 with rank 3.
(ii) Bis 6 x 9 with rank 4.
(iii) Cis 10 x 7 with rank 5.
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3.

4.

(Column Space and Reduced Row Echelon Form)
Set
B = round(10 x rand(8,4))
X = round(10 * rand(4, 3))
C=Bx*X
A=[B C]

(a) How are the column spaces of B and C related?
(See Exercise 28 in Section 3.6.) What would
you expect the rank of A to be? Explain. Use
MATLAB to check your answer.

(b) Which column vectors of A should form a basis
for its column space? Explain. If U is the re-
duced row echelon form of A, what would you
expect its first four columns to be? Explain.
What would you expect its last four rows to be?
Explain. Use MATLAB to verify your answers
by computing U.

(¢) Use MATLAB to construct another matrix
D = (E EY), where E is arandom 6 x 4 mat-
rix and Y is a random 4 x 2 matrix. What would
you expect the reduced row echelon form of D
to be? Compute it with MATLAB. Show that, in
general, if B is an m x n matrix of rank n and X
is an n X k matrix, the reduced row echelon form
of (B BX) will have block structure

. I X)) .
(I X)ifm=n or [0 0 ifm>n

(Rank-1 Updates of Linear Systems)
(a) Set
A = round(10 * rand(8))
b = round(10 x rand(8, 1))
M = inv(A)
Use the matrix M to solve the system Ay = b
fory.
(b) Consider now a new system Cx = b, where C is
constructed as follows:

CHAPTER TEST A True or False

Answer each of the statements that follows as true or
false. In each case, explain or prove your answer.

1.

2.
3.

If S is a subspace of a vector space V, then S is a
vector space.

R? is a subspace of R?.

It is possible to find a pair of two-dimensional
subspaces S and T of R? such that SN T = {0}.

If S and T are subspaces of a vector space V, then
SUT is a subspace of V.

. If X1, X2, ..

. IfX],Xz,. .

. IfX],Xz,..

u = round(10 * rand(8, 1))
v = round(10 * rand(8, 1))
E=uxv’
C=A+E

The matrices C and A differ by the rank-1 mat-
rix E. Use MATLAB to verify that the rank of £
is 1. Use MATLAB’s “\” operation to solve the
system Cx = b and then compute the residual
vectorr = b — Ax.

(¢) Let us now solve Cx = b by a new method that
takes advantage of the fact that A and C differ by
a rank-1 matrix. This new procedure is called a
rank-1 update method. Set

z=M=xu, c=V xy,

d=v'xz, e=c/(1+d)
and then compute the solution x by

X=y—ex*xz

Compute the residual vector b — Cx and com-
pare it with the residual vector in part (b). This
new method may seem more complicated, but it
actually is much more computationally efficient.

(d) To see why the rank-1 update method works, use
MATLAB to compute and compare

Cy and b+ cu

Prove that if all computations had been carried
out in exact arithmetic, these two vectors would
be equal. Also, compute

Cz and (1 +du

Prove that if all computations had been car-
ried out in exact arithmetic, these two vectors
would be equal. Use these identities to prove
that Cx = b. Assuming that A is nonsingu-
lar, will the rank-1 update method always work?
Under what conditions could it fail? Explain.

. If S and T are subspaces of a vector space V, then

SN T is asubspace of V.

.,X, span R", then they are linearly
independent.

., X, span a vector space V, then they are
linearly independent.

., X are vectors in a vector space V and
5 Xk—1)

., X, are linearly dependent.

Span(xy,Xa, . . ., Xx) = Span(Xy, Xy, . .

then x;, Xx», ..



9. If A is an m x n matrix, then A and A” have the
same rank.

10. If A is an m x n matrix, then A and A’ have the
same nullity.

11. If U is the reduced row echelon form of A, then A
and U have the same row space.

12. If U is the reduced row echelon form of A, then A
and U have the same column space.

13. Let x;, Xo,...,X; be linearly independent vectors
in R". If k < n and x4, is a vector that is not in

CHAPTER TEST B

1. In R?, let x; and x; be linearly independent vectors
and let x3 = 0 (the zero vector). Are X, X,, and X3
linearly independent? Prove your answer.

2. For each set that follows determine whether it is a
subspace of R2. Prove your answers.

(a) Sl={X= );;] xl+x2=0}
(b) Sz={X= xl]xm=0}
X2
3. Let
1 3 1 3 4
00 1 1 1
A=10 02 2 2
0 0 3 3 3

(a) Find a basis for N(A) (the null space of A).
What is the dimension of N(A)?

(b) Find a basis for the column space of A. What
is the rank of A?

4. How do the dimensions of the null space and
column space of a matrix relate to the number of
lead and free variables in the reduced row echelon
form of the matrix? Explain.

5. Answer the following questions and, in each case,
give geometric explanations of your answers:

(a) Is it possible to have a pair of one-dimensional
subspaces U; and U, of R? such that UyNU, =
{0}?

(b) Isit possible to have a pair of two-dimensional
subspaces V; and V, of R? such that V, NV, =
{0}?

6. Let S be the set of all symmetric 2 x 2 matrices
with real entries.

(a) Show that S is a subspace of R?*2,

(b) Find a basis for S.

14.

15.

10.
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Span(xy, Xy, . . ., X¢), then the vectors x,, Xa,.. ., X,
X+ are linearly independent.

Let {u;,u,}, {vi,vo}, and {w;,w,}, be bases for
R2. If X is the transition matrix corresponding to
a change of basis from {u;,u,} to {v,v,} and ¥
is the transition matrix corresponding to a change
of basis from {vy,v,} to {w;,w,}, then Z = XY is
the transition matrix corresponding to the change
of basis from {u;, u,} to {w;, w,}.

If A and B are n x n matrices that have the same
rank, then the rank of A2 must equal the rank of B2.

. Let A be a6 x 4 matrix of rank 4.

(a) What is the dimension of N(A)? What is the
dimension of the column space of A?

(b) Do the column vectors of A span R°? Are
the column vectors of A linearly independent?
Explain your answers.

(¢) How many solutions will the linear system

Ax = b have if b is in the column space of
A? Explain.

. Given the vectors

S
SOt

(a) Are Xy, X5, X3, and x4 linearly independent in
R3? Explain.

(b) Do x;, x; span R*? Explain.

(¢) Do xy, x5, X3 span R3? Are they linearly inde-
pendent? Do they form a basis for R*? Explain.

(d) Do xi, x5, X4 span R3? Are they linearly inde-
pendent? Do they form a basis for R*? Explain
Or Prove your answers.

Let x;, X5, and x5 be linearly independent vectors in
R* and let A be a nonsingular 4 x 4 matrix. Prove
that if

Vi =AXy, ¥y, =A%y, y3 = AX;
then y,, y,, and y; are linearly independent.

Let A be a 6 x 5 matrix with linearly independ-
ent column vectors a;, a,, a3 and whose remaining
column vectors satisfy

as = a; +3a, + a3, as =2a, —a;
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11.

(a) What is the dimension of N(A)? Explain.
(b) Determine the reduced row echelon form of A.
Let {u,,u,} and {v;,v,} be ordered bases for R?,

where
(1 (2
u = 3 E u = 7

SHENE

and

(a)

(b)

Determine the transition matrix correspond-
ing to a change of basis from the standard
basis {ej, e,} to the ordered basis {u;,u,}. Use
this transition matrix to find the coordinates of
x = (1, 1)T with respect to {u;, u,}.

Determine the transition matrix corresponding
to a change of basis from the ordered basis
{vy,v,} to the ordered basis {u;,u,}. Use this
transition matrix to find the coordinates of
z = 2v; + 3v, with respect to {u, u,}.
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Linear Transformations

Linear mappings from one vector space to another play an important role in mathe-
matics. This chapter provides an introduction to the theory of such mappings. In
Section 4.1, the definition of a linear transformation is given and a number of examples
are presented. In Section 4.2, it is shown that each linear transformation L mapping an
n-dimensional vector space V into an m-dimensional vector space W can be represen-
ted by an m x n matrix A. Thus, we can work with the matrix A in place of the mapping
L. In the case that the linear transformation L maps V into itself, the matrix repres-
enting L will depend on the ordered basis chosen for V. Hence, L may be represented
by a matrix A with respect to one ordered basis and by another matrix B with respect
to another ordered basis. In Section 4.3 we consider the relationship between different
matrices that represent the same linear transformation. In many applications it is desir-
able to choose the basis for V so that the matrix representing the linear transformation
is either diagonal or in some other simple form.

Definition and Examples

In the study of vector spaces, the most important types of mappings are linear
transformations.

Definition | A mapping L from a vector space V into a vector space W is said to be a linear
transformation if

L(avy + Bvz) = aL(v1) + BL(V2) ey

for all vy, v, € V and for all scalars « and 8.

169



170 Chapter 4 Linear Transformations

EXAMPLE |

If L is a linear transformation mapping a vector space V into a vector space W,
then it follows from (1) that

L(vi+vy)=L(vi)+L(v2) (x=B=1) 2)
and
L(av) =aL(v) (v=v,B=0) 3)
Conversely, if L satisfies (2) and (3), then

L(avy + Bvy) = L(avy) + L(Bv2)
=aL(v;)+ BL(V2)

Thus, L is a linear transformation if and only if L satisfies (2) and (3).

Notation
A mapping L from a vector space V into a vector space W will be denoted

L:V—>W

When the arrow notation is used, it will be assumed that V and W represent vector
spaces.

In the case that the vector spaces V and W are the same, we will refer to a linear
transformation L: V — V as a linear operator on V. Thus, a linear operator is a linear
transformation that maps a vector space V into itself.

Let us now consider some examples of linear transformations. We begin with linear
operators on R?. In this case it is easier to see the geometric effect of the operator.

Linear Operators on R?

Let L be the operator defined by
L(x) =3x
for each x € R. Since
L (ax) = 3(ax) = a(3x) = oL (x)
and
Lx+y) =3x+y) =3x+3y=L(x) +L(y)
it follows that L is a linear operator. We can think of L as a stretching by a factor of 3

(see Figure 4.1.1). In general, if « is a positive scalar, the linear operator F(x) = ax
can be thought of as a stretching or shrinking by a factor of «. ]
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EXAMPLE 3
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L(x) =3x

Figure 4.1.1.

Consider the mapping L defined by
L (X) = X1€;
for each x € R%. Thus, if X = (x1,x)7, then L (x) = (x,0)". If y = (y1,y»)7, then

ax; + By ]

RN PSS

and it follows that

L(ax + By) = (ax1 + Byer = a(xier) + B(yier) = aL(x) + BL(y)
Hence, L is a linear operator. We can think of L as a projection onto the x;-axis (see
Figure 4.1.2). ]

X axis

X1 axis

X1 L(x) = xe;

Figure 4.1.2.

Let L be the operator defined by
L(x) = (x1,—xp)"

for each x = (x1,x»)" in R?. Since

ax; + By
L —t
ex+Fy) [ (x> + By2) ]
o I R
—X2 )

— aL(x) + BL(y)

it follows that L is a linear operator. The operator L has the effect of reflecting vectors
about the x;-axis (see Figure 4.1.3). [ |
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x = (xp, x)T

X axis

L(x) = (x1, )T

Figure 4.1.3.

EXAMPLE 4  The operator L defined by
L(x) = (—x2,x1)"

is linear, since

ax; + By

~e[ )]

= aL(x) + BL(y)

Lex+ By) = [ —(axz + By2) ]

The operator L has the effect of rotating each vector in R? by 90° in the counterclock-
wise direction (see Figure 4.1.4). [ |

L(x) = (=, x)"

o0 x= (o 0)

Figure 4.1.4.
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EXAMPLE 6
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Linear Transformations from R” to R™

The mapping L: R?> — R! defined by
LX) =x; +x
is a linear transformation, since

L(ax + By) = (ax; + By1) + (ax2 + By2)

=a(x +x2) + B +y2)

=aL(x)+ BL(y) [ |
Consider the mapping M defined by

M(x) = (xf +x3)'/?
Since
M(ax) = (@’ + a*x3)"? = |a|M(x)

it follows that

aM(x) # M(ax)

whenever o < 0 and x # 0. Therefore, M is not a linear operator. [ |

The mapping L from R? to R? defined by
L(x) = (x2,x1,x1 +x2)"
is linear, since
L(ax) = (axp, axy, ax; + axz)! = aL(x)
and

L(X+Yy) =2+ ysx1 +yi,X1 +y1 +x2 +y2)"
= (x2,x1,x1 +x2)7 + (2, y1, 71 +y2)7
=L(x)+L(y)

Note that if we define the matrix A by

then

for each x € RZ. [ |
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EXAMPLE 8

EXAMPLE 9

In general, if A is any m x n matrix, we can define a linear transformation L, from
R" to R™ by

Ly(x) = Ax
for each x € R". The transformation L, is linear, since

La(ax + By) = A(ax + By)
= aAX + BAy
= al,(x) + BLA(Y)
Thus, we can think of each m x n matrix A as defining a linear transformation from
R” to R™.
In Example 7, we saw that the linear transformation L could have been defined

in terms of a matrix A. In the next section, we will see that this is true for all linear
transformations from R” to R™.

Linear Transformations from V to W
If L is a linear transformation mapping a vector space V into a vector space W, then

(i) L(0y) = Oy (where 0y and Oy are the zero vectors in V and W, respectively).
(i) if vy,...,v, are elements of V and «y, ..., «, are scalars, then

L(oyvi +orvy + - +a,v,) = a1 L(vi) + oL (Vo) + -+ - + o, L (vy,)

(iii) L(—v) = —L(v)forallve V.

Statement (i) follows from the condition L (av) = «L (v) with « = 0. Statement (ii)
can easily be proved by mathematical induction. We leave this to the reader as an
exercise. To prove (iii), note that

Oy =L(Oy) =L+ (-Vv)=L(V)+L(-V)
Therefore, L (—v) is the additive inverse of L (v); that is,

L(—v)=—L(v)
If V is any vector space, then the identity operator Z is defined by
Iv)=v

for all v € V. Clearly, Z is a linear transformation that maps V into itself:

Z(avi + Bva) = avy + Bvy = aZ(vy) + BL(v2) ]

Let L be the mapping from C[a, b] to R! defined by

b
L(f) = / 00 d
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Definition

Definition

Theorem 4.1.1

Proof
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If f and g are any vectors in Cla, b], then

b
Liaf +Bg) = / (of + B dx

b b
=o¢/ f(x)dx+,3/ g(x)dx
=aL(f)+ BL(g)

Therefore, L is a linear transformation. [ |

Let D be the linear transformation mapping C'[a, b] into C[a, b] defined by
D(f) =1 (the derivative of f)

D is a linear transformation, since

D(af + Bg) = af + Bg' = aD(f) + BD(g) u

The Image and Kernel

Let L: V — W be a linear transformation. We close this section by considering the
effect that L has on subspaces of V. Of particular importance is the set of vectors in V
that get mapped into the zero vector of W.

Let L: V — W be a linear transformation. The Kernel of L, denoted ker(L), is
defined by

ker(L) ={ve V|L(v) =0y}

Let L: V — W be a linear transformation and let S be a subspace of V. The image
of S, denoted L (S), is defined by

LS)={weW|w=L(v) forsome veS}
The image of the entire vector space, L (V), is called the range of L.
Let L: V — W be a linear transformation. It is easily seen that ker(L) is a subspace

of V, and if S is any subspace of V, then L (S) is a subspace of W. In particular, L (V)
is a subspace of W. Indeed, we have the following theorem:

IfL: V — W is a linear transformation and S is a subspace of V, then

(i) ker(L) is a subspace of V.
(ii) L(S) is a subspace of W.

It is obvious that ker(L) is nonempty since 0y, the zero vector of V, is in ker(L). To
prove (i), we must show that ker(L) is closed under scalar multiplication and addition
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EXAMPLE | |

EXAMPLE 12

of vectors. For closure under scalar multiplication let v € ker(L) and « be a scalar.
Then

L(av) = aL(v) = aly = 0y

Therefore, v € ker(L).
For closure under addition let v, v, € ker(L). Then

L(V] + V2) = L(Vl) +L(V2) = 0W + OW = OW
Therefore, v| 4+ v, € ker(L) and hence ker(L) is a subspace of V.
The proof of (ii) is similar. L (S) is nonempty, since Oy = L(0y) € L(S). If w €
L(S), then w = L (v) for some v € S. For any scalar «,

oaw = oL (v) = L(av)

Since av € S, it follows that aw € L(S), and hence L (S) is closed under scalar mul-
tiplication. If wy,w, € L(S), then there exist v{,v, € § such that L(v;) = w; and
L (vy) = wy. Thus,

W] + Wy = L(Vl) + L(Vz) = L(V] + V2)
and hence L (S) is closed under addition. It follows that L (S) is a subspace of W. m

Let L be the linear operator on R? defined by

o= 1)

A vector x is in ker(L) if and only if x; = 0. Thus, ker(L) is the one-dimensional
subspace of R? spanned by e,. A vector y is in the range of L if and only if y is a
multiple of e;. Hence, L (R?) is the one-dimensional subspace of R? spanned by e;. W

Let L: R? — R? be the linear transformation defined by
L(x) = (x; +x2, x2 +x3)"

and let S be the subspace of R? spanned by e, and es.
If x € ker(L), then

)C1+)C2:O and X2+X3:O
Setting the free variable x3 = a, we get
Xy = —a, X1 =da
and hence ker(L) is the one-dimensional subspace of R? consisting of all vectors of the
form a(1, —1, 1)7.
If x € S, then x must be of the form (a, 0, b)”, and hence L (x) = (a, b)". Clearly,

L(S) = RR?. Since the image of the subspace S is all of R?, it follows that the entire
range of L must be R? [i.e., L (R?) = R?]. ]
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Let D: P3 — P5 be the differentiation operator, defined by

D(p(x)) = p'(x)

The kernel of D consists of all polynomials of degree 0. Thus, ker(D) = P;. The
derivative of any polynomial in P3 will be a polynomial of degree 1 or less. Conversely,
any polynomial in P, will have antiderivatives in P3, so each polynomial in P, will be
the image of polynomials in P; under the operator D. It then follows that D(P3) = P5.

SECTION 4.1 EXERCISES

1.

Show that each of the following are linear operat-
ors on R?. Describe geometrically what each linear
transformation accomplishes.

(@ LX) = (=x,x)" (b) L(x)=—x
(© LX) =@.x)" (d) LX) =ix
() L(x)=xe,
Let L be the linear operator on R? defined by
L(x) = (x; cosa — xp sina, x; sine + x; cos a)”
Express x1, x,, and L (x) in terms of polar coordin-

ates. Describe geometrically the effect of the linear
transformation.

Let a be a fixed nonzero vector in R2. A mapping
of the form

Lx)=x+a

is called a translation. Show that a translation is not
a linear operator. [llustrate geometrically the effect
of a translation.

Let L: R?> — R? be a linear operator. If

L((1,2") =(=2,3)"

and
L((1,-D"=5.2"

find the value of L ((7,5)7).

Determine whether the following are linear trans-
formations from R? into R2.

(@) L(x) = (x2,x3)"  (b) L(x) =(0,0)"

(©) L) =(1+x,x)

(d) L(x)=(x3,x1 +x)"

Determine whether the following are linear trans-
formations from R? into R3.

(@) L(x) = (xp,x, D'

(b) L(x) = (x1,x2,x1 + 2x2)"

10.

11.

12.

(¢) L(x) = (x1,0,0)
(d) L(X) = (xl’xzvx% +x%)T

. Determine whether the following are linear operat-

ors on R™",

(a) L(A) =24
(€ LA =A+1

() L(A) =A"
@ LA)=A—AT

. Let C be a fixed n x n matrix. Determine whether

the following are linear operators on R"*":
(a) LA =CA+AC (b) L(A)=C?A
() L(A)=AC

. Determine whether the following are linear trans-

formations from P, to Ps.

(a) L(px) = xp(x)

(b) L(p(x)) =x*+ p(x)

(©) L(px) = p(x) + xp(x) + x7p'(x)

For each f € C[0, 1], define L (f) = F, where

F(x)=ff(t)dt 0<x<l1

0

Show that L is a linear operator on C[0, 1] and then
find L (¢*) and L (x?).

Determine whether the following are linear trans-
formations from C [0, 1] into R':

@ L) =f0) (b) L) = [f(0)
(© L) =L1fO0)+f(D)]/2

12
@ L) ={fIreor ax}

Use mathematical induction to prove that if L is a
linear transformation from V to W, then

L(cyvi +ovy+ - +a,v,)
= o L(v)) +aL(vy) + - +a,L(V,)
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13.

14.

15.

16.

17.

18.

19.

Let {vy,...,v,} be a basis for a vector space V, and
let L; and L, be two linear transformations mapping
V into a vector space W. Show that if
Li(vi) = Ly(v))

foreachi=1,...,n,then L, = L, [i.e., show that
Ly(v) = Ly(v)forallv e V].
Let L be a linear operator on R! and let a = L (1).
Show that L (x) = ax for all x € R'.
Let L be a linear operator on a vector space V.
Define L", n > 1, recursively by

L'=L

L (v) = L(LA(v)) forallveV

Show that L" is a linear operator on V for each
n>1.

LetL;: U — Vand L,: V — W be linear trans-
formations, and let L = L, o L, be the mapping
defined by

L(w) = Ly(Li(w))
for each u € U. Show that L is a linear transforma-
tion mapping U into W.
Determine the kernel and range of each of the
following linear operators on R*:
(@) L(x) = (x3,x2,x1)" (b) L(X) = (x1,%,0)"

() Lx)= (Xl,xl,xl)T
Let S be the subspace of R? spanned by e; and e;.
For each linear operator L in Exercise 17, find L (S).

Find the kernel and range of each of the following
linear operators on Pj:

@ Lp@)=xp'(x) (b) L(p(x)=px)—p'x)
(©) L{pMx) = pO)x+p(1)

20.

21.

22.

23.

24,

25.

Let L: V — W be a linear transformation, and
let T be a subspace of W. The inverse image of T,
denoted L™!(T), is defined by

L NT)y={veV|L() eT)
Show that L~!(T) is a subspace of V.

A linear transformation L: V — W is said to be
one-to-one if L(vy) = L(v,) implies that v; = v,
(i.e., no two distinct vectors vy, v, in V get mapped
into the same vector w € W). Show that L is
one-to-one if and only if ker(L) = {0y}.

A linear transformation L: V — W is said to
map V onto W if L (V) = W. Show that the linear
transformation L defined by

L(X) = (x1,x1 + X2,x1 + X2 +x3)"

maps R onto R3.

Which of the operators defined in Exercise 17 are
one-to-one? Which map R? onto R3?

Let A be a 2 x 2 matrix, and let L, be the linear
operator defined by

Ly(x) = Ax
Show that
(a) L, maps R? onto the column space of A.
(b) if A is nonsingular, then L, maps R? onto R?.
Let D be the differentiation operator on Ps, and let
S ={p € P3| p(0) =0}

Show that

(a) D maps P; onto the subspace P,, but
D: P; — P, is not one-to-one.

(b) D: S — P; is one-to-one but not onto.

Matrix Representations of Linear Transformations

In Section 4.1, it was shown that each m x n matrix A defines a linear transformation

L4 from R” to R™, where

Ly(x) = Ax

for each x € R”". In this section, we will see that, for each linear transformation L
mapping R” into R™, there is an m x n matrix A such that

L(x) = Ax
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We will also see how any linear transformation between finite-dimensional spaces can
be represented by a matrix.

If L is a linear transformation mapping R" into R™, there is an m X n matrix A such
that

L(x) = Ax
Jor each x € R". In fact, the jth column vector of A is given by
a, = L(e) ji=12,...,n
Forj=1,...,n, define
a; = L(e)
and let
A =(a;) = (aj,az,...,a,)
It
X =x1e; +xe +---+x,€,
is an arbitrary element of R”, then

L(x)=xiL(e)) +xoL(e2) + -+ x,L(e,)
=x1a; +xa + -+ x,a,

X1

X2
= (al7a23 R 3al‘l)

Xn -
= Ax

We have established that each linear transformation from R” into R™ can be rep-
resented in terms of an m x n matrix. Theorem 4.2.1 tells us how to construct the matrix
A corresponding to a particular linear transformation L. To get the first column of A,
see what L does to the first basis element e; of R”. Set a; = L (e;). To get the second
column of A, determine the effect of L on e, and set a, = L (e»), and so on. Since the
standard basis elements e}, e, . . ., €, (the column vectors of the n x n identity matrix)
are used for R”, and the column vectors of the m x m identity matrix are being used
as a basis for R”, we refer to A as the standard matrix representation of L. Later (The-
orem 4.2.3) we will see how to represent linear transformations with respect to other
bases.

Define the linear transformation L: R? — R? by

L(x) = (x; +x2,% +x3)"
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EXAMPLE 2

for each X = (x1,x2,x3)7 in R3. Tt is easily verified that L is a linear operator. We wish
to find a matrix A such that L (x) = Ax for each x € R>. To do this, we must calculate
L(ey), L(ey), and L(e3):

L(er) = L((1,0,0/") = (1)
L(es) = L((0,1,0)7) = 1

r 0
Lie) =L(©.0,0) = | |

We choose these vectors to be the columns of the matrix

1 1 0
Az[o 1 1]
To check the result, we compute Ax:
11 0)|™ X1 4 x
AX_[O | 1][§2l—[x2+x3] =
3

Let L be the linear transformation operator R? that rotates each vector by an angle 6
in the counterclockwise direction. We can see from Figure 4.2.1(a) that e; is mapped
into (cos ,sin@)” and the image of e, is (— siné, cos§)’. The matrix A representing
the transformation will have (cos @, sin6)” as its first column and (— sin@, cos0)” as
its second column.

_ [cos® —sind
“ | sin6  cosO

If x is any vector in R, then, to rotate x counterclockwise by an angle 6, we simply
multiply by A [see Figure 4.2.1(b)]. ]

©, 1)
(-sin @, cos 0)

Ax

(cos @, sin )

1,0
(a) (b)

Figure 4.2.1.
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Now that we have seen how matrices are used to represent linear transformations
from R” to R™, we may ask whether it is possible to find a similar representation for
linear transformations from V into W, where V and W are vector spaces of dimension
n and m, respectively. To see how this is done, let E = {v, vs,...,V,} be an ordered
basis for V and F = {w;,w»,...,w,,} be an ordered basis for W. Let L be a linear
transformation mapping V into W. If v is any vector in V, then we can express v in
terms of the basis E:

V=x1V] + XV + - + X,V
We will show that there exists an m x n matrix A representing the linear transformation
L, in the sense that
Ax =y ifandonlyif L(V)=yw;+y2Wo+ -+ y,Wy

The matrix A characterizes the effect of the linear transformation L. If x is the coordin-
ate vector of v with respect to E, then the coordinate vector of L (v) with respect to F
is given by

[LW)]F = AX
The procedure for determining the matrix representation A is essentially the same as
before. For j = 1,...,n, leta; = (ayj,ayj, . .., an;)" be the coordinate vector of L (v))

with respect to {w, wo, ..., W,,}; that is,
L(vj)) = ajjwi + ayiwa + -+ - + Wy, 1<j<n
LetA = (a;) = (ai,...,a,). If

V=Xx1V] +x2Vy + -+ 4+ X,V,

then
n
L) =L|[> xv
j=1
n
=D xLv)
J=1
j=1 i=1
m n
=2 | aw | w
i=1 =1
Fori=1,...,m,let
Yi= Z aijX;
j=1
Thus,

y = (yl’yZ3-~ ',ym)T :AX

is the coordinate vector of L (v) with respect to {w, w», ..., w,,}. We have established
the following theorem:
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Theorem 4.2.2

EXAMPLE 3

Matrix Representation Theorem

IfE = {v,vo,...,V,} and F = {w,Wa,...,W,} are ordered bases for vector spaces
V and W, respectively, then, corresponding to each linear transformation L: V — W,
there is an m X n matrix A such that

[L(V)]p =A[Vlg  foreachv eV
A is the matrix representing L relative to the ordered bases E and F. In fact,

ai=[L(v)], Jj=L2....n

Theorem 4.2.2 is illustrated in Figure 4.2.2. If A is the matrix representing L with
respect to the bases E and F, and if

x = [v]lg (the coordinate vector of v with respect to E)
y = [w]r  (the coordinate vector of w with respect to F)

then L maps v into w if and only if A maps x into y.

veV L=La w=Lv)e W
A
x=[v]pe R" Ax = [w]p€ R"
Figure 4.2.2.

Let L be the linear transformation mapping R? into R? defined by
L(x) = x1b; + (x2 + x3)bs

b1=[}] and b2=[_}]

Find the matrix A representing L with respect to the ordered bases {ej,e,,es}
and {bl, bz}.

Solution

for each x € R3, where

L(el) = 1b1 + Obz
L(ez) = Ob; + 1by
L(e3) = Ob; + 1by

The ith column of A is determined by the coordinates of L (e;) with respect to {by, b,}
fori =1,2,3. Thus
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EXAMPLE 4  Let L be a linear transformation mapping R? into itself defined by

EXAMPLE 5

L(ab; + fby) = (e + )by +2fb;

where {by, b,} is the ordered basis defined in Example 3. Find the matrix A representing
L with respect to {by, by}.

Solution
L(by) = 1b; + Ob,
L(by) = 1b; + 2b,

Thus
1 1
A=[0 2] ||

The linear transformation D defined by D(p) = p’ maps P3 into P,. Given the ordered
bases [x2,x, 1] and [x, 1] for P; and P,, respectively, we wish to determine a matrix
representation for D. To do this, we apply D to each of the basis elements of Pj.

D(x*) =2x+0-1
Dx)=0x+1-1
D(1)=0x+0-1

In P,, the coordinate vectors for D(x?), D(x), and D(1) are (2,0)7, (0, 1)”, and (0, 0)7,
respectively. The matrix A is formed with these vectors as its columns.

20 0
A=[010]

If p(x) = ax? + bx + ¢, then the coordinate vector of p with respect to the ordered basis
of P3 is (a,b,c)!. To find the coordinate vector of D(p) with respect to the ordered
basis of P,, we simply multiply

B[] - (3)

D(ax* + bx + ¢) = 2ax + b [ ]

To find the matrix representation A for a linear transformation L: R" — R™ with
respect to the ordered bases £ = {uy, ...,u,} and F = {by,...,b,,}, we must represent
each vector L (u;) as a linear combination of by, .. ., b,,. The following theorem shows
that determining this representation of L (u;) is equivalent to solving the linear system
Bx=1L (llj).
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Theorem 4.2.3

Proof

Corollary 4.2.4

Proof

EXAMPLE 6

Let E = {uy,...,u,}and F = {by,...,b,} be ordered bases for R" and R™, respect-
ively. If L: R" — R"™ is a linear transformation and A is the matrix representing L with
respect to E and F, then

aj=B_1L(uj) for j=1,...,n
where B = (by,...,b,,).

If A is representing L with respect to E and F, then, forj=1,...,n,
L(uj) = ajjby + agyby + - - - + apby
= Baj
The matrix B is nonsingular since its column vectors form a basis for R"”. Hence

a=B"L) j=1,....n u

One consequence of this theorem is that we can determine the matrix representa-
tion of the transformation by computing the reduced row echelon form of an augmented
matrix. The following corollary shows how this is done:

If A is the matrix representing the linear transformation L: R" — R™ with respect to
the bases

E={uy,...,u,} and F ={by,...,b,}
then the reduced row echelon form of (by,...,b,, |L(ay),...,L(u,))is (I |A).

Let B = (by,...,b,;). The matrix (B | L (u;), ..., L (u,)) is row equivalent to
B~ '(B|L(w)),...,L(u,))=(|B'L(uy),...,B"'L(u,)
=(|ay,...,a,)
=(I]A) -
Let L: R? — R? be the linear transformation defined by
L(x) = (x2,x1 + X2, — x2)"

Find the matrix representations of L with respect to the ordered bases {u;,u,} and
{bl, b2, b3}, where

u=(,2", w=@G1D"
and
b, =(1,0,007,  by=(1,1,007, by=(1,1,DT
Solution

We must compute L(u;) and L(up) and then transform the augmented matrix
(by,by, b3 | L(u;), L (uy)) to reduced row echelon form:

Lu)=23-D" and L) =(1,4,2)

1 1 2 1 1 0 0] -1 -3
1 1 3 41 —-160 1 0] 4 2
0 1] -1 2 0 0 1] -1 2

S O =
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The matrix representing L with respect to the given ordered bases is
-1 -3
A= 4 2
-1 2

L(lll) = _bl + 4b2 — b3
L(uy) = —3b; + 2b;, + 2b;s |

The reader may verify that

Computer Graphics and Animation

A picture in the plane can be stored in the computer as a set of vertices. The vertices
can then be plotted and connected by lines to produce the picture. If there are n vertices,
they are stored in a2 x n matrix. The x-coordinates of the vertices are stored in the first
row and the y-coordinates in the second. Each successive pair of points is connected
by a straight line.

For example, to generate a triangle with vertices (0, 0), (1, 1), and (1, —1), we store
the pairs as columns of a matrix:

0 1 1 0
T= [ 0 1 -1 0 ]
An additional copy of the vertex (0,0) is stored in the last column of 7 so that the
previous point (1, —1) will be connected back to (0, 0) [see Figure 4.2.3(a)].

We can transform a figure by changing the positions of the vertices and then
redrawing the figure. If the transformation is linear, it can be carried out as a mat-
rix multiplication. Viewing a succession of such drawings will produce the effect of
animation.

The four primary geometric transformations that are used in computer graphics are
as follows:

1. Dilations and contractions. A linear operator of the form
L(x) =cx

is a dilation if ¢ > 1 and a contraction if 0 < ¢ < 1. The operator L is
represented by the matrix ¢/, where [ is the 2 x 2 identity matrix. A dilation
increases the size of the figure by a factor ¢ > 1, and a contraction shrinks the
figure by a factor ¢ < 1. Figure 4.2.3(b) shows a dilation by a factor of 1.5 of
the triangle stored in the matrix 7.

2. Reflections about an axis. If L, is a transformation that reflects a vector x
about the x-axis, then L, is a linear operator and hence it can be represented by
a2 x 2 matrix A. Since

L.(e)) = e and  L.(e) = —e

=[o -

it follows that
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1.5 R 15} R
1H . 1} .
0.5 R 051 R
of : s :
0.5} E 0.5+ E
1k i 1k i
15} I I I [ 151 I I I [
-1 0 1 2 -1 0 1 2
(a) Triangle defined by T (b) Dilation by factor of 1.5
1.5 R 15| R
1H . 1} .
05} R 05 R
of : of :
0.5 B 0.5+ E
1t i 1k i
-15¢ L L L L 1 -1.5p L L L L ]
-1 0 1 2 -1 0 1 2
(c) Reflection about y-axis (d) Rotation by 60°
Figure 4.2.3.
Similarly, if L, is the linear operator that reflects a vector about the y-axis, then
L, is represented by the matrix
-1 0
0 1
Figure 4.2.3(c) shows the image of the triangle T after a reflection about the
y-axis. In Chapter 7, we will learn a simple method for constructing reflection
matrices that have the effect of reflecting a vector about any line through the
origin.
3. Rotations. Let L be a transformation that rotates a vector about the origin by
an angle 6 in the counterclockwise direction. We saw in Example 2 that L is a
linear operator and that L (x) = Ax, where
[ cosf —sin6
| siné cosd
Figure 4.2.3(d) shows the result of rotating the triangle 7" by 60° in the
counterclockwise direction.
4. Translations. A translation by a vector a is a transformation of the form

Lx)=x+a

If a £ 0, then L is not a linear transformation and hence L cannot be repres-
ented by a 2 x 2 matrix. However, in computer graphics it is desirable to do
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all transformations as matrix multiplications. The way around the problem is to
introduce a new system of coordinates called homogeneous coordinates. This
new system will allow us to perform translations as linear transformations.

Homogeneous Coordinates

The homogeneous coordinate system is formed by equating each vector in R? with a
vector in R? having the same first two coordinates and having 1 as its third coordinate.

X1
X1
<> X2

When we want to plot a point represented by the homogeneous coordinate vector
(x1,x2, )T, we simply ignore the third coordinate and plot the ordered pair (x;, x;).

The linear transformations discussed earlier must now be represented by 3 x 3
matrices. To do this, we take the 2 x 2 matrix representation and augment it by attach-
ing the third row and third column of the 3 x 3 identity matrix. For example, in place
of the 2 x 2 dilation matrix

3
0
we have the 3 x 3 matrix
300
0 3 0
0 0 1
Note that
300 X1 3)61
0 3 0 X2 = 3)62
0 0 1 1 1

If L is a translation by a vector a in R?, we can find a matrix representation for L
with respect to the homogeneous coordinate system. We simply take the 3 x 3 identity
matrix and replace the first two entries of its third column with the entries of a. To
see that this works, consider, for example, a translation corresponding to the vector
a = (6,2)". In homogeneous coordinates, this transformation is accomplished by the

matrix multiplication
1 O 6 X1 +6
AX = X2 + 2

Figure 4.2.4(a) shows a stick figure generated from a 3 x 81 matrix S. If we mul-
tiply S by the translation matrix A, the graph of AS is the translated image given in
Figure 4.2.4(b).
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APPLICATION 2

8 8
6 g 6 R
41 R 41 E
2F E 2 R
0 R 0 R

| | | | | | | |

0 2 4 6 8 0 2 4 6 8

(a) Graph of 3 x 81 matrix S (b) Graph of translated figure AS

Figure 4.2.4.

The Yaw, Pitch, and Roll of an Airplane

The terms yaw, pitch, and roll are commonly used in the aerospace industry to describe
the maneuvering of an aircraft. Figure 4.2.5(a) shows the initial position of a model
airplane. In describing yaw, pitch, and roll, the current coordinate system is given in
terms of the position of the vehicle. It is always assumed that the craft is situated on the
xy-plane with its nose pointing in the direction of the positive x-axis and the left wing
pointing in the direction of the positive y-axis. Furthermore, when the plane moves, the
three coordinate axes move with the vehicle (see Figure 4.2.5).

A yaw is a rotation in the xy-plane. Figure 4.2.5(b) illustrates a yaw of 45°. In
this case, the craft has been rotated 45° to the right (clockwise). Viewed as a linear

Front

Left Top

Right Right

(a) Original Position of Airplane (b) Yaw of 45°

(¢) Pitch of —30° (d) Roll of 30°

Figure 4.2.5.
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transformation in 3-space, a yaw is simply a rotation about the z-axis. Note that if the
initial coordinates of the nose of the model plane are represented by the vector (1, 0, 0),
then its xyz coordinates after the yaw transformation will still be (1,0, 0), since the
coordinate axis rotated with the craft. In the initial position of the airplane, the x, y,
and z axes are in the same directions as the front-back, left-right, and top-bottom axes
shown in the figure. We will refer to this initial front, left, top axis system as the FLT
axis system. After the 45° yaw, the position of the nose of the craft with respect to the
FLT axis system is (% —\/%, O).

If we view a yaw transformation L in terms of the FLT axis system, it is easy to
find a matrix representation. If L corresponds to yaw by an angle u, then L will rotate
the points (1,0,0) and (0, 1,0) to the positions (cos u, — sinu,0) and (sin u, cos u, 0),
respectively. The point (0,0, 1) will remained unchanged by the yaw since it is on the
axis of rotation. In terms of column vectors, if y,, y,, and y; are the images of the
standard basis vectors for R3 under L, then

cosu sinu 0
yi=L(e)=| —sinu|, y,=L(es)=|cosu|, y;=L(es)= |0
0 0 1

Therefore, the matrix representation of the yaw transformation is

cosu sinu 0
Y= | —sinu cosu O (D)
0 0 1

A pitch is a rotation of the aircraft in the xz plane. Figure 4.2.5(c) illustrates a pitch
of —30°. Since the angle is negative, the nose of the craft is rotated 30° downward,
toward the bottom axis of the figure. Viewed as a linear transformation in 3-space, a
pitch is simply a rotation about the y-axis. As with the yaw, we can find the matrix for a
pitch transformation with respect to the FLT axis system. If L is a pitch transformation
with angle of rotation v, the matrix representation of L is given by

cosv 0 —sinv
P = 0 1 0 2)
sinv 0 cosv

A roll is a rotation of the aircraft in the yz plane. Figure 4.2.5(d) illustrates a roll
of 30°. In this case the left wing is rotated up 30° toward the top axis in the figure
and the right wing is rotated 30° downward toward the bottom axis. Viewed as a linear
transformation in 3-space, a roll is simply a rotation about the x-axis. As with the yaw
and pitch, we can find the matrix representation for a roll transformation with respect
to the FLT axis system. If L is a roll transformation with angle of rotation w, the matrix
representation of L is given by

1 0 0
R=1]0 cosw —sinw 3)
0 sinw cosw

If we perform a yaw by an angle « and then a pitch by an angle v, the composite
transformation is linear; however, its matrix representation is not equal to the product
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PY. The effect of the yaw on the standard basis vectors e, e;, and e3 is to rotate them to
the new directions y,, y,, and y5. So the vectors y, y,, and y; will define the directions
of the x, y, and z axes when we do the pitch. The desired pitch transformation is then
a rotation about the new y-axis (i.e., the axis in the direction of the vector y,). The
vectors y; and y; form a plane, and when the pitch is applied, they are both rotated by
an angle v in that plane. The vector y, will remain unaffected by the pitch, since it lies
on the axis of rotation. Thus, the composite transformation L has the following effect
on the standard basis vectors.
yaw pitch .
€ — Yy, —> COosSVy; +sinvy;
yaw pitch
=Y > )N
yaw pitch .
€3 —> y3 —> —SInvy; +Cosvyy

The images of the standard basis vectors form the columns of the matrix representing
the composite transformation:

cosv 0 —sinv
(cosvy, +sinvys, ¥, —sinvy; +cosvyz) = (¥1,¥2,¥3) 0 1 0
sinv O cos Vv

= YP

It follows that matrix representation of the composite is a product of the two individual
matrices representing the yaw and the pitch, but the product must be taken in the reverse
order, with the yaw matrix Y on the left and the pitch matrix P on the right. Similarly,
for a composite transformation of a yaw with angle u, followed by a pitch with angle v,
and then a roll with angle w, the matrix representation of the composite transformation
would be the product YPR.

SECTION 4.2 EXERCISES

1. Refer to Exercise 1 of Section 4.1. For each linear
transformation L, find the standard matrix repres-

4. Let L be the linear operator on R? defined by

entation of L.

. For each of the following linear transformations
L mapping R* into R?, find a matrix A such that
L (x) = Ax for every x in R3:

(@) L((x1,2,x3)") = (x1 + x,0)

(b) L((x1,x2,x3)") = (x1,x)"

(©) L((x1,x2,x3)") = (xp — x1,x3 — x2)"

. For each of the following linear operators L on R?,
find a matrix A such that L (x) = Ax for every X in
R3:

(@) L((x1,x2,x3)") = (x3, 200, %1)"

(b) L((x1,%2,x3)") = (1, %1 4 22, %1 + 23 + x3)"
(©) L((x1,x2,x3)") = (2x3,x2 + 3x1, 2x; — x3)"

2X] — X — X3
L(X) = 2.X2 — X1 — X3
2X3 — X1 — X2

Determine the standard matrix representation A of
L, and use A to find L (x) for each of the following
vectors X:

(a) x=(1,1,)7 b) x=(2,1,D)"

() x=(-5,3,27

. Find the standard matrix representation for each of

the following linear operators:

(a) L is the linear operator that rotates each X in
R? by 45° in the clockwise direction.
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(b) L is the linear operator that reflects each vector
x in R? about the x, axis and then rotates it 90°
in the counterclockwise direction.

(¢) L doubles the length of x and then rotates it 30°
in the counterclockwise direction.

(d) L reflects each vector x about the line x, = x;
and then projects it onto the x;-axis.

. Let
1 1 0
by=1]11], b=]01], by=1] 1
HES AN

and let L be the linear transformation from R? into
R? defined by
L(x) = x;b; +xby + (x; + x2)bs3

Find the matrix A representing L with respect to the
ordered bases {e;, e,} and {by, by, bs}.

. Let
1 1 1
vi=|1l],. =11 yv5=1]0
1 0 0

and let Z be the identity operator on R3.
(a) Find the coordinates of Z(e;), Z(e,), and Z(e3)
with respect to {y,, y,, ¥}

(b) Find a matrix A such that Ax is the coordinate
vector of x with respect to {y,, ¥,,¥3}.

. Lety,,y,, and y; be defined as in Exercise 7, and

let L be the linear operator on R? defined by

L(ciy, + 2y, + ¢3y3)

= (c1 + 2+ )y, + 2o+ 3)y, — 2ca + 3)y;

(a) Find a matrix representing L with respect to the
ordered basis {y;, ¥,, ¥3}-

(b) For each of the following, write the vector x as
a linear combination of y,,y,, and y; and use
the matrix from part (a) to determine L (x):
i x= (7,527 (i) x=3,2, )7
(iii) x = (1,2,3)7

. Let

0 0
R=1]0 1
11 11

1 0
0 0

The column vectors of R represent the homogen-

eous coordinates of points in the plane.

(a) Draw the figure whose vertices correspond to
the column vectors of R. What type of figure
is it?

(b) For each of the following choices of A, sketch
the graph of the figure represented by AR and
describe geometrically the effect of the linear

transformation:
100
@ A=]10 1 0
0 0 1
1 1
w0
s _ 1 1
(ii) A= -5 7 0
0 0 1
1 0 2
@Gi)A=]0 1 -3
0 0 1

10. For each of the following linear operators on R2,

11.

12.

find the matrix representation of the transforma-

tion with respect to the homogeneous coordinate

system:

(a) The transformation L that rotates each vector
by 120° in the counterclockwise direction

(b) The transformation L that translates each point
3 units to the left and 5 units up

(¢) The transformation L that contracts each vector
by a factor of one-third

(d) The transformation that reflects a vector about
the y-axis and then translates it up 2 units

Determine the matrix representation of each of the

following composite transformations.

(a) A yaw of 90°, followed by a pitch of 90°

(b) A pitch of 90°, followed by a yaw of 90°

(c) A pitch of 45°, followed by a roll of —90°

(d) A roll of —90°, followed by a pitch of 45°

(e) A yaw of 45°, followed by a pitch of —90° and
then a roll of —45°

(f) A roll of —45°, followed by a pitch of —90°
and then a yaw of 45°

Let Y, P, and R be the yaw, pitch, and roll matrices

given in equations (1), (2), and (3), respectively,

and let Q = YPR.

(a) Show that Y, P, and R all have determinants
equal to 1.

(b) The matrix Y represents a yaw with angle u.
The inverse transformation should be a yaw
with angle —u. Show that the matrix represent-
ation of the inverse transformation is Y7 and
that Y7 = y—1.

(¢) Show that Q is nonsingular and express Q! in
terms of the transposes of Y, P, and R.
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13.

14.

15.

16.

17.

4.3

Let L be the linear transformation mapping P, into
R? defined by

1
L(p0) = | [ peras ]
p(0)
Find a matrix A such that
La+px)=A ["‘]
B
The linear transformation L defined by

L(p(x)) = p'(x) + p(0)

maps Ps into P,. Find the matrix representation of
L with respect to the ordered bases [x?,x,1] and
[2,1 — x]. For each of the following vectors p(x)
in Ps, find the coordinates of L (p(x)) with respect
to the ordered basis [2, 1 — x]:

@ x>+2x—3 b) > +1
(¢) 3x (d) 4x> + 2x
Let S be the subspace of C[a, b] spanned by e*, xe*,

and x?¢*. Let D be the differentiation operator of
S. Find the matrix representing D with respect to
[€", xe*, x%e"].

Let L be a linear operator on R”". Suppose that
L(x) = 0 for some x # 0. Let A be the matrix
representing L with respect to the standard basis
{e;,e,,...,e,}. Show that A is singular.

Let L be a linear operator on a vector space
V. Let A be the matrix representing L with re-
spect to an ordered basis {vi,...,v,} of V [ie.,

19.

20.

. LetE =

n
L(v)=) azvi,j=1,...,n]. Show that A" is the
i=1
matrix representing L with respect to {vy, ..., v,}.

{u;,uy,u3} and F = {by, by}, where

T

b, = (1,—-D7, b, =2, -1
For each of the following linear transformations L
from R? into R?, find the matrix representing L with
respect to the ordered bases E and F"

(@ LX) = (x3,x)"
(b) L(x) = (x| +x,x1 —x3)"
(€©) L(x)=(2x, —x))"

Suppose that L;: V — Wand L,: W — Z are
linear transformations and E, F, and G are ordered
bases for V, W, and Z, respectively. Show that, if A
represents L, relative to £ and F and B represents
L, relative to F and G, then the matrix C = BA rep-
resents [, o Li: V — Z relative to E and G. Hint:
Show that BA[V]g = [(L, o L;)(V)]g forallv e V.
Let V and W be vector spaces with ordered bases
E and F, respectively. If L: V — W is a linear
transformation and A is the matrix representing L
relative to E and F, show that

(a) v € ker(L) if and only if [v]g € N(A).
(b) w € L(V) if and only if [w]g is in the column
space of A.

Similarity

If L is a linear operator on an n-dimensional vector space V, the matrix representation
of L will depend on the ordered basis chosen for V. By using different bases, it is
possible to represent L by different n x n matrices. In this section, we consider different
matrix representations of linear operators and characterize the relationship between
matrices representing the same linear operator.

Let us begin by considering an example in R?. Let L be the linear transformation

mapping R? into itself defined by

Since

L(x) =

L(en) = [f]

2x1,x1 +x)"

and L(ey) = [ (1) ]



4.3 Similarity 193

it follows that the matrix representing L with respect to {e, e;} is
2 0
=77

If we use a different basis for R?, the matrix representation of L will change. If, for

example, we use
u = [}] and u; = [_}]

for a basis, then to determine the matrix representation of L with respect to {u;, u,} we
must determine L (u;) and L (u;) and express these vectors as linear combinations of
u; and u,. We can use the matrix A to determine L (u;) and L (u»):

== [ )= [2)
et I R

To express these vectors in terms of u; and u,, we use a transition matrix to change
from the ordered basis {e, e} to {u;,u,}. Let us first compute the transition matrix
from {u;, u,} to {e;, e;}. This is simply

U=(u,um)= [} _}]

The transition matrix from {e;, e,} to {u;, u;} will then be

|

To determine the coordinates of L (u;) and L (u,) with respect to {u;, u,}, we multiply

the vectors by U~ [i] _ [(2)]
-1

L) = 2u + Ouy
L(llz) = —1111 + lllz

<
L
|
e,
|
= =
= N—

U'L(u) =U""Au, =

U™'L(w) = U 'Au, =

= D= N= =
D= D= = D=

Thus,

and the matrix representing L with respect to {u, u,} is

B:[g _1]
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How are A and B related? Note that the columns of B are

[ (2) ] = U"'Au, and [ _} ] = U 'Au,

Hence,
B = (U 'Au;, U 'Aw,) = U 'A(u;,wp) = U'AU
Thus, if

(i) B is the matrix representing L with respect to {u;, u}
(ii) A is the matrix representing L with respect to {e;, e}

(iii) U is the transition matrix corresponding to the change of basis from {u;, u,}

to {ey, e}
then
B=U"'AU

The results that we have established for this particular linear operator on R?
are typical of what happens in a much more general setting. We will show next
that the same sort of relationship as that given in (1) will hold for any two matrix
representations of a linear operator that maps an n-dimensional vector space into itself.

Theorem 4.3.1 Let E = {vy,...,V,} and F = {wy,...,W,} be two ordered bases for a vector space
V, and let L be a linear operator on V. Let S be the transition matrix representing the
change from F to E. If A is the matrix representing L with respect to E, and B is the

matrix representing L with respect to F, then B = S™'AS.

Proof Let x be any vector in R” and let
V=Xx1W; +xoWr + -+ Xx,W,
Let
y = 5%, t = Ay, z = Bx
It follows from the definition of S that y = [v]z and hence

V=y1Vi+ Yy

Since A represents L with respect to E, and B represents L with respect to F, we have

t=[LW]g and z=[LW)]F
A The transition matrix from E to F is S~'. Therefore,
STlt=1z
It follows from (2) and (3) that
S1ASx =S 'Ay =S 't =z = Bx
(see Figure 4.3.1). Thus,

Figure 4.3.1.
S7'ASx = Bx

for every x € R”, and hence S~'AS = B.
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Another way of viewing Theorem 4.3.1 is to consider S as the matrix representing
the identity transformation Z with respect to the ordered bases

F={wy...,w,} and E={v,...,v,}

If

S represents Z relative to F and E,
A represents L relative to E,
S~! represents 7 relative to E and F

then L can be expressed as a composite operator Z o LoZ, and the matrix representation
of the composite will be the product of the matrix representations of the components.
Thus, the matrix representation of Z o L o Z relative to F is S~'AS. If B is the matrix
representing L relative to F, then B must equal S~'AS (see Figure 4.3.2).

BasisE: V L Vv
A
IS S 1
B
Basis F: V \%
L
Figure 4.3.2.

Let A and B be n xn matrices. B is said to be similar to A if there exists a nonsingular
matrix S such that B = S~!AS.

Note that if B is similar to A, then A = (S~!)~!BS~! is similar to B. Thus, we may
simply say that A and B are similar matrices.

It follows from Theorem 4.3.1 that, if A and B are n X n matrices representing the
same operator L, then A and B are similar. Conversely, suppose that A represents L with
respect to the ordered basis {vy,...,v,} and B = S—1AS for some nonsingular matrix
S. If wi,...,w, are defined by

Wi =snvi+sava+ -+ Suva
Wy = S12V) +822V2 + -+ SV
W, = S1aV1 + $21, V2 + -+ SunVn

then {wy,...,w,} is an ordered basis for V, and B is the matrix representing L with
respect to {wy, ..., w,}.

Let D be the differentiation operator on P3. Find the matrix B representing D with
respect to [1, x, x*] and the matrix A representing D with respect to [1, 2x, 4x> — 2].



196 Chapter 4 Linear Transformations

EXAMPLE 2

Solution

D)=0-140-x4+0-x>
Dx)=1-14+0-x+0-x°
DOX?)=0-14+2-x4+0-x7

010
0 0 2

0 00

= =

The matrix B is then given by

B =

Applying D to 1, 2x, and 4x*> — 2, we obtain
DA)=0-14+0-2x+0-(4x>—-2)
D2x)=2-14+0-2x+0-(4x*> —2)

D@2 —2)=0-144-2x+0- (4 —2)

Thus

A=10 0 4

0 00

020]

The transition matrix S corresponding to the change of basis from [1,2x,4x> — 2] to
[1,x,x%] and its inverse are given by

10 -2 10 1
§=102 0 and  S'=1]0 1 0
00 4 0 0 ;

(See Example 6 from Chapter 3, Section 3.5.) The reader may verify that A = S~!BS.
|

Let L be the linear operator mapping R? into R? defined by L (x) = Ax, where

2 2 0
1 1 2

1 1 2

A=

Thus the matrix A represents L with respect to {e;, e;, e3}. Find the matrix representing
L with respect to {y, ¥,, y3}, where

1 -2 1
vi=1]-1]1, Y. = 11, y3=|1
0 1 1

L(y,) = Ay, = 0 =0y, + 0y, + Oy;
L(y,) = Ay, =y, = 0y, + ly, + Oy;
L(y;) = Ay; = 4y; = Oy, + Oy, + 4y,

Solution
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Thus, the matrix representing L with respect to {y;, y,,y3} is

0 00
D=]10 1 0
0 0 4

We could have found D by using the transition matrix ¥ = (y;,y,,y3) and computing
D=Y'AY

This was unnecessary due to the simplicity of the action of L on the basis {y, ¥, ¥3}.
|

In Example 2, the linear operator L is represented by a diagonal matrix D with
respect to the basis {y,y,,¥s}. It is much simpler to work with D than with A. For
example, it is easier to compute Dx and D"x than Ax and A"x. Generally, it is desirable
to find as simple a representation as possible for a linear operator. In particular, if the
operator can be represented by a diagonal matrix, this is usually the preferred repres-
entation. The problem of finding a diagonal representation for a linear operator will be
studied in Chapter 6.

SECTION 4.3 EXERCISES

1. For each of the following linear operators L on (b) Find the matrix A representing L with respect

R?, determine the matrix A representing L with
respect to {e;,e,} (see Exercise 1 of Section 1.2)
and the matrix B representing L with respect to
{u =D w =110

(@) L(x) = (—x,x)" (b) L(x)=—x

(©) L(x) = (x2,x)" (d) L(x) = 3x

(e) L(x)=xe;

. Let {u;,w,} and {v;,v,} be ordered bases for R?,

where
—_— 1 — -
u = 1 ) u = 1

a3 [0)

Let L be the linear transformation defined by

L(x) = (—x1,x)"
and let B be the matrix representing L with respect
to {u;, u,} [from Exercise 1(a)].

(a) Find the transition matrix S corresponding to
the change of basis from {u;, u,} to {vy, vo}.

and

to {v;, v,} by computing SBS~.
(¢) Verify that
L(vy) = aynvy +anvsy
L(v3) = apv) +anv

. Let L be the linear transformation on R? defined by

2X1 — X2 — X3
LXx)=|2x—x —x3
2.X3—X1 — X2

and let A be the standard matrix representation of L
(see Exercise 4 of Section 4.2). If u; = (1,1,0)7,
w, = (1,0,1)", anduz = (0, 1, )7, then {u;, u,, u3}
is an ordered basis for R?® and U = (uy,u,,u3)
is the transition matrix corresponding to a change
of basis from {u;,u,,u3} to the standard basis
{e, ey, e3}. Determine the matrix B representing L
with respect to the basis {u;, u,, us} by calculating
U™'AU.

. Let L be the linear operator mapping R? into R?

defined by L (x) = Ax, where

3 -1 =2
2 0o -2

2 -1 -1

A=
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and let

1 1 0
vi=|1], w=]|2], vs=1]-2
1 0 1

Find the transition matrix V corresponding to a
change of basis from {vy, v,, v3} to {e;, e,, €3}, and
use it to determine the matrix B representing L with
respect to {vy, v,, V3}.

. Let L be the operator on P defined by
L(p(x)) = xp'(x) + p"(x)
(a) Find the matrix A representing L with respect
to [1,x, x%].
(b) Find the matrix B representing L with respect
to[1,x, 1+ x%].
(c) Find the matrix S such that B = S~'AS.
d) If p(x) = ag + aix + ax(1 + x?), calculate
L*(p(x)).
. Let V be the subspace of Cla,b] spanned by

1,e% e, and let D be the differentiation operator

onV.

(a) Find the transition matrix S represent-
ing the change of coordinates from the
ordered basis [1,¢e",e] to the ordered basis
[1,coshx,sinhx]. [coshx = %(e" + ™),
sinhx = 1(¢" — ™).

(b) Find the matrix A representing D with respect
to the ordered basis [1, cosh x, sinh x].

(¢) Find the matrix B representing D with respect
to[1,e", e™].

(d) Verify that B = S~'AS.

. Prove that if A is similar to B and B is similar to C,
then A is similar to C.

10.

11.

12.

13.

14.

15.

. Suppose that A = SAS~!, where A is a diagonal

matrix with diagonal elements A, A, ..., A,.
(a) Show thatAs;, = A;s;,i=1,...,n.
(b) Show thatif X = o8] +®28, + - - - + ,,8,,, then
Afx = a M) Faprbs, 4+ ks,
(¢) Suppose that |A;| < 1 fori = 1,...,n. What
happens to A*x as k — oo? Explain.

. Suppose that A = ST, where S is nonsingular. Let

B = TS. Show that B is similar to A.

Let A and B be n x n matrices. Show that if A is
similar to B then there exist n x n matrices S and 7,
with S nonsingular, such that

A=ST and B=TS
Show that if A and B are similar matrices, then
det(A) = det(B).
Let A and B be similar matrices. Show that
(a) AT and BT are similar.

(b) A* and B are similar for each positive integer
k.

Show that if A is similar to B and A is nonsingular,
then B must also be nonsingular and A~! and B~!
are similar.

Let A and B be similar matrices and let A be any
scalar. Show that

(a) A — Al and B — Al are similar.
(b) det(A — AI) = det(B — Al).
The trace of an n x n matrix A, denoted tr(A), is the
sum of its diagonal entries; that is,
tr(A) =a;; +an+- -+ am
Show that
(a) tr(AB) = tr(BA)
(b) if A is similar to B, then tr(A) = tr(B).

Chapter Four Exercises

MATLAB EXERCISES
1. Use MATLAB to generate a matrix W and a vector and

x by setting
W = triu(ones(5)) and x=[1:5]
The columns of W can be used to form an ordered

basis
F = {wi,wy, w3, wy, ws}
Let L: R> — R be a linear operator such that
L(wi) =w,

L(w>) = ws, L(W3) = w,

L(wy) = 4w, 4 3w, + 2w3 + wy
L(Ws) =W + W + W3 + 3w, + Ws

(a) Determine the matrix A representing L with
respect to F, and enter it in MATLAB.

(b) Use MATLAB to compute the coordinate vector
y = W~'x of x with respect to F.



(¢) Use A to compute the coordinate vector z of
L (x) with respect to F.

(d) W is the transition matrix from F to the standard
basis for R3. Use W to compute the coordinate
vector of L (x) with respect to the standard basis.

2. SetA = triu(ones(5))xtril(ones(5)). If L de-
notes the linear operator defined by L (x) = Ax for
all x in R”, then A is the matrix representing L with
respect to the standard basis for R’. Constructa 5 x 5
matrix U by setting

U = hankel(ones(5,1),1:5)

Use the MATLAB function rank to verify that the
column vectors of U are linearly independent. Thus,
E = {u;,u,,u3,uy,us} is an ordered basis for R>.
The matrix U is the transition matrix from E to the
standard basis.

(a) Use MATLAB to compute the matrix B repres-
enting L with respect to E. (The matrix B should
be computed in terms of A, U, and u-')

(b) Generate another matrix by setting
V = toeplitz([1,0,1,1,1])

Use MATLAB to check that V is nonsingular. It
follows that the column vectors of V are linearly
independent and hence form an ordered basis F
for R3. Use MATLAB to compute the matrix
C, which represents L with respect to F. (The

CHAPTER TEST A True or False

For each statement that follows, answer true if the state-
ment is always true and false otherwise. In the case of
a true statement, explain or prove your answer. In the
case of a false statement, give an example to show that
the statement is not always true.

1. Let L: R" — R” be a linear transformation. If
L (x;) = L(x;), then the vectors x; and X, must
be equal.

2. If L; and L, are both linear operators on a vector
space V, then L; + L, is also a linear operator on V,
where L; + L, is the mapping defined by

(Li + Ly)(v) = Li(V) + Ly(v) forallv € V

3. If L: V — V is a linear transformation and x €
ker(L), then L(v+x) = L(v) forallve V.
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matrix C should be computed in terms of A, V,
and V1)

(¢) The matrices B and C from parts (a) and (b)
should be similar. Why? Explain. Use MAT-
LAB to compute the transition matrix S from
F to E. Compute the matrix C in terms of B,
S, and S~'. Compare your result with the result
from part (b).

. Let

A = toeplitz(l:7),
S = compan(ones(§, 1))

and set B = S7! % A x S. The matrices A and B are
similar. Use MATLAB to verify that the following
properties hold for these two matrices:

(a) det(B) = det(A)

(b) BT = STAT(ST)"!

(¢) B7'=571A"18

d) B’ =5"1A°S

() B—3I=5"A-3DS

(f) det(B — 3I) = det(A — 3I)

(g) tr(B) = tr(A) (Note that the trace of a matrix A

can be computed with the MATLAB command
trace.)
These properties will hold in general for any pair
of similar matrices. (see Exercises 11-15 of Sec-
tion 4.3).

4. If L, rotates each vector x in R? by 60° and then

reflects the resulting vector about the x-axis, and if
L, is a transformation that does the same two op-
erations, but in the reverse order, then L, = L,.

. The set of all vectors x used in the homogeneous

coordinate system (see the application on computer
graphics and animation in Section 4.2 ) forms a
subspace of R3.

. Let L: R? — R? be a linear transformation, and let

A be the standard matrix representation of L. If L?
is defined by

L*(x) = L(L(x)) for all x € R?

then L? is a linear transformation and its standard
matrix representation is A%
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7.

Let E = {x1,X»,...,X,} be an ordered basis for R".
IfL;: R" - R"and L, : R" — R” have the
same matrix representation with respect to E, then
L, =L,.

Let L: R" — R”" be a linear transformation. If A
is the standard matrix representation of L, then an

CHAPTER TEST B

1.

Determine whether the following are linear operat-
ors on R%:

(a) L is the operator defined by
L(x) = (x; +x2, x1)".
(b) L is the operator defined by L (x) = (x1x2, x1)T.

. Let L be a linear operator on R? and let

we () (3] o 03]

If
L(v)) = [g] and L(vy) = [_f]

find the value of L (v3).

. Let L be the linear operator on R? defined by

X2 — X
Lx)=|x3—x
X3 — X
and let § = Span((1,0, 1)7).
(a) Find the kernel of L.
(b) Determine L (S).

Let L be the linear operator on R? defined by
X2
L(x)= X1
X1 + X2

Determine the range of L.

Let L: R?> — R® be defined by
X +x
L(X) = X — X2
3)61 + 2X2

Find a matrix A such that L (x) = Ax for each x in
R2.

Let L be the linear operator on R? that rotates a vec-
tor by 30° in the counterclockwise direction and
then reflects the resulting vector about the y-axis.
Find the standard matrix representation of L.

10.

10.

n x n matrix B will also be a matrix representation
of L if and only if B is similar to A.

. Let A, B, and C be n x n matrices. If A is similar to

B and B is similar to C, then A is similar to C.

Any two matrices with the same trace are sim-
ilar. [This statement is the converse of part (b) of
Exercise 15 in Section 4.3.]

. Let L be the translation operator on R? defined by

L(x) =x+a, wherea= [?]

Find the matrix representation of L with respect to
the homogeneous coordinate system.

Let
— 3 — 5
u = NE u =

and let L be the linear operator that rotates vec-
tors in R? by 45° in the counterclockwise direction.
Find the matrix representation of L with respect to
the ordered basis [u, u,].

o [2) o= [2)

Xl I B )

and let L be a linear operator on R? whose matrix
representation with respect to the ordered basis is

{u;,up} is
21
A=[3 2]

(a) Determine the transition matrix from the basis
{vy, v2} to the basis {u;, u}.

and

(b) Find the matrix representation of L with re-
spect to {vy, v,}.

Let A and B be similar matrices.

(a) Show that det(A) = det(B).

(b) Show thatif X is any scalar, then det(A — AI) =
det(B — Al).
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Orthogonality

We can add to the structure of a vector space by defining a scalar or inner product.
Such a product is not a true vector multiplication, since to every pair of vectors it
associates a scalar rather than a third vector. For example, in R?, we can define the
scalar product of two vectors X and y to be xy. We can think of vectors in R? as
directed line segments beginning at the origin. It is not difficult to show that the angle
between two line segments will be a right angle if and only if the scalar product of the
corresponding vectors is zero. In general, if V is a vector space with a scalar product,
then two vectors in V are said to be orthogonal if their scalar product is zero.

We can think of orthogonality as a generalization of the concept of perpendicular-
ity to any vector space with an inner product. To see the significance of this, consider
the following problem: Let / be a line passing through the origin, and let Q be a point
not on /. Find the point P on [ that is closest to Q. The solution P to this problem is
characterized by the condition that QP is perpendicular to OP (see Figure 5.0.1). If
we think of the line / as corresponding to a subspace of R?> and v = OQ as a vector
in R?, then the problem is to find a vector in the subspace that is “closest” to v. The
solution p will then be characterized by the property that p is orthogonal to v — p (see
Figure 5.0.1). In the setting of a vector space with an inner product, we are able to
consider general least squares problems. In these problems, we are given a vector v

Figure 5.0.1. 201
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in V and a subspace W. We wish to find a vector in W that is “closest” to v. A solu-
tion p must be orthogonal to v — p. This orthogonality condition provides the key to
solving the least squares problem. Least squares problems occur in many statistical
applications involving data fitting.

The Scalar Product in R"

EXAMPLE |

Definition

Two vectors x and y in R” may be regarded as n x 1 matrices. We can then form the
matrix product xy. This product is a 1 x 1 matrix that may be regarded as a vector in
R! or, more simply, as a real number. The product x”y is called the scalar product of
x and y. In particular, if x = (x|,...,x,)” andy = (yi,...,y,)7, then

X'y =iy + 2292 + - + Xy

then

4
XTy=(3,—2,1)[3|=3-4—2-3+1-2=8 m
2

The Scalar Product in R? and R3

In order to see the geometric significance of the scalar product, let us begin by restrict-
ing our attention to R? and R?. Vectors in R? and R? can be represented by directed
line segments. Given a vector x in either R? or R, its Euclidean length can be defined

in terms of the scalar product.
1/x%—l—x% if x € R?
12 _

1/x%—l—x%—i—x% ifx e R3

Given two nonzero vectors X and y, we can think of them as directed line segments
starting at the same point. The angle between the two vectors is then defined as the
angle 6 between the line segments. We can measure the distance between the vectors
by measuring the length of the vector joining the terminal point of x to the terminal
point of y (see Figure 5.1.1). Thus we have the following definition.

Ix|| = (x"x)

Let x and y be vectors in either R? or R3. The distance between x and y is defined
to be the number ||x — y]||.
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Theorem 5.1.1

Proof

5.1 The Scalar Productin R* 203

(x1, X2)

(yl, y2)

Figure 5.1.1.

If x = (3,4)" and y = (—1,7)7, then the distance between x and y is given by

ly — x| =vV(=1=32+ (7 —42 =5 u
The angle between two vectors can be computed using the following theorem.

Ifx and y are two nonzero vectors in either R? or R and 0 is the angle between them,
then

x'y = x| [lyll cos 6 ey

The vectors X, y, and y — x may be used to form a triangle as in Figure 5.1.1. By the
law of cosines, we have

ly — xII* = IxII> + llyll* — 2| ly]| cos &
and hence it follows that

IxIl Iyl cos & = 5CUIxII* + lylI* — lly — xI1*)
= 3>IXI> + IylI1P = (v = 0" (y — %))
=312+ IylI> = ¢y — y"x = x"y + x"x))
=x"y ]
If x and y are nonzero vectors, then we can specify their directions by forming unit
vectors
1 1

u=-—x and v=-—y
(x| lyll

If 6 is the angle between x and y, then

T
Xy T

6= =uv
Iyl

The cosine of the angle between the vectors x and y is simply the scalar product of the
corresponding direction vectors u and v.
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EXAMPLE 3

Corollary 5.1.2

Proof

Definition

EXAMPLE 4

Let x and y be the vectors in Example 2. The directions of these vectors are given by
the unit vectors

3 1
1 5 1 52
u=—— = = —y = 5{
Il 4 Iyl
5 5V2
The cosine of the angle 6 between the two vectors is
cosf =u'v = 1
V2
and hence 6 = 7. [ ]
Cauchy—Schwarz Inequality
Ifx and y are vectors in either R? or R3, then
X"yl < IIx|l Iyl (2)

with equality holding if and only if one of the vectors is 0 or one vector is a multiple of
the other.

The inequality follows from (1). If one of the vectors is 0, then both sides of (2) are 0.
If both vectors are nonzero, it follows from (1) that equality can hold in (2) if and only
if cos @ = =£1. But this would imply that the vectors are either in the same or opposite
directions and hence that one vector must be a multiple of the other. ]

If x"y = 0, it follows from Theorem 5.1.1 that either one of the vectors is the zero

vector or cos @ = 0. If cos & = 0, the angle between the vectors is a right angle.

The vectors x and y in R? (or R?) are said to be orthogonal if x”y = 0.

(a) The vector 0 is orthogonal to every vector in R,

(b) The vectors [ g ] and [ _2 ] are orthogonal in R

2 1
(c) The vectors | -3 I and [ 1 ] are orthogonal in R, -
1 1

Scalar and Vector Projections

The scalar product can be used to find the component of one vector in the direction of
another. Let x and y be nonzero vectors in either R? or R*. We would like to write x as
a sum of the form p + z, where p is in the direction of y and z is orthogonal to p (see
Figure 5.1.2). To do this, let u = (1/|ly]|)y. Thus u is a unit vector (length 1) in the
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Figure 5.1.2.

and z to be orthogonal, the scalar o must satisfy

o = ||x|| cos @

5.1 The Scalar Product in R”

direction of y. We wish to find « such that p = «u is orthogonal to z = x — cu. For p

_ Il llyllcos®

Iyl
_xly

iyl

vector projection of X onto y.

Vector projection of X onto y:

The scalar « is called the scalar projection of x onto y, and the vector p is called the
Scalar projection of x onto y:

Figure 5.1.3.

x'y
o = —
Iyl
1 x'y
Pp=ocu=ua-—y=——Y
Iyll™ ¥y
The point Q in Figure 5.1.3 is the point on the line y = %x that is closest to the point
(1,4). Determine the coordinates of Q.
1,4)
\
\
\
v \
\

205
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EXAMPLE 6

EXAMPLE 7

Solution

The vector w = (3, 1)7 is a vector in the direction of the line y = %x. Let v = (1,4)".
If Q is the desired point, then Q7 is the vector projection of v onto w.

o= ()= 1= (5

Thus, Q = (2.1,0.7) is the closest point. [ |

Notation

If P; and P, are two points in 3-space, we will denote the vector from P, to P, by
—
P\ P;.

If N is a nonzero vector and Py is a fixed point, the set of points P such that ITI)J is
orthogonal to N forms a plane 7 in 3-space that passes through Py. The vector N and
the plane 7 are said to be normal to each other. A point P = (x,y,z) will lie on 7 if
and only if

(PoP)'N =0
If N = (a, b, )" and Py = (x, yo, 20), this equation can be written in the form
a(x — xo) + by —yo) + c(z—20) =0

Find the equation of the plane passing through the point (2, —1, 3) and normal to the
vector N = (2,3, 4)".

Solution
PoP = (x — 2,y + 1,z — 3)T. The equation is (PoP)’N = 0, or

260—=2)+3y+ 1) +4z—-3)=0 [ |

The span of two linearly independent vectors x and y in R® corresponds to a plane
through the origin in 3-space. To determine the equation of the plane we must find
a vector normal to the plane. In Section 3 of Chapter 2, it was shown that the cross
product of the two vectors is orthogonal to each vector. If we take N = x X y as our
normal vector, then the equation of the plane is given by

nmx+nyy+nzz=0

Find the equation of the plane that passes through the points

Pr=(1,12), P,=(@233), P3=3,-33)

2
—4
1

Solution
Let

—>
X=P1P2=

2| and y=P/P;=
1
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The normal vector N must be orthogonal to both x and y. If we set

6
N=xxy= 1
-8

then N will be a normal vector to the plane that passes through the given points. We
can then use any one of the points to determine the equation of the plane. Using the
point P, we see that the equation of the plane is

66— D+ —1)—8z—2)=0 n

Find the distance from the point (2, 0, 0) to the plane x 4+ 2y + 2z = 0.

Solution

The vector N = (1,2,2)" is normal to the plane and the plane passes through the origin.
Letv = (2,0,0)7. The distance d from (2, 0, 0) to the plane is simply the absolute value
of the scalar projection of v onto N. Thus

T

2
SN2 .
IN]| 3

If x and y are nonzero vectors in R® and 6 is the angle between the vectors, then

x'y

Ayl

It then follows that

Tv)2 2 2 _ (xTvy)2
in = V1 —cosig = |1 ¥ VIXPIYIE - &Ty)

Xl IR Iyl

and hence

X[yl sing = v/Ix[2llyll> — x"y)?
= \/(X% +25 + )07 +¥3 +33) — (yi +xy2 +x3y3)

= V(2y3 — 13922 + (31 — x193)? + (x1y2 — x01)?
=[x xyl

Thus, we have, for any nonzero vectors x and y in R,
Ix < yll = lIx|llyll sin6&

If either x or y is the zero vector then x x y = 0 and hence the norm of x x y will be 0.
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Orthogonality in R”

The definitions that have been given for R? and R? can all be generalized to R”. Indeed,
if x € R”, then the Euclidean length of x is defined by

x|l = "% = (o + 23 + - + 1)

If x and y are two vectors in R”, then the distance between the vectors is ||y — x]||.
The Cauchy—Schwarz inequality holds in R”. (We will prove this in Section 5.4.)
Consequently,

x'y

= =
Il Myl

for any nonzero vectors x and y in R”. In view of (3) the definition of the angle between
two vectors that was used for R? can be generalized to R”. Thus the angle 6 between
two nonzero vectors x and y in R” is given by

3)

x'y

Al Dyl

In talking about angles between vectors it is usually more convenient to scale the
vectors so as to make them unit vectors. If we set
1 1

u=-—x and v=-—y
Il Iyl

then the angle 6 between u and v is clearly the same as the angle between x and y, and
its cosine can be computed simply by taking the scalar product of the two unit vectors:

T
X
= y = uTV
Iyl

The vectors x and y are said to be orthogonal if x"y = 0. Often the symbol L is used

to indicate orthogonality. Thus, if x and y are orthogonal, we will write x L y. Vector

and scalar projections are defined in R” in the same way that they were defined for R,
If x and y are vectors in R”, then

Ix+ ¥yl = x+y ' x+y) =[x +2x"y + [yl “)
In the case that x and y are orthogonal, equation (4) becomes the Pythagorean law
I+ yII* = [IxII* + Ilyll®

The Pythagorean Law is a generalization of the Pythagorean theorem. When x and
y are nonzero orthogonal vectors in R?, we can use these vectors and their sum x + y
to form a right triangle as in Figure 5.1.4. The Pythagorean law relates the lengths of
the sides of the triangle. Indeed, if we set

a=|x|, b=1|yl, c=Ix+Yyl
then

c? = a® + b* (the famous Pythagorean theorem)
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b=yl

c=lx+yll

a=lxll

Figure 5.1.4.

In many applications, the cosine of the angle between two nonzero vectors is used
as a measure of how closely the directions of the vectors match up. If cos 6 is near 1,
then the angle between the vectors is small and hence the vectors are in nearly the same
direction. A cosine value near zero would indicate that the angle between the vectors
is nearly a right angle.

Information Retrieval Revisited

In Section 3 of Chapter 1, we considered the problem of searching a database for
documents that contain certain key words. If there are m possible key search words
and a total of n documents in the collection, then the database can be represented by an
m x n matrix A. Each column of A represents a document in the database. The entries
of the jth column correspond to the relative frequencies of the key words in the jth
document.

Refined search techniques must deal with vocabulary disparities and the com-
plexities of language. Two of the main problems are polysemy (words having multiple
meanings) and synonymy (multiple words having the same meaning). On the one hand,
some of the words that you are searching for may have multiple meanings and could
appear in contexts that are completely irrelevant to your particular search. For example,
the word calculus would occur frequently in both mathematical papers and in dentistry
papers. On the other hand, most words have synonyms, and it is possible that many
of the documents may use the synonyms rather than the specified search words. For
example, you could search for an article on rabies using the key word dogs; however,
the author of the article may have preferred to use the word canines throughout the
paper. To handle these problems, we need a technique to find the documents that best
match the list of search words without necessarily matching every word on the list. We
want to pick out the column vectors of the database matrix that most closely match a
given search vector. To do this, we use the cosine of the angle between two vectors as
a measure of how closely the vectors match up.

In practice, both m and n are quite large, as there are many possible key words and
many documents to search. For simplicity, let us consider an example where m = 10
and n = 8. Suppose that a Web site has eight modules for learning linear algebra
and each module is located on a separate Web page. Our list of possible search words
consists of

determinants, eigenvalues, linear, matrices, numerical,
orthogonality, spaces, systems, transformations, vector

(This list of key words was compiled from the chapter headings for this book.) Table 1
shows the frequencies of the key words in each of the modules. The (2, 6) entry of the
table is 5, which indicates that the key word eigenvalues appears five times in the sixth
module.
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Table | Frequency of Key Words

Modules
Key words M1 M2 M3 M4 MS Mé6 M7 M8
determinants 0 6 3 0 1 0 1 1
eigenvalues 0 0 0 0 0 5 3 2
linear 5 4 4 5 4 0 3 3
matrices 6 5 3 3 4 4 3 2
numerical 0 0 0 0 3 0 4 3
orthogonality 0 0 0 0 4 6 0 2
spaces 0 0 5 2 3 3 0 1
systems 5 3 3 2 4 2 1 1
transformations 0 0 0 5 1 3 1 0
vector 0 4 4 3 4 1 0 3

The database matrix is formed by scaling each column of the table so that all
column vectors are unit vectors. Thus, if A is the matrix corresponding to Table 1, then
the columns of the database matrix Q are determined by setting

1 :
qg=—2a j=1,...8
T llayl
To do a search for the key words orthogonality, spaces, and vector, we form a search
vector x whose entries are all O except for the three rows corresponding to the search
rows. To obtain a unit search vector, we put % in each of the rows corresponding to

the search words. For this example, the database matrix Q and search vector x (with
entries rounded to three decimal places) are given by

0.000 0.594 0.327 0.000 0.100 0.000 0.147 0.154 0.000
0.000 0.000 0.000 0.000 0.000 0.500 0.442 0.309 0.000
0.539 0.396 0.436 0.574 0.400 0.000 0.442 0.463 0.000
0.647 0495 0.327 0.344 0400 0.400 0.442 0.309 0.000
_10.000 0.000 0.000 0.000 0.300 0.000 0.590 0.463 _ 1 0.000
0= 0.000 0.000 0.000 0.000 0.400 0.600 0.000 0.309 | **~]0.577
0.000 0.000 0.546 0.229 0.300 0.300 0.000 0.154 0.577
0.539 0.297 0.327 0.229 0.400 0.200 0.147 0.154 0.000
0.000 0.000 0.000 0.574 0.100 0.300 0.147 0.000 0.000
0.000 0.396 0.436 0.344 0.400 0.100 0.000 0.463 0.577

If we sety = Qx, then
Vi = qiTx = cos b
where 6; is the angle between the unit vectors x and q;. For our example,
y = (0.000, 0.229, 0.567, 0.331, 0.635, 0.577, 0.000, 0.535)"

Since ys = 0.635 is the entry of y that is closest to 1, the direction of the search vec-
tor X is closest to the direction of q5 and hence module 5 is the one that best matches
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our search criteria. The next-best matches come from modules 6 (y¢ = 0.577) and
3 (y3 = 0.567). If a document doesn’t contain any of the search words, then the corres-
ponding column vector of the database matrix will be orthogonal to the search vector.
Note that modules 1 and 7 do not have any of the three search words and consequently
yi=qx=0 and y7=q7Tx=O

This example illustrates some of the basic ideas behind database searches. Using
modern matrix techniques, we can improve the search process significantly. We can
speed up searches and at the same time correct for errors due to polysemy and syn-
onymy. These advanced techniques are referred to as latent semantic indexing (LSI)
and depend on a matrix factorization, the singular value decomposition, which we will
discuss in Section 5 of Chapter 6.

There are many other important applications involving angles between vectors. In
particular, statisticians use the cosine of the angle between two vectors as a measure of
how closely the two vectors are correlated.

Statistics—Correlation and Covariance Matrices

Suppose that we wanted to compare how closely exam scores for a class correlate
with scores on homework assignments. As an example, we consider the total scores
on assignments and tests of a mathematics class at the University of Massachusetts
Dartmouth. The total scores for homework assignments during the semester for the
class are given in the second column of Table 2. The third column represents the total
scores for the two exams given during the semester, and the last column contains the
scores on the final exam. In each case, a perfect score would be 200 points. The last
row of the table summarizes the class averages.

Table 2 Math Scores Fall 1996

Scores

Student Assignments Exams Final
S1 198 200 196
S2 160 165 165
S3 158 158 133
S4 150 165 91
S5 175 182 151
S6 134 135 101
S7 152 136 80

Average 161 163 131

We would like to measure how student performance compares between each set
of exam or assignment scores. To see how closely the two sets of scores are correlated
and allow for any differences in difficulty, we need to adjust the scores so that each test
has a mean of 0. If, in each column, we subtract the average score from each of the
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test scores, then the translated scores will each have an average of 0. Let us store these
translated scores in a matrix:

37 37 65

-1 2 34

-3 =5 2
X=1]-11 2 —40
14 19 20

—-27 =28 =30

-9 =27 =51

The column vectors of X represent the deviations from the mean for each of the three
sets of scores. The three sets of translated data specified by the column vectors of X all
have mean 0, and all sum to 0. To compare two sets of scores, we compute the cosine
of the angle between the corresponding column vectors of X. A cosine value near 1
indicates that the two sets of scores are highly correlated. For example, correlation
between the assignment scores and the exam scores is given by

XX 09

cosf = ————— =~
11l 1%l

A perfect correlation of 1 would correspond to the case where the two sets of translated
scores are proportional. Thus, for a perfect correlation, the translated vectors would
satisfy

X) = X (a > 0)

and if the corresponding coordinates of x; and x, were paired off, then each ordered
pair would lie on the line y = ax. Although the vectors x; and X, in our example are
not perfectly correlated, the coefficient of 0.92 does indicate that the two sets of scores
are highly correlated. Figure 5.1.5 shows how close the actual pairs are to lying on a
line y = ax. The slope of the line in the figure was determined by setting
XX, 2625
o = = — =
x[x; 2506
This choice of slope yields an optimal least squares fit to the data points. (See
Exercise 7 of Section 5.3.)
If we scale x; and x, to make them unit vectors

uy=——-x; and wmp=—x
x4l x|
then the cosine of the angle between the vectors will remain unchanged, and it can
be computed simply by taking the scalar product ulTuz. Let us scale all three sets of
translated scores in this way and store the results in a matrix:

0.74 0.65 0.62
—-0.02 003 033
—-0.06 —-0.09 0.02
U=1]-022 003 -0.38

028 033 0.19
—-054 -049 -0.29
—-0.18 —-047 —-0.49
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50
40 | 7

30 b

_50 | | | | | | |
—60 —40 —20 0 20 40 60

Figure 5.1.5.

If we set C = UTU, then

1 092 0.83
c=1092 1 0283
0.83 083 1

and the (i, j) entry of C represents the correlation between the ith and jth sets of scores.
The matrix C is referred to as a correlation matrix.

The three sets of scores in our example are all positively correlated, since the cor-
relation coefficients are all positive. A negative coefficient would indicate that two data
sets were negatively correlated, and a coefficient of 0 would indicate that they were
uncorrelated. Thus, two sets of test scores would be uncorrelated if the corresponding
vectors of deviations from the mean were orthogonal.

Another statistically important quantity that is closely related to the correlation
matrix is the covariance matrix. Given a collection of n data points representing values
of some variable x, we compute the mean X of the data points and form a vector x of
the deviations from the mean. The variance, s%, is defined by

R x'x
st = E xiz:
n—1 - n—1

and the standard deviation s is the square root of the variance. If we have two data sets
X; and X, each containing n values of a variable, we can form vectors x; and x, of
deviations from the mean for both sets. The covariance is defined by

T
X| X2
n—1

cov(Xy, Xp) =
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If we have more than two data sets, we can form a matrix X whose columns represent
the deviations from the mean for each data set and then form a covariance matrix S by

setting
S = ! x'x
n—1

The covariance matrix for the three sets of mathematics scores is
37 37 65
—1 2 34
1 37 -1 -3 —11 14 =27 -9 -3 =5 2
S =-137 2 =5 2 19 —-28 =27 —11 2 —40
65 34 2 —40 20 -30 -51 14 19 20
—27 =28 =30
-9 =27 =51

437.5 546.0 830.0
7257 830.0 1814.3

The diagonal entries of S are the variances for the three sets of scores, and the off-
diagonal entries are the covariances.

To illustrate the importance of the correlation and covariance matrices, we will
consider an application to the field of psychology.

[417.7 437.5 725.7]

APPLICATION 3  Psychology—Factor Analysis and Principal Component Analysis

Factor analysis had its start at the beginning of the 20th century with the efforts of psy-
chologists to identify the factor or factors that make up intelligence. The person most
responsible for pioneering this field was the psychologist Charles Spearman. In a 1904
paper, Spearman analyzed a series of exam scores at a preparatory school. The exams
were taken by a class of 23 pupils in a number of standard subject areas and also in pitch
discrimination. The correlation matrix reported by Spearman is summarized in Table 3.

Table 3 Spearman’s Correlation Matrix

Classics French English Math Discrim. Music

Classics 1 0.83 0.78 0.70 0.66 0.63
French 0.83 1 0.67 0.67 0.65 0.57
English 0.78 0.67 1 0.64 0.54 0.51
Math 0.70 0.67 0.64 1 0.45 0.51
Discrim. 0.66 0.65 0.54 0.45 1 0.40
Music 0.63 0.57 0.51 0.51 0.40 1

Using this and other sets of data, Spearman observed a hierarchy of correlations
among the test scores for the various disciplines. This led him to conclude that “All
branches of intellectual activity have in common one fundamental function (or group
of fundamental functions), ...” Although Spearman did not assign names to these
functions, others have used terms such as verbal comprehension, spatial, perceptual,
and associative memory to describe the hypothetical factors.
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The hypothetical factors can be isolated mathematically using a method known as
principal component analysis. The basic idea is to form a matrix X of deviations from
the mean and then factor it into a product UW, where the columns of U correspond to
the hypothetical factors. While in practice, the columns of X are positively correlated,
the hypothetical factors should be uncorrelated. Thus, the column vectors of U should
be mutually orthogonal (i.e., uiTuj = 0 whenever i # j). The entries in each column of
U measure how well the individual students exhibit the particular intellectual ability
represented by that column. The matrix W measures to what extent each test depends
on the hypothetical factors.

The construction of the principal component vectors relies on the covariance mat-
rix § = n%XTX . Since it depends on the eigenvalues and eigenvectors of S, we will
defer the details of the method until Chapter 6. In Section 5 of Chapter 6 we will
revisit this application and learn an important factorization called the singular value
decomposition, which is the main tool of principal component analysis.
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SECTION 5.1 EXERCISES

1. Find the angle between the vectors v and w in each 5. Find the point on the line y = 2x that is closest to
of the following: the point (5, 2).

— T w— T
@ v=(2137, w=(63.9) 6. Find the point on the line y = 2x + 1 that is closest

) v=(2,-3)7", w=3,2)"
© v=& D" w=@3.2)7"
d) v=(-2,3, l)T, w= (1,2, 4)T

to the point (5, 2).

. Find the distance from the point (1,2) to the line

4x — 3y =0.

. For each .Paif of vectors in Exercise 1, find the 8. In each of the following, find the equation of the
scalvar Pl‘OJeCthIl of v onto w. Also find the vector plane normal to the given vector N and passing
projection of v onto w. through the point Py:

. For each of the following pairs of vectors x and y, (@) N =(2,4,3)", P, = (0,0,0)
find the vector projection p of x onto y and verify
that p and x — p are orthogonal: (b) N=(-3,6,2)", Py = (4,2,-5)

(@ x=0G.49", y= (1,0 (¢©) N=(0,0,1)7, Py = (3,2,4)
(b) x=@3,5" y=(1,1D" 9. Find the equation of the plane that passes through
© x=(2,43), y=(1,1,1) the points
— s T y— 1T
(d) X_(27 5?4) ’ y_(1727 1) [)1 :(2’3’ l)’ P2 :(5’4’3)’ P3 :(3’4’4)

. Let x and y be linearly independent vectors in R?.
If ||x|| = 2 and ||y|| = 3, what, if anything, can we
conclude about the possible values of [x7y|?

10.

Find the distance from the point (1,1,1) to the
plane 2x 4 2y +z = 0.
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11.

12.

13.

14.

15.

16.

17.

Find the distance from the point (2,1, —2) to the
plane

6(x—1D+20r-3)+3c+4=0

Ifx = (x,%)",y = (i, y2)", and z = (z1,22)" are
arbitrary vectors in R?, prove that

@ x'x>0 ) x"y=y'x
() x"(y+2z2) =x"y+x"z

Show that if u and v are any vectors in R?, then
lu+v[* < (lu]+]Iv])* and hence [[u+v]| < [u]+
[Iv]l. When does equality hold? Give a geometric
interpretation of the inequality.

Let X;,X,, and x5 be vectors in R?. If x; L x, and
X, L X3, is it necessarily true that x; L x3? Prove
your answer.

Let A be a 2 x 2 matrix with linearly independ-
ent column vectors a; and a,. If a; and a, are used
to form a parallelogram P with altitude / (see the
figure), show that

@) Plaxll> = llail*llaz]* — (afay)’

(b) Area of P = | det(A)|

a

a)

If x and y are linearly independent vectors in R,
then they can be used to form a parallelogram P
in the plane through the origin corresponding to
Span(x, y). Show that

Areaof P = ||x x y||

Let
4
X = ‘ il and y=

4

— A

(a) Determine the angle between x and y.

(b) Determine the distance between x and y.

18.

19.

20.

21.

Let x and y be vectors in R” and define

pP=—Y and
y'y

(a) Show that p L z. Thus, p is the vector projec-

tion of x onto y; that is, x = p + z, where p

and z are orthogonal components of x, and p is

a scalar multiple of y.

Z=X—p

(b) If ||pll = 6 and ||z|| = 8, determine the value
of |Ix]|.

Use the database matrix U from Application 1 and
search for the key words orthogonality, spaces, vec-
tor, only this time give the key word orthogonality
twice the weight of the other two key search vector
words. Which of the eight modules best matches
the search criteria? [Hint: Form the search vector
using the weights 2, 1, 1 in the rows correspond-
ing to the search words and then scale the vector to
make it a unit vector.]

Five students in an elementary school take aptitude
tests in English, mathematics, and science. Their
scores are given in the following table. Determine
the correlation matrix and describe how the three
sets of scores are correlated.

Scores
Student English Mathematics Science
S1 61 53 53
S2 63 73 78
S3 78 61 82
S4 65 84 96
S5 63 59 71
Average 66 66 76
Let ¢ be a fixed real number and let
¢ =cost, §=sint,
x=(c,cs,¢8%,. .., es" s
Show that X is a unit vector in R"**!.
Hint:
1— 2n
T+ +s'+- 572 = :
1 —s2
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Orthogonal Subspaces

Definition

EXAMPLE |

EXAMPLE 2

Let A be an m x n matrix and let x € N(A), the null space of A. Since Ax = 0, we have

anx; +apxs + -+ apx, =0 (1
fori = 1,...,m. Equation (1) says that x is orthogonal to the ith column vector of
AT fori = 1,...,m. Since x is orthogonal to each column vector of A7, it is orthogonal

to any linear combination of the column vectors of A”. So if y is any vector in the
column space of AT, then xy = 0. Thus each vector in N(A) is orthogonal to every
vector in the column space of A”. When two subspaces of R” have this property, we
say that they are orthogonal.

Two subspaces X and Y of R” are said to be orthogonal if x”y = 0 for every x € X
and every y € Y. If X and Y are orthogonal, we write X L Y.

Let X be the subspace of R* spanned by e;, and let Y be the subspace spanned by e;.
Ifx € Xandy € Y, these vectors must be of the form

X1 0
x=10 and y=|»
0 0

X'y=x-0+0-y,+0-0=0
Therefore, X 1L Y. |

Thus,

The concept of orthogonal subspaces does not always agree with our intuitive idea
of perpendicularity. For example, the floor and wall of the classroom “look™ ortho-
gonal, but the xy-plane and the yz-plane are not orthogonal subspaces. Indeed, we can
think of the vectors x; = (1,1,0)” and x, = (0, 1, 1)” as lying in the xy and yz planes,
respectively. Since

X Xa=1-0+1-140-1=1

the subspaces are not orthogonal. The next example shows that the subspace corres-
ponding to the z-axis is orthogonal to the subspace corresponding to the xy-plane.

Let X be the subspace of R? spanned by e; and e,, and let Y be the subspace spanned
byes;.If x e Xandy € Y, then

xTy=x1'0+xz~O+0-y3=0

Thus, X L Y. Furthermore, if z is any vector in R? that is orthogonal to every vector in
Y, thenz L ez, and hence

3= zTe3 =0

But if z3 = 0, then z € X. Therefore, X is the set of all vectors in R? that are orthogonal
to every vector in Y (see Figure 5.2.1). ]
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Figure 5.2.1.

Definition Let Y be a subspace of R”". The set of all vectors in R” that are orthogonal to every
vector in Y will be denoted Y. Thus,

Yt = {xe]R"leyzo forevery ye Y}

The set Y is called the orthogonal complement of Y.

Note

The subspaces X = Span(e;) and ¥ = Span(e;) of R given in Example 1 are
orthogonal, but they are not orthogonal complements. Indeed,

Xt = Span(e;, e3) and Yt = Span(ey, e3)
Remarks

1. If X and Y are orthogonal subspaces of R”, then X N Y = {0}.
2. If Y is a subspace of R”, then Y+ isalsoa subspace of R”.

Proofof (1) IfxeXNYandX LY, then |x||*> = x"x = 0 and hence x = 0. [

Proof of (2) 1fx € Y* and « is a scalar, then for any y € Y,
@x)y=ax'y)=a-0=0
Therefore, ax € Y1, If x; and x, are elements of Y=+, then
X1 +%) y=x]y+x]y=04+0=0
for each y € Y. Hence, X; + X, € Y*. Therefore, Y+ is a subspace of R". [ |

Fundamental Subspaces

Let A be an m x n matrix. We saw in Chapter 3 that a vector b € R” is in the column
space of A if and only if b = Ax for some x € R”". If we think of A as a linear
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Proof

EXAMPLE 3
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transformation mapping R” into R™, then the column space of A is the same as the
range of A. Let us denote the range of A by R(A). Thus

R(A)={beR"|b=Ax forsome x e R"}
= the column space of A

The column space of AT, R(AT), is a subspace of R":
RAT) = {y eR"|y=ATx forsome xe Rm}

The column space of R(AT) is essentially the same as the row space of A, except that it
consists of vectors in R” (n x 1 matrices) rather than n-tuples. Thus, y € R(AT) if and
only if y” is in the row space of A. We have seen that R(AT) L N(A). The following
theorem shows that N(A) is actually the orthogonal complement of R(AT).

Fundamental Subspaces Theorem
If A is an m x n matrix, then N(A) = R(AT)* and N(AT) = R(A)* .

On the one hand, we have already seen that N(A) L R(AT), and this implies that N(A) C
R(AT)L. On the other hand, if x is any vector in R(AT)*, then x is orthogonal to each
of the column vectors of AT and, consequently, Ax = 0. Thus, x must be an element of
N(A) and hence N(A) = R(AT)*. This proof does not depend on the dimensions of A.
In particular, the result will also hold for the matrix B = A”. Consequently,

NAT) = N(B) = R(BT)* = R(A)* ]
Let
1 0
=2 9]

The column space of A consists of all vectors of the form

5 ) =<12)

Note that if x is any vector in R? and b = Ax, then

(T O () () (1

b= (5 o) [n) =[50 ) == (3]
The null space of AT consists of all vectors of the form B(—2, 1)”. Since (1,2)” and
(=2, )T are orthogonal, it follows that every vector in R(A) will be orthogonal to every
vector in N(AT). The same relationship holds between R(A”) and N(A). R(AT) consists

of vectors of the form we;, and N(A) consists of all vectors of the form Be;. Since e

and e, are orthogonal, it follows that each vector in R(AT) is orthogonal to every vector
in N(A). ]
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Theorem 5.2.2

Proof

Theorem 5.2.1 is one of the most important theorems in this chapter. In Section 5.3,
we will see that the result N(AT) = R(A)* provides a key to solving least squares
problems. For the present, we will use Theorem 5.2.1 to prove the following theorem,
which, in turn, will be used to establish two more important results about orthogonal
subspaces:

If S is a subspace of R", then dim S + dim St = n. Furthermore, if {x1,...,X}isa
basis for S and {X,41, . . ., X,} is a basis for S*, then {x1, ..., X,, X;41s- - -, X} is a basis
for R,

If S = {0}, then S* = R" and
dimS+dimS*=04+n=n

If § # {0}, then let {x,...,x,} be a basis for S and define X to be an r x n matrix
whose ith row is XiT for each i. By construction, the matrix X has rank r and R(X") = S.
By Theorem 5.2.1,

st =RXDt = NX)
It follows from Theorem 3.6.5 that
dim St = dimNX)=n—r

To show that {xy,...,X,,X,11,...,X,} is a basis for R", it suffices to show that the n
vectors are linearly independent. Suppose that

Xy + -+ X F 1 X1 o Xy = 0
Lety =c1X] + -+ ¢/ X, and z = Cr1Xrt1 4+ .-+ CnXp. We then have

y+z=0
y=-12

Thus, y and z are both elements of S N S*+. But § N S+ = {0}. Therefore,

axi+---4+6x. =0
Cre1Xpp1 -+ Xy = 0

Since xy, ..., X, are linearly independent,
ci=c=---=¢=0
Similarly, X, 1, ..., X, are linearly independent and hence
Cri1=Cr2="-+=¢, =0
So x1, Xy, ..., X, are linearly independent and form a basis for R". [ |

Given a subspace S of R”, we will use Theorem 5.2.2 to prove that each x € R”
can be expressed uniquely as a sum y + z, wherey € S and z € S*.
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Theorem 5.2.3

Proof

Theorem 5.2.4

Proof
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If U and V are subspaces of a vector space W and each w € W can be written
uniquely as a sum u + v, where u € U and v € V, then we say that W is a direct
sum of U and V, and we write W = U @ V.

If S is a subspace of R", then
R'=S@®Ss"

The result is trivial if either S = {0} or § = R". In the case where dimS = r,0 < r < n,
it follows from Theorem 5.2.2 that each vector x € R” can be represented in the form
X=X+ -+ 06X+ G X1+ GiXy
where {Xi,...,X,} is a basis for S and {X,,1,...,X,} is a basis for S*. If we let

u=cx;+--+cX, and V=_Crp1Xp41 + -+ Xy

thenu € S,v € S*, and x = u + v. To show uniqueness, suppose that x can also be
written as a sum y + z, where y € S and z € S*. Thus

U+t+v=x=y+1z
u—y=z-—v

Butu—ye Sandz — v e S*, soeachisin S NSt Since
SNSt={0}
it follows that

u=y and v=12 [ |

If S is a subspace of R", then (St)* = S.

On the one hand, if x € S, then x is orthogonal to each y in S*. Therefore, x € (S+)*
and hence S C (S1)1. On the other hand, suppose that z is an arbitrary element of
(S)*. By Theorem 5.2.3, we can write z as a sum u + v, whereu € Sand v € S*.
Since v € S+, it is orthogonal to both u and z. It then follows that
0=viz=viu+viv=vly

and, consequently, v = 0. Therefore, z = u € S and hence § = (S+)*. [ ]

It follows from Theorem 5.2.4 that if T is the orthogonal complement of a subspace
S, then S is the orthogonal complement of 7, and we may say simply that S and T
are orthogonal complements. In particular, it follows from Theorem 5.2.1 that N(A)
and R(AT) are orthogonal complements of each other and that N(AT) and R(A) are
orthogonal complements. Hence we may write

NA* =RATY  and NADHT =RA)

Recall that the system Ax = b is consistent if and only if b € R(A). Since
R(A) = N(AT)*, we have the following result, which may be considered a corollary to
Theorem 5.2.1:
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Corollary 5.2.5 IfA is an m x n matrix and b € R, then either there is a vector x € R" such that
Ax = b or there is a vector'y € R™ such that ATy = 0 and y'b # 0.

Corollary 5.2.5 is illustrated in Figure 5.2.2 for the case where R(A) is a two-
dimensional subspace of R3. The angle @ in the figure will be a right angle if and only

if b € R(A).
NAT b
(A%) . RA)
6
Figure 5.2.2.

EXAMPLE 4 Let

1 1 2
A=10 1 1
1 3 4
Find the bases for N(A), R(AT), N(AT), and R(A).

Solution
We can find bases for N(A) and R(AT) by transforming A into reduced row echelon
form:

1 1 2 1 1 2 1 0 1

01 1}]—-1]01 1]—=10 11

1 3 4 02 2 0 00

Since (1,0, 1) and (0, 1, 1) form a basis for the row space of A, it follows that (1,0, 1)7
and (0, 1, 1)” form a basis for R(AT). If x € N(A), it follows from the reduced row
echelon form of A that

x1+x3=0
Xo+x3=0

Thus
X] =Xy = —X3

Setting x3 = «, we see that N(A) consists of all vectors of the form a(—1,—1,1)7.
Note that (—1, —1, 1)7 is orthogonal to (1,0, 1) and (0, 1, 1)”.
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To find bases for R(A) and N(AT), transform A7 to reduced row echelon form.
1 01 1 0 1 1 01
1 1 3]—-=1012}—=1]101 2
0 00

2 1 4 0o 1 2
Thus, (1,0, 1)7 and (0, 1,2)” form a basis for R(A). If x € N(AT), then x; = —x3,
X, = —2x3. Hence, N(AT) is the subspace of R? spanned by (—1,—2, 1), Note that
(—1, =2, )7 is orthogonal to (1,0, 1)” and (0, 1,2)7. n

We saw in Chapter 3 that the row space and the column space have the same
dimension. If A has rank r, then

dimR(A) = dimRAT) = r

Actually, A can be used to establish a one-to-one correspondence between R(AT) and
R(A).
We can think of an m x n matrix A as a linear transformation from R” to R":

x € R" > Ax ¢ R"
Since R(AT) and N(A) are orthogonal complements in R”,
R" = RAT) @ N(A)
Each vector x € R” can be written as a sum
X=Yy+z, y € R(AT), ze NA)
It follows that
AXx = Ay + Az = Ay for each x € R"
and hence
RA) = {Ax | x e R"} = {Ay | y € RAD)}

Thus, if we restrict the domain of A to R(AT), then A maps R(AT) onto R(A).
Furthermore, the mapping is one-to-one. Indeed, if x;, X, € R(AT) and

Ax| = AXp
then
AX; —x) =0
and hence
x| — X2 € R(AT) NN(A)

Since R(AT) N N(A) = {0}, it follows that X; = X,. Therefore, we can think of A as
determining a one-to-one correspondence between R(AT) and R(A). Since each b €
R(A) corresponds to exactly one y € R(AT), we can define an inverse transformation
from R(A) to R(AT). Indeed, every m x n matrix A is invertible when viewed as a linear
transformation from R(AT) to R(A).
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EXAMPLES LetA = [ (2) (3) 8 ] . R(AT) is spanned by e; and e,, and N(A) is spanned by es.
Any vector x € R? can be written as a sum
X=Yy+Z
where
y=(,x0,00 e RAT)  and  z=(0,0,x3)" € N(A)

If we restrict ourselves to vectors y € R(AT), then

X1
y=|x | - Ay = gxl ]
0 2

In this case, R(A) = R? and the inverse transformation from R(A) to R(AT) is

defined by
1
by %bl
b = [ b2 ] —> Ebz ||
0
SECTION 5.2 EXERCISES
1. For each of the following matrices, determine a 4. Let S be the subspace of R* spanned by x; =
basis for each of the subspaces R(AT), N(A), R(A), (1,0,—2, 1" and x, = (0, 1,3, —2)". Find a basis
and N(AT): for S*.
(a) A= [ 3 4 (b) A= [ 131 5. Let A be a 3 x 2 matrix with rank 2. Give geomet-
6 38 2 40 ric descriptions of R(A) and N(AT), and describe
4 =2 1 0 00 geometrically how the subspaces are related.
() A= 1 3 d A= 0 1 11 6. Is it possible for a matrix to have the vector (3, 1, 2)
2 ! 0.0 11 in its row space and (2,1, 1)T in its null space?
3 4 1122 Explain.
3 -
2 {_,let_Si l;c;rthe subspace of R” spanned by x = 7. Let a; be a nonzero column vector of an m X n mat-

rix A. Is it possible for a; to be in N(A")? Explain.
(a) Find a basis for S*.

(b) Give a geometrical description of S and S*.

3. (a) Let S be the subspace of R* spanned by the
vectors X = (x1,%2,x3)" and 'y = (y1,y2,3)".

8. Let S be the subspace of R” spanned by the vec-
tors X;,Xa, ..., X;. Show that y € S* if and only if
yLlxfori=1,... k.

Let 9. If A is an m x n matrix of rank r, what are the
dimensions of N(A) and N(AT)? Explain.
A—[x‘ o xS] 10. Prove Corollary 5.2.5
=1l » . Prove Corollary 5.2.5.
11. Prove: If A is an m x n matrix and x € R”, then
Show that S* = N(A). either Ax = 0 or there exists y € R(AT) such that
(b) Find the orthogonal complement of the x"y # 0. Draw a picture similar to Figure 5.2.2
subspace of R? spanned by (1,2,1)" and to illustrate this result geometrically for the case

(1,—1,2)T. where N(A) is a two-dimensional subspace of R.



12.

13.

Let A be an m xn matrix. Explain why the following
are true.

(a) Any vector x in R” can be uniquely written as
asumy + z, where y € N(A) and z € R(AT).

(b) Any vector b € R™ can be uniquely written as
asumu + v, where u € N(A7) and v € R(A).

Let A be an m x n matrix. Show that

(a) if x € N(ATA), then Ax is in both R(A) and
N(AT).

(b) N(ATA) = N(A).

(¢) A and A’A have the same rank.

(d) if A has linearly independent columns, then
ATA is nonsingular.

14. Let A be an m x n matrix, B an n X r matrix, and

C = AB. Show that
(a) N(B)is a subspace of N(C).

15.

16.

17.
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(b) N(O)* is a subspace of N(B): and, con-
sequently, R(CT) is a subspace of R(BT).

Let U and V be subspaces of a vector space W.

Show that if W =U @ V, then U NV = {0}.

Let A be an m x n matrix of rank r and let
{xi,...,x,} be a basis for R(AT). Show that
{Axy,...,AX,} is a basis for R(A).

Let x and y be linearly independent vectors in R”
and let S = Span(x,y). We can use x and y to define
a matrix A by setting

A=xy’ +yx'

(a) Show that A is symmetric.
(b) Show that N(A) = S*.
(¢) Show that the rank of A must be 2.

<%l Least Squares Problems

A standard technique in mathematical and statistical modeling is to find a least squares
fit to a set of data points in the plane. The least squares curve is usually the graph of a
standard type of function, such as a linear function, a polynomial, or a trigonometric
polynomial. Since the data may include errors in measurement or experiment-related
inaccuracies, we do not require the curve to pass through all the data points. Instead,
we require the curve to provide an optimal approximation in the sense that the sum of
squares of errors between the y values of the data points and the corresponding y values
of the approximating curve are minimized.

The technique of least squares was developed independently by Adrien-Marie Le-
gendre and Carl Friedrich Gauss. The first paper on the subject was published by
Legendre in 1806, although there is clear evidence that Gauss had discovered it as a stu-
dent nine years prior to Legendre’s paper and had used the method to do astronomical
calculations. Figure 5.3.1 is a portrait of Gauss.

Figure 5.3.1. Carl Friedrich Gauss
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APPLICATION |

Astronomy—The Ceres Orbit of Gauss

Theorem 5.3.1

Proof

On January 1, 1801, the Italian astronomer Giuseppe Piazzi discovered the asteroid
Ceres. He was able to track the asteroid for six weeks, but it was lost due to interference
caused by the sun. A number of leading astronomers published papers predicting the
orbit of the asteroid. Gauss also published a forecast, but his predicted orbit differed
considerably from the others. Ceres was relocated by one observer on December 7
and by another on January 1, 1802. In both cases, the position was very close to that
predicted by Gauss. Gauss won instant fame in astronomical circles and for a time was
more well known as an astronomer than as a mathematician. The key to his success
was the use of the method of least squares.

Least Squares Solutions of Overdetermined Systems

A least squares problem can generally be formulated as an overdetermined linear
system of equations. Recall that an overdetermined system is one involving more equa-
tions than unknowns. Such systems are usually inconsistent. Thus, given an m X n
system Ax = b with m > n, we cannot expect in general to find a vector x € R” for
which Ax equals b. Instead, we can look for a vector x for which Ax is “closest” to b.
As you might expect, orthogonality plays an important role in finding such an x.

If we are given a system of equations Ax = b, where A is an m X n matrix with
m > nand b € R, then, for each x € R”, we can form a residual

r(x) =b — Ax
The distance between b and Ax is given by
b — Ax|| = [[r(x)]|

We wish to find a vector x € R” for which ||r(x)|| will be a minimum. Minimizing
| 7(x)|| is equivalent to minimizing || #(x)||?>. A vector & that accomplishes this is said to
be a least squares solution of the system Ax = b.

If X is a least squares solution of the system Ax = b and p = AX, then p is a vector
in the column space of A that is closest to b. The next theorem guarantees that such a
closest vector p not only exists, but is unique. Additionally, it provides an important
characterization of the closest vector.

Let S be a subspace of R™. For each’ b € R"™, there is a unique element p of S that is
closest to b; that is,

Ib—yl > IIb—pl
foranyy # p in S. Furthermore, a given vector p in S will be closest to a given vector
b € R™ ifand only if b —p € S*.

Since R = § @ S+, each element b in R can be expressed uniquely as a sum
b=p+z
where p € S and z € S*. If y is any other element of S, then
b—ylI>=1l®b-p)+@-yl°
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Sincep —y € Sandb — p = z € S+, it follows from the Pythagorean law that
Ib—¥I* = b —pI* + [P~ yI?
Therefore,
b —yll > [Ib—pll

Thus, if p € Sand b—p € S, then p is the element of S that is closest to b. Conversely,
ifqe Sandb—q ¢ S*, then q # p, and it follows from the preceding argument (with
y = q) that

b —ql > [b—pll u

In the special case that b is in the subspace S to begin with, we have
b=p+z, pPEeES, ze St
and
b=b+0
By the uniqueness of the direct sum representation,
p=>b and z=0

A vector X will be a solution of the least squares problem Ax = b if and only if
p = AX is the vector in R(A) that is closest to b. The vector p is said to be the projection
of b onto R(A). It follows from Theorem 5.3.1 that

b—p=b-—A%=r®)

must be an element of R(A)*. Thus, % is a solution of the least squares problem if and
only if

r(%) € R(A)* (1)
(see Figure 5.3.2).

b R(A) b r(X)
P R(A)

p

(a)be R?and Ais a2 x | matrix of rank 1. (b) b e R?and A is a 3 x 2 matrix of rank 2.
Figure 5.3.2.
How do we find a vector X satisfying (1)? The key to solving the least squares
problem is provided by Theorem 5.2.1, which states that
R(A)" = N(AT)
A vector X will be a least squares solution to the system Ax = b if and only if
r(X) € N(A")
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Theorem 5.3.2

Proof

APPLICATION 2

or, equivalently,
0=A"rx) =A"(b — A%)
Thus, to solve the least squares problem Ax = b, we must solve
A'Ax =A"b 2)

Equation (2) represents an n x n system of linear equations. These equations are called
the normal equations. In general, it is possible to have more than one solution of the
normal equations; however, if X and § are both solutions, then, since the projection p
of b onto R(A) is unique,

AX=Ay=p

The following theorem characterizes the conditions under which the least squares
problem Ax = b will have a unique solution:

If A is an m x n matrix of rank n, the normal equations
A'Ax = A"b
have a unique solution
x = (AA)'ATp
and X is the unique least squares solution of the system Ax = b.
We will first show that A’A is nonsingular. To prove this, let z be a solution of
ATAx =0 3)

Then Az € N(AT). Clearly, Az € R(A) = N(AT)*. Since N(AT) N N(AT)* = {0}, it
follows that Az = 0. If A has rank n, the column vectors of A are linearly independent
and, consequently, Ax = 0 has only the trivial solution. Thus, z = 0 and (3) has only
the trivial solution. Therefore, by Theorem 1.5.2, A’A is nonsingular. It follows that
% = (ATA)~'ATDb is the unique solution of the normal equations and, consequently, the
unique least squares solution of the system Ax = b. ]

The projection vector
p =AX = A4A)'ATD

is the element of R(A) that is closest to b in the least squares sense. The matrix
P = A(ATA)~'AT is called the projection matrix.

Spring Constants

Hooke’s law states that the force applied to a spring is proportional to the distance that
the spring is stretched. Thus, if F is the force applied and x is the distance that the
spring has been stretched, then ' = kx. The proportionality constant k is called the
spring constant.

Some physics students want to determine the spring constant for a given spring.
They apply forces of 3, 5, and 8 pounds, which have the effect of stretching the spring
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4,7, and 11 inches, respectively. Using Hooke’s law, they derive the following system
of equations:

4k =3
Tk =35
11k =8

The system is clearly inconsistent, since each equation yields a different value of k.
Rather than use any one of these values, the students decide to compute the least
squares solution of the system.

4 3
47,117 | h)=@4,7,11) |5
11 8
186k = 135
k~ 0.726

Find the least squares solution of the system

x1+ XQ=3
—2)C1 +3)C2 =1
2X1— x2=2

Solution
The normal equations for this system are

R T IS N 12 2|3
1 3 _ -2 3 =1, 3 1
2 —1) " 2
This simplifies to the 2 x 2 system

9 -7 X1 . 5
[ ) )= (5]
The solution of the 2 x 2 system is (% %)T ]
Scientists often collect data and try to find a functional relationship among the
variables. For example, the data may involve temperatures Ty, T},..., T, of a liquid
measured at times fy, t1, . . . , t,,, respectively. If the temperature T can be represented as
a function of the time ¢, this function can be used to predict the temperatures at future
times. If the data consist of n + 1 points in the plane, it is possible to find a polyno-
mial of degree n or less passing through all the points. Such a polynomial is called an
interpolating polynomial. Actually, since the data usually involve experimental error,
there is no reason to require that the function pass through all the points. Indeed, lower
degree polynomials that do not pass through the points exactly usually give a truer
description of the relationship between the variables. If, for example, the relationship
between the variables is actually linear and the data involve slight errors, it would be
disastrous to use an interpolating polynomial (see Figure 5.3.3).
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EXAMPLE 2

x -1.00 000 2.10 230 240 530 6.00 6.50 8.00
y -1.02 -052 0.55 0.70 0.70 2.13 2.52 2.82 3.54

Figure 5.3.3.

Given a table of data

X ‘ X1 ‘ X2 ‘ ‘ Xm
yiyvi|y | om
we wish to find a linear function
y=co+cC1x

that best fits the data in the least squares sense. If we require that
Vi = co + C1X; for i=1,....,m

we get a system of m equations in two unknowns.

1 x; Y1
I x co 2
szl[m]:‘zl @
I x, Ym

The linear function whose coefficients are the least squares solution of (4) is said to be
the best least squares fit to the data by a linear function.

Given the data
x| 0
1

6
v 5

3
4

Find the best least squares fit by a linear function.
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Solution

For this example the system (4) becomes

where

The normal equations

simplify to
39) () (10
9 45][01]_[42] ©)

The solution of this system is (‘31, %) Thus, the best linear least squares fit is
given by

y:%—i—%x |

Example 2 could also have been solved using calculus. The residual r(c) is given by
r(c)=y — Ac
and
7@ = lly — Ac]?
= [1 = (co + 0c)]* +[4 — (co+ 3c)]* + [5 — (co + 6¢)I?
= f(co, 1)

Thus, ||r(c)||? can be thought of as a function of two variables, f(co, ¢;). The minimum
of this function will occur when its partial derivatives are zero:

of

= —2(10 - 36‘0 - 9C1) =0
aC()
0
I _ —6(14 — 3¢y — 15¢1) =0
3C1

Dividing both equations through by —2 gives the same system as (5) (see Figure 5.3.4).
If the data do not resemble a linear function, we could use a higher degree

polynomial. To find the coefficients cy, c, . . ., ¢, of the best least squares fit to the data
x| x| x| | X
yiy vy | om

by a polynomial of degree n, we must find the least squares solution the system

1 ox xF o
€o Vi

1 x x5 - 1 y2

. o I (6)
C}’l ym

St
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EXAMPLE 3

APPLICATION 3

y=co+cix

()P = d? + d3 + d3

Figure 5.3.4.

Find the best quadratic least squares fit to the data

X \ 0 \ 1 \ 2 \ 3
v[3[2]4]4
Solution
For this example the system (6) becomes
1 00 . 3
111 o1 |2
1 2 4|97 |4
13 9)12 4
Thus the normal equations are
I 1 11 } (1) (1) Co 1 1 1 g
01 2 3 1 2 4 cg|l=101 2 3 4
01 4 9 1 3 9 c 0 4 9 4

These simplify to

4 6 14 co 13
6 14 36 c | =122
14 36 98 1 54

The solution of this system is (2.75, —0.25, 0.25). The quadratic polynomial that gives
the best least squares fit to the data is

p(x) = 2.75 — 0.25x + 0.25x° n

Coordinate Metrology

Many manufactured goods, such as rods, disks, and pipes, are circular in shape. A
company will often employ quality control engineers to test whether items produced
on the production line are meeting industrial standards. Sensing machines are used to
record the coordinates of points on the perimeter of the manufactured products. To
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Figure 5.3.5.

determine how close these points are to being circular, we can fit a least squares circle
to the data and check to see how close the measured points are to the circle. (See
Figure 5.3.5.)

To fit a circle

-+ —c)=r (7)
to n sample pairs of coordinates (xi,y1), (x2,¥2), ..., (X,, yu), We must determine the
center (cy, ¢p) and the radius r. Rewriting equation (7), we get

2xcl—|—2ycz+(r _Cl Cz)—x +y

If we set c; = r* — ¢] — ¢3, then the equation takes the form

2xcy + 2ycy +¢3 = 2+ y2

Substituting each of the data points into this equation, we obtain the overdetermined
system

2x1 2y Xy +
2x) 2)’2 | g X3+ ¥
(65) = .
c :
3 2, 2
x” +yn

Once we find the least squares solution ¢, the center of the least squares circle is (cy, ¢3),
and the radius is determined by setting

:,/C3+c%+c%

To measure how close the sampled points are to the circle, we can form a residual
vector r by setting

2 2 2
ri=r——c) —Qi—c) i=1....n

We can then use ||r|| as a measure of how close the points are to the circle.
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APPLICATION 4

Management Science: The Analytic Hierarchy Process Revisited

In Section 3 of Chapter 1 we looked at an example of how one can use the analytic
hierarchy process from management science as a tool for making hiring decisions in
a Mathematics department. The process involves selecting the criteria upon which the
decision is based and assigning weights to the criteria. In the example, hiring decisions
were based on rating the candidates in the areas of Research, Teaching, and Profes-
sional Activities. For each of these areas the committee assigned weights to all of
candidates. The weights are measurements of the relative strengths of the candidates
in each area. Once all of the weights have been assigned, the overall ranking of the
candidates can be determined by multiplying a matrix times a vector.

The key to the whole process is the assignment of weights. In our example the eval-
uation of teaching will involve qualitative judgments by the search committee. These
judgments must then be translated into weights. The evaluation of research can be both
quantitative based on the number of pages the candidates have published in journals
and qualitative based on the quality of the papers published. A standard technique for
determining weights based on qualitative judgments is to first make pairwise comparis-
ons between the candidates, and then use those comparisons to determine weights. The
method we describe here leads to an overdetermined linear system. We will compute
the weights by finding the least squares solution to the system.

Later in Chapter 6 (Section 8) we will examine an alternative “eigenvector”
method that is commonly used to determine weights based on pairwise comparisons.
In that method one forms a comparison matrix C whose (i,j) entry represents weight
of the ith characteristic or alternative relative to the jth characteristic or alternative.
The method depends upon an important theorem about positive matrices (i.e., matrices
whose entries are all positive real numbers) which we will study in Section 6.8. The
“eigenvector” method was recommended by T. L. Saaty, the developer of the analytic
hierarchy process theory.

For our search example the committee assigned weights for the three criteria based
on the qualitative judgments that Teaching and Research were equally important and
that both were twice as important as Professional Activities. To reflect these judgments
the weights wy, w,, ws for Research, Teaching, and Professional Activities must satisfy:

W1 = Wy, Wi = 2wz, Wy = 2w3

Additionally the weights must all add up to 1. Thus the weights must be solutions to
the system

wip — wo + 0W3 =

wi + 0wy — 2w3 =

Owy +wy — 2wz =

-_ o O O

wi+wy +w3z =

Although the system is overdetermined, it does have a unique solution w =
(0.4,0.4,0.2)". Usually overdetermined systems turn out to be inconsistent. In fact had
the committee used four criteria and made pairwise comparisons based on their human
judgments, it is quite likely that the system they would end up with (seven equations
and four unknowns) would be inconsistent. For an inconsistent system one could de-
termine weights that add up to 1 by finding the least squares solution to a linear system.
We illustrate how this in done in the next example.
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Suppose the search committee for the mathematics position has narrowed the field
down to four candidates: Dr. Gauss, Dr. Ipsen, Dr. O’Leary, and Dr. Taussky. To de-
termine the weights for research the committee decides to evaluate both the quantity
of publications and the quality of the publications. The committee feels that quality
is more important than quantity so in comparing the two they give quantity of pub-
lications a weight of 0.4 and quality a weight of 0.6. The hierarchy structure of the
decision process is shown in Figure 5.3.6. All of the weights computed by the com-
mittee are included in the figure. We will examine how the weights for quantity and
quality of publications were determined and then combine all of the weights in the
figure to calculate a vector r containing the overall ratings of the candidates.

The quantitative research weights are computed by taking the number of pages
published by a candidate and dividing by the total number of pages published by all
candidates combined. These weights are given in Table 1.

Table I  Quantity of Research Weights
Candidate Pages Weights

Gauss 700 0.35
Ipsen 400 0.20
O’Leary 500 0.25
Taussky 400 0.20
Total 2000 1.00
S Pick a Candidate
Objective 100
I |
- Research Teaching Profgsglf}nal
Criteria 040 040 Activities
’ ’ 0.20
Research Research
Subcriteria Quantity Quality
0.40 0.60
Dr Gauss Dr Gauss Dr Gauss Dr Gauss
0.35 0.3289 0.21 0.23
Dr Ipsen Dr Ipsen Dr Ipsen Dr Ipsen
Alternatives 0.20 0.1739 0.29 0.28
Dr O’Leary Dr O’Leary Dr O’Leary Dr O’Leary
0.25 0.2188 0.33 0.28
Dr Taussky Dr Taussky Dr Taussky Dr Taussky
0.20 0.2784 0.17 0.21

Figure 5.3.6. Analytic Hierarchy Process Chart
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To rate the quality of research the committee did comparisons of the quality of
publications for each pair of candidates. If for a particular pair the quality was rated
equal, then the candidates were given equal weights. It was agreed that no candidate
would receive a quality weight that was more than twice the rate of another candidate.
Thus if candidate i had more impressive publications than candidate j, then weights
would be assigned so that

1
w; = Bw; or Wj:EWi where 1 < g <2

After studying the publications of all the candidates, the committee agreed upon the
following pairwise comparisons of the weights:

wy = 1.75w,, wi = 1.5w3, wi = 1.25wy4, wy = 0.75w3, wy = 0.50wy, wz = 0.75w4
These conditions lead to the linear system

Iwy — L.75ws + 0wz + Owy =
Iw; + Owy — 1.5w3 + 0wy =
1wy + 0wy + Ows — 1.25wy =
Ow; + 1wy — 0.75w3 + Owy =
Owy + 1wy 4+ Owz — 0.50wy =
Owy 4+ 0wy + Iwz — 0.75w4 = 0

S © O O O

For our solution w to be a weight vector, its entries must add up to 1.
wi+wr+ws+ws =1

Given that the AHP weights must satisfy this last equation exactly, we can solve for
Wy

wyg=1—w; —wy —ws (®)
and rewrite the other equations to form a 6 x 3 system

Iw; — 175w, + 0wz = 0

Iw; + Owp — 1.5w3 = 0
2.25w; + 1.25wy + 1.25w3 = 1.25
OW] + 1W2 — 0.75W3 =0

0.5w; 4+ 1.5w, + 0.5w3 = 0.5
0.75wy + 0.75w, + 1.75w3 = 0.75

Although this system is inconsistent, it does have a unique least squares solution w; =
0.3289, w, = 0.1739, w3 = 0.2188. It follows from equation (8) that wy = 0.2784.

The final step in our decision process is to combine the rating vectors from the
categories and subcategories of evaluation. We multiply each of these vectors by the
appropriate weight given in the chart and then combine them to form the overall rating
vector r.
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0.35 0.3289 021 023
0.20 0.1739 0.29 0.28
r=040 {040 [ 50| +0.60 | 3rag | | +040 [ 055 [ +020 | 0o
0.20 02784 0.17 021
0.3373 021 023 0.2649
0.1843 0.29 0.28 0.2457
= 0401 5313 | $040] (33| +0.20 0.28] = ‘0.2805
0.2470 0.17 021 0.2088

The candidate with the highest rating is O’Leary. Gauss comes in second. Ipsen and
Taussky are third and fourth, respectively. ]

SECTION 5.3 EXERCISES

1.

Find the least squares solution of each of the fol-
lowing systems:

@@ x+ x»n=3 (b) —x;+ x =10
2)61—3)62:1 2X1+ Xy = 5
Ox; +0x, =2 X — 2x, =20

(C) X1+XZ+X3:4
—X1+XZ+X3=O

—.X2+.X3=1
X1 +x3=2

. For each of your solutions X in Exercise 1:

(a) determine the projection p = AX.
(b) calculate the residual r(X).

(¢) verify that r(x) € N(AT).

. For each of the following systems Ax = b, find all

least squares solutions:

1 2 3
@A=]| 2 4| b=]|2
-1 =2 1

Bk

11 3
b A=|-1 3 1
1 2 4

. For each of the systems in Exercise 3, determine the

projection p of b onto R(A) and verify thatb — p is
orthogonal to each of the column vectors of A.

. (a) Find the best least squares fit by a linear

function to the data
X ‘ —1 ‘ 0
y[ of1

2
|9

1
3

(b) Plot your linear function from part (a) along
with the data on a coordinate system.

. Find the best least squares fit to the data in Exer-

cise 5 by a quadratic polynomial. Plot the points
x = —1,0,1,2 for your function and sketch the
graph.

. Given a collection of points (xy,y1), (x2,¥2),.. .,

(xn, yn), let

LX)l

X = (x1,%,.. )T

y=0nyn-..

I

y= ;Z)’i
i=1

and let y = ¢+ cx be the linear function that gives
the best least squares fit to the points. Show that if

x = 0, then
xTy
¢ =

and
x'x

o=y

. The point (x,y) is the center of mass for the col-

lection of points in Exercise 7. Show that the least
squares line must pass through the center of mass.
[Hint: Use a change of variables z = x — X to
translate the problem so that the new independent
variable has mean 0.]

. Let A be an m x n matrix of rank n and let P =

AATA)TIAT,

(a) Show that Pb = b for every b € R(A). Explain
this property in terms of projections.

(b) If b € R(A)*, show that Pb = 0.

(c) Give a geometric illustration of parts (a)
and (b) if R(A) is a plane through the origin
in R3.
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10.

11.

12.

13.

5.4

Let A be an 8 x 5 matrix of rank 3, and let b be a

nonzero vector in N(AT).

(a) Show that the system Ax = b must be incon-
sistent.

(b) How many least squares solutions will the
system Ax = b have? Explain.

Let P = A(ATA)7'AT, where A is an m x n matrix

of rank n.

(a) Show that P> = P.

(b) Prove that P* = Pfork=1,2,....

(c) Show that P is symmetric. [Hint: If B is nonsin-
gular, then (B~ = (B")™']

Show that if

A T X) (b
[o ) [F]=1(3)
then X is a least squares solution of the system
Ax = b and r is the residual vector.
Let A € R™" and let X be a solution of the least
squares problem Ax = b. Show that a vector y €
R" will also be a solution if and only if y = X + z,
for some vector z € N(A). [Hint: N(A’A) = N(A).]

14.

15.

Find the equation of the circle that gives the best
least squares circle fit to the points (—1,—2),
(0,2.4), (1.1,—4), and (2.4, —1.6).

Suppose that in the search procedure described
in Example 4, the search committee made the
following judgments in evaluating the teaching
credentials of the candidates:

(i) Gauss and Taussky have equal teaching
credentials.

(i) O’Leary’s teaching credentials should be
given 1.25 times the weight of Ipsen’s cre-
dentials and 1.75 times the weight given to
the credentials of both Gauss and Taussky.

(iii) Ipsen’s teaching credentials should be
given 1.25 times the weight given to the
credentials of both Gauss and Taussky.

(a) Use the method given in Application 4 to de-
termine a weight vector for rating the teaching
credentials of the candidates.

(b) Use the weight vector from part (a) to obtain
overall ratings of the candidates.

Inner Product Spaces

Scalar products are useful not only in R”, but in a wide variety of contexts. To
generalize this concept to other vector spaces, we introduce the following definition.

Definition and Examples

Definition

An inner product on a vector space V is an operation on V that assigns, to each pair

of vectors x and y in V, a real number (X, y) satisfying the following conditions:

I. (x,x) > 0 with equality if and only if x = 0.

ILI. (x,y) = (y,x) forallxand y in V.
III. (ax+ By,z) = (x,z) + B (y,z) for all X,y,z in V and all scalars o and .

A vector space V with an inner product is called an inner product space.

The Vector Space R"

The standard inner product for R” is the scalar product
T
x.y) =x7y
Given a vector w with positive entries, we could also define an inner product on R" by

(x.y) =D xiyiwi ()
i=1

The entries w; are referred to as weights.
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The Vector Space R"*"

Given A and B in R™*", we can define an inner product by
(A,B) =) ayby )
i=1 j=1

We leave it to the reader to verify that (2) does indeed define an inner product on R”*".
The Vector Space Cla, b]
We may define an inner product on Cla, b] by
b
(f.8) = / Jf0)g(x) dx 3)

Note that
b
(ff) = f (P dx = 0

If f(xo) # O for some xy in [a, b], then, since (f(x))* is continuous, there exists a
subinterval I of [a, b] containing xy such that (f(x))> > (f(xo))>/2 for all x in I. If we
let p represent the length of 7, then it follows that

(f (XS))zp -0

b
(f.f)= / (f(x))* dx > /(J‘(X))2 dx >

a 1
Soif (f,f) = 0, then f(x) must be identically zero on [a, b]. We leave it to the reader
to verify that (3) satisfies the other two conditions specified in the definition of an inner

product.
If w(x) is a positive continuous function on [a, b], then

b
(f.8) = / J@)gx)w(x) dx “4)

also defines an inner product on C[a, b]. The function w(x) is called a weight function.
Thus it is possible to define many different inner products on Cla, b].

The Vector Space P,

Let x1, x3, . . .,x, be distinct real numbers. For each pair of polynomials in P,, define
n
(p.q) =Y plx)q(x) ©)
i=1

It is easily seen that (5) satisfies conditions (ii) and (iii) of the definition of an inner
product. To show that (i) holds, note that

p.p) =) (p(x))* =0

i=1
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Theorem 5.4.1

Proof

EXAMPLE |

If (p,p) = 0, then x;, x, . . ., x, must be roots of p(x) = 0. Since p(x) is of degree less
than n, it must be the zero polynomial.
If w(x) is a positive function, then

(p.q) =) plqxw(x)

i=1

also defines an inner product on P,,.

Basic Properties of Inner Product Spaces

The results presented in Section 5.1 for scalar products in R” all generalize to inner
product spaces. In particular, if v is a vector in an inner product space V, the length, or
norm of v is given by

VIl = (v, V)

Two vectors u and v are said to be orthogonal if (u,v) = 0. As in R”, a pair of
orthogonal vectors will satisfy the Pythagorean law.

The Pythagorean Law
Ifu and v are orthogonal vectors in an inner product space V, then

2 2 2
a4 [~ = [uf|” 4 [v]]

lu+v|>’=(@uw+v,u+v)
=(uwu) +2{uwv)+(v,v)
= [lu? + [Iv]|? u

Interpreted in R?, this is just the familiar Pythagorean theorem as shown in
Figure 5.4.1.

u+v

v

Figure 5.4.1.

Consider the vector space C[—1, 1] with inner product defined by (3). The vectors 1
and x are orthogonal, since

1
(1,x) :/ 1-xdx=0

1
To determine the lengths of these vectors, we compute

1
(1,1)=/ 1-1dx=2

1

1 5 2
(x,x) = x“dx :5

1
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It follows that
I =(1,1)2 = V2

NG
3

Since 1 and x are orthogonal, they satisfy the Pythagorean law:

Xl = ((e,x)'/? =

2 8
I+ x> = [I11* + ||x||2=2+§ =3

The reader may verify that

1
8
||1+x||2=(1+x,1+x>=/ (1+x)2dx=3 ]
1

EXAMPLE 2 For the vector space C[—, 7], if we use a constant weight function w(x) = 1/ to
define an inner product

] T
{f.8) = p J(x)g(x)dx (6)

then

1 T
(cosx,sinx) = — cosxsinxdx =0
-

1 T
(cosx,cosx) = — cosxcosxdx =1
-7

. . L[ .
(sinx,sinx) = — / sinxsinxdx =1
—7T
Thus, cos x and sin x are orthogonal unit vectors with respect to this inner product. It
follows from the Pythagorean law that

|| cosx + sinx| = V2 [ ]

The inner product (6) plays a key role in Fourier analysis applications involving
trigonometric approximation of functions. We will look at some of these applications
in Section 5.5.

For the vector space R”*" the norm derived from the inner product (2) is called
the Frobenius norm and is denoted by || - ||r. Thus, if A € R™*", then

12

IAllF = (AAN = [ > a}

i=1 j=1

EXAMPLE 3 If

—_—
N =
e
o
=
[oN
o]

Il
—_—

|
W =
O -
[—
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then
A,By=1-—1+1-1+1-34+2-04+3--3+3-4=6
Hence, A is not orthogonal to B. The norms of these matrices are given by

lAlF=(1+14+14+44949"2=5
IBlrp=(1+14+9+0+9416)"> =6

EXAMPLE 4  In Ps, define an inner product by (5) with x; = (i —1)/4 fori = 1,2, ...,5. The length
of the function p(x) = 4x is given by

172

5 1/2 s
14x]) = ((4x, 4x))"/? = (Z 16x,~2) = (Z (i— 1)2) =30 n
i=1 i=1

Definition If u and v are vectors in an inner product space V and v # 0, then the scalar
projection of u onto v is given by

(u,v)

1M

and the vector projection of u onto v is given by

=« (LV> _ V>V 7
P=2\vY) ~ o

Observations

If v # 0 and p is the vector projection of u onto v, then

I. u — p and p are orthogonal.
II. u = pif and only if u is a scalar multiple of v.

Proof of Since

Observation 1 . p) = <iv, iv> _ (i)z V) = o2
vl vl (vl
and
2
(p) = (wv)” _ 2
(v, v)

it follows that
(u—p,p) = (u,p) — (p,p) =a* —a* =0

Therefore, u — p and p are orthogonal. ]

Proof of If u = Bv, then the vector projection of u onto v is given by
Observation I1 (Bv.V)

= o) v=p8v=u
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Proof
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Conversely, if u = p, it follows from (7) that

u=_pv where ﬂ:na—” [ ]
v

Observations I and II are useful for establishing the following theorem:
The Cauchy—Schwarz Inequality
Ifu and v are any two vectors in an inner product space 'V, then
| (w,v) | < [lall [Iv] ®)
Equality holds if and only if u and v are linearly dependent.

If v =0, then
[(u,v) [ =0=[ul [v]

If v # 0, then let p be the vector projection of u onto v. Since p is orthogonal to u — p,
it follows from the Pythagorean law that

Ipl* + lu = pl* = u|l?

Thus
2
QY oI = ) = u — pI?
vl
and hence
(w,v)* = [[ull?v]* = lu = plP[Iv]* < llul?|lv]? 9)
Therefore,

| {w,v) [ < [[ul [[v]

Equality holds in (9) if and only if u = p. It follows from observation II that equality
will hold in (8) if and only if v = 0 or u is a multiple of v. More simply stated, equality
will hold if and only if u and v are linearly dependent. ]

One consequence of the Cauchy—Schwarz inequality is that if u and v are nonzero
vectors, then

(u,v)

— vl —
and hence there is a unique angle 6 in [0, 7] such that

(u,v)

= 10
[[all{v]] (1o

Thus equation (10) can be used to define the angle 6 between two nonzero vectors u
and v.
Norms

The word norm in mathematics has its own meaning that is independent of an inner
product and its use here should be justified.
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Definition

Theorem 5.4.3

Proof

V+w

v

Figure 5.4.2.

A vector space V is said to be a normed linear space if, to each vector v € V, there
is associated a real number ||v||, called the norm of v, satisfying

L. |lv|| > O with equality if and only if v = 0.
IL |lav] = || ||v]| for any scalar «.
L ||[v+w| < ||v] + ||lw] forall v,w € V.

The third condition is called the triangle inequality (see Figure 5.4.2).
If V is an inner product space, then the equation

vl = +/(v,v) forall veV
defines a normon V.

It is easily seen that conditions I and II of the definition are satisfied. We leave this for
the reader to verify and proceed to show that condition III is satisfied.

lu+ v

(u+v,u+v)

(w,u) +2 (u,v) + (v,v)

< Jull® + 2|ju|| [|v|l + |Iv|* (Cauchy-Schwarz)
(hall + IviD?

Thus,

lu+ v < flulf + (vl u

It is possible to define many different norms on a given vector space. For example,
in R" we could define

n

Ixlle =Y x|

i=1

for every X = (xi,x2,...,x,)7. It is easily verified that || - ||; defines a norm on
R”". Another important norm on R" is the uniform norm or infinity norm, which is
defined by

[Xllc = max |x;|
1<i<n
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More generally, we could define a norm on R” by

n I/p
I, = (Z |x,»|">
i=1

for any real number p > 1. In particular, if p = 2, then

n 1/2
Ix[l = (Z |x,»|2> = /(x.x)
i=1

The norm || - ||, is the norm on R" derived from the inner product. If p # 2, | - ||, does
not correspond to any inner product. In the case of a norm that is not derived from an
inner product, the Pythagorean law will not hold. For example,

N T

are orthogonal; however,
%1115 + l1%2[15, = 4 + 16 = 20
while
X1 + %212, = 16
If, however, || - ||, is used, then

X113 + 1X2]13 = 5 +20 = 25 = ||x; + |3
Let x be the vector (4, —5,3)7 in R®. Compute ||x||;, ||X]|2, and [|X]|so-

X[l = 4] + |=5] + 3] =12
Ix]l2 = /16 + 25 + 9 = 5+/2
IX]|oc = max(|4], |=5], [3]) =5 [ |

It is also possible to define different matrix norms for R”*". In Chapter 7 we will
study other types of matrix norms that are useful in determining the sensitivity of linear
systems.

In general, a norm provides a way of measuring the distance between vectors.

Let x and y be vectors in a normed linear space. The distance between x and y is
defined to be the number |y — x||.

Many applications involve finding a unique closest vector in a subspace S to a given
vector v in a vector space V. If the norm used for V is derived from an inner product,
then the closest vector can be computed as a vector projection of v onto the subspace S.
This type of approximation problem is discussed further in the next section.



246 Chapter 5 Orthogonality

SECTION 5.4 EXERCISES

1.

Let x = (—=1,—1,1,D)" and y = (1,1,5,-3)".
Show that x L y. Calculate ||x|l2, |yll2, IX + ¥yll2
and verify that the Pythagorean law holds.

. Letx=(1,1,1,)T and y = (8,2,2,0)".

(a) Determine the angle 6 between x and y.
(b) Find the vector projection p of x onto y.
(¢) Verify that x — p is orthogonal to p.

(d) Compute [x — pll2, [[pll2, IX]|> and verify that
the Pythagorean law is satisfied.

. Use equation (1) with weight vector w =

(%, %, %)T to define an inner product for R3, and
letx =(1,1,1)" and y = (-5, 1,3)".
(a) Show that x and y are orthogonal with respect

to this inner product.

(b) Compute the values of ||x|| and ||y| with re-
spect to this inner product.

. Given

A=

1 2 2
1 0 2 and B =
31 1

—4 1 1
-3 3 2
1 -2 =2

determine the value of each of the following.
(a) (A,B) (b) IAllF

(© IIBlr (@) [lA+Bllr

. Show that equation (2) defines an inner product on

Rmxn

. Show that the inner product defined by equation (3)

satisfies the last two conditions of the definition of
an inner product.

. In C[0, 1], with inner product defined by (3), com-

pute
(a) <ex, e’x>

(b) (x,sinmx) (© (x*.x)

. In C[0, 1], with inner product defined by (3), con-

sider the vectors 1 and x.
(a) Find the angle 6 between 1 and x.

(b) Determine the vector projection p of 1 onto x
and verify that 1 — p is orthogonal to p.

(¢) Compute [|[1 —p|l, Ipll, lI1]] and verify that the
Pythagorean law holds.

. In C[—m,m] with inner product defined by (6),

show that cosmx and sinnx are orthogonal and
that both are unit vectors. Determine the distance
between the two vectors.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Show that the functions x and x> are orthogonal
in Ps with inner product defined by (5), where
x;=@G—-3)2fori=1,...,5.

In Ps with inner product as in Exercise 10 and norm
defined by

Ipll = v/{p.p) = {Z [p(x,-)f}l/2

i=1
compute
(@) [ (b) [1¥*]
(c) the distance between x and x?
If V is an inner product space, show that
IVl = v {v.,v)
satisfies the first two conditions in the definition of
a norm.

Show that

n
Ixlh =" Il
i=1

defines a norm on R”.
Show that

X[l = max |x;]
1<i<n

defines a norm on R".

Compute ||x||;, [|X]|2, and ||x||~ for each of the fol-
lowing vectors in R3.
(a) x=(-3,4,0)T
() x=(1,1,1)T
Let x = (5,2,4)T and y = (3,3,2)!. Compute
Ix = ylli, Ix = yll2, and |Ix — ylle. Under which
norm are the two vectors closest together? Under
which norm are they farthest apart?

(b) x=(—1,-1,2)T

Let x and y be vectors in an inner product space.
Show that if x | y then the distance between x and

yis

(Ix1” + yI1?)

Show that if u and v are vectors in an inner product
space that satisfy the Pythagorean law

2 2 2

lu+ v~ = lluf” + (vl
then u and v must be orthogonal.
In R” with inner product
(x.y) =x"y

derive a formula for the distance between two vec-
tors X = (x,...,x)7 and y = (p,...,y)".



20.

21.
22,

23.

24.

25.

26.

27.

28.

Let A be a nonsingular n x n matrix and for each
vector x in R” define

Ixlla = l1AX]l2 (11
Show that (11) defines a norm on R”.
Let x € R". Show that [|X]|« < [IX]l>.

Let x € R?%. Show that ||x|l, < |Ix|l;. [Hint: Write
x in the form x;e; + xe, and use the triangle
inequality.]

Give an example of a nonzero vector x € R? for
which

[Xlloe = lIXIl2 = [Ix]ls

Show that in any vector space with a norm
=vl = IIvll

Show that for any u and v in a normed vector space

o+ vl = [laf — vl

Prove that, for any u and v in an inner product
space V,

2 2 2 2
o=+ v[I" + lu = v[" = 2[uf|” + 2[|v]|
Give a geometric interpretation of this result for the
vector space R2.

The result of Exercise 26 is not valid for norms
other than the norm derived from the inner product.
Give an example of this in R? using | - ||;.
Determine whether the following define norms on
Cla, bl

@ NIfl = f@] +1fb)

29.

30.

31.

32.

33.
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®) Il = [ 1f0oldx
© Il =an<1f1<>§]|f(x)|

Let x € R” and show that
@ IIxlh < nlxll ) [Ixll2 < V7l
Give examples of vectors in R” for which equality
holds in parts (a) and (b).

Sketch the set of points (x,x;) = x’ in R? such
that

@ lxl=1 M) Ixli=1 (o) [x[lec=1
Let K be an n x n matrix of the form
1 —¢ —c¢ -+ —c —c
0 s —sc —sc —sc
0 0 s - —sf¢ =S5
K =
0 0 0 ... 7 —" 2
0 0 0 0 s!

where ¢ + 52 = 1. Show that ||K ||z = /n.
The trace of an n x n matrix C, denoted tr(C), is the
sum of its diagonal entries; that is,
tr(C) =cyy +cn+-+cm
If A and B are m x n matrices, show that
(@) [Al7 = tr(A"A)
(b) 1A+ Bl = l|AlI7 +2tr(A"B) + |IBl17-

Consider the vector space R" with inner product
(x,y) = x"y. Show that for any n x n matrix A,

(a) (Ax,y) = (x,ATy)
(b) (A7Ax,x) = ||Ax|]?

Orthonormal Sets

In R?, it is generally more convenient to use the standard basis {e;,e,} than to use
some other basis, such as {(2,1)7,(3,5)7}. For example, it would be easier to find
the coordinates of (x;,x;)" with respect to the standard basis. The elements of the
standard basis are orthogonal unit vectors. In working with an inner product space V,
it is generally desirable to have a basis of mutually orthogonal unit vectors. Such a
basis is convenient not only in finding coordinates of vectors, but also in solving least

squares problems.

Definition

whenever i # j, then {v{, vy, ..

Let vi,vy,...,Vv, be nonzero vectors in an inner product space V. If (vi, Vj> =0
., V,} is said to be an orthogonal set of vectors.
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EXAMPLE |

Theorem 5.5.1

Proof

Definition

EXAMPLE 2

The set {(1,1, )7, (2,1, =3)7, (4, =5, 1)} is an orthogonal set in R?, since

(1,1,1D)(2,1,-3)7 =0
(1,1, )4, =5 1D)"=0

2,1,-3)4,-5,DT'=0 [
If{vi,Vva,...,V,} is an orthogonal set of nonzero vectors in an inner product space V,
then vy, vy, ..., Vv, are linearly independent.

Suppose that vy, vy, ..., v, are mutually orthogonal nonzero vectors and
aviteava+-+ vy, =0 (1)

If 1 < j < n, then, taking the inner product of v; with both sides of equation (1), we
see that

c1 (v vi) +e2 (Vi va) - A e (Vi va) = 0
¢illvil> =0

and hence all the scalars ¢y, ¢y, ..., ¢, must be 0. [ |

An orthonormal set of vectors is an orthogonal set of unit vectors.

The set {u;,uy,...,u,} will be orthonormal if and only if
(wi, w) = 5
where
5. — { 1 ifi=j
Y 0 if i #j
Given any orthogonal set of nonzero vectors {vy, va, ..., V,}, it is possible to form an

orthonormal set by defining

1
u,»:(—)vi for i=1,2,...,n
[Iv:ll

The reader may verify that {u;,u,, ..., u,} will be an orthonormal set.

We saw in Example 1 that if vi = (1,1, )7, v, = (2,1,-3)7, and v3 = (4, -5, 1),
then {v{, v2, v3} is an orthogonal set in R?. To form an orthonormal set, let

1 1 T

u = (m> v = ﬁ(l, 1,1)
1 1 T
(M) vy = ﬁ(Z, 1,-3)

1 1 ]
= ——@,-5D"
(||V3||>V3 Nz )

[}5)

us
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EXAMPLE 3 In C[—m, 7] with inner product

1 T
frer=— | fgl)dx (2)

the set {1,cosx,cos?2x,...,cosnx} is an orthogonal set of vectors, since for any
positive integers j and k
T
(l,coslcx):l coskxdx =0
TJ -z
1 g
(cos jx, cos kx) = = cosjxcoskxdx =0 G #k)

—7T

The functions cos x, cos 2x, ..., cos nx are already unit vectors since

1 o
(coskx,coskx):—/ cos®kxdx = 1 for k=1,2,...,n
bis

-7

To form an orthonormal set, we need only find a unit vector in the direction of 1.

1 T
12 = (1,1) = —/ ldx=2
T Jx
Thus, 1/\/5 is a unit vector, and hence {1/\/5, cos x, cos 2x, . ..,cosnx} is an ortho-
normal set of vectors. [ |

It follows from Theorem 5.5.1 that if B = {u;, u», ..., u;} is an orthonormal set in
an inner product space V, then B is a basis for the subspace S = Span(uj, uy, ..., u).
We say that B is an orthonormal basis for S. It is generally much easier to work with
an orthonormal basis than with an ordinary basis. In particular, it is much easier to
calculate the coordinates of a given vector v with respect to an orthonormal basis.
Once these coordinates have been determined, they can be used to compute ||v||.

Theorem 5.5.2  Let {uj,uy,...,u,} be an orthonormal basis for an inner product space V. If v =

Z ciw;, then ¢; = (v, u;).
i=1

Proof
n n n
(v,u;) = <Z Cj“j,“i> =D glwmw) =) cdi=c u
=1 j=1 j=1
As a consequence of Theorem 5.5.2, we can state two more important results:
Corollary 5.5.3  Let {uj,uy,...,u,} be an orthonormal basis for an inner product space V. If
n

n
u= E aw; and v = E by, then
i=1 i=1

(ll, V) = i a,»b,-
i=1
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Proof

Corollary 5.5.4

Proof

EXAMPLE 4

EXAMPLE 5

By Theorem 5.5.2
(v,u;) = b; i=1,...,n

Therefore,

(u,v) = <2": ai“isV> = Xn:ai (u;,v) = Xn:ai (v,u;) = Xn:aibi u
i=1 i=1 i=1 i=1

Parseval’s Formula

n
If {uy, ..., u,} is an orthonormal basis for an inner product space V and v = E ciu;,

i=1

then

n
2 2
IvI>=> "«
i=1

Ifv= Z c;u;, then, by Corollary 5.5.3,
i=1

VP = (v, =) "¢ n

i=1

The vectors

() ()

form an orthonormal basis for R2. If x € R2, then

x', = x1:/|-§x2 and xu, = leExz
It follows from Theorem 5.5.2 that
X1 tx X| — X2
R
and it follows from Corollary 5.5.4 that
2 JCI-I-ch2 X] — X2 2_2 2
= (2722) + (57 =+ -

Given that {1/ /2, cos 2x} is an orthonormal set in C[—7, 7] (with inner product as in
Example 3), determine the value of [ fﬂ sin® x dx without computing antiderivatives.
Solution
Since

1—cos2x_ 1 1

1
.2
sin“x = ——— = — 4+ | —= ) cos2x
2 22 <2>

S
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Theorem 5.5.5

Proof

EXAMPLE 6
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it follows from Parseval’s formula that

o 1 1 3
/ sin*xdy = w||sin’x’ =7 (= +- ) = Rl ]
- 2 4 4

Orthogonal Matrices

Of particular importance are n x n matrices whose column vectors form an orthonormal
set in R".

An n x n matrix Q is said to be an orthogonal matrix if the column vectors of Q
form an orthonormal set in R”.

An n x n matrix Q is orthogonal if and only if 'Q = I.

It follows from the definition that an n x n matrix Q is orthogonal if and only if its
column vectors satisfy

49, = 5;
However, ql-qu is the (i, /) entry of the matrix Q’Q. Thus Q is orthogonal if and only if

0’0 =1 n

It follows from the theorem that if Q is an orthogonal matrix then Q is invertible
and 0! = Q.

For any fixed 0, the matrix

cosf —sinf
Q= [ sinf  cos6

is orthogonal and
-1 _ 7 _ [ cosO sin6
0 =0 = [—sin@ cos 6

The matrix Q in Example 6 can be thought of as a linear transformation from R?
onto R? that has the effect of rotating each vector by an angle 6 while leaving the
length of the vector unchanged (see Example 2 in Section 4.2 of Chapter 4). Similarly,
Q7! can be thought of as a rotation by the angle —6 (see Figure 5.5.1).

In general, inner products are preserved under multiplication by an orthogonal
matrix [i.e., (X,y) = (0Ox, Qy)]. Indeed,

(0x,Q0y) = (Qy)'0x = y'0'0x = y'x = (x,y)

In particular, if x =y, then ||Qx||> = ||x||? and hence ||Qx|| = ||x||. Multiplication by
an orthogonal matrix preserves the lengths of vectors.
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ox y

(a) (b)
Figure 5.5.1.

Properties of Orthogonal Matrices
If Q is an n x n orthogonal matrix, then

(a) the column vectors of Q form an orthonormal basis for R”.

(b) 0’0 =1

() 0" =0

(d) (Ox,Qy) = (x,y)
(e) 119x]2 = [Ix]l2

Permutation Matrices

A permutation matrix is a matrix formed from the identity matrix by reordering its
columns. Clearly, then, permutation matrices are orthogonal matrices. If P is the per-
mutation matrix formed by reordering the columns of / in the order (ky, ..., k,), then
P = (e,...,e). If Aisanm x n matrix, then

AP = (Aek], A ,Aekn) = (akl, R ,akn)

Postmultiplication of A by P reorders the columns of A in the order (ki,...,k,). For
example, if
010
A:[}gg and P=]10 0 1
1 00
then
31 2
AP = [ 3012 ]
Since P = (e, . . ., €,) is orthogonal, it follows that
e,
Pl =P =
e,

The k; column of PT will be e;, the k, column will be e,, and so on. Thus, P’ is a
permutation matrix. The matrix P” can be formed directly from I by reordering its
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Proof
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rows in the order (k;, ks, . .., k,). In general, a permutation matrix can be formed from
I by reordering either its rows or its columns.

If Q is the permutation matrix formed by reordering the rows of 7 in the order
(ki,k,...,k,) and B is an n x r matrix, then

e, e, B by,
oB=|: [B=| : |=|:
el{;l e]Z:lB Bkﬂ
Thus QOB is the matrix formed by reordering the rows of B in the order (ki, kp, .. ., k).

For example, if
0 01 11
o=1|1 0 0 and B=12 2

010 33

33
oB=|1 1
2 2

In general, if P is an n X n permutation matrix, premultiplication of an n x r matrix B
by P reorders the rows of B and postmultiplication of an m x n matrix A by P reorders
the columns of A.

then

Orthonormal Sets and Least Squares

Orthogonality plays an important role in solving least squares problems. Recall that if
A is an m x n matrix of rank n, then the least squares problem Ax = b has a unique
solution % that is determined by solving the normal equations A7Ax = A”b. The pro-
jection p = AX is the vector in R(A) that is closest to b. The least squares problem is
especially easy to solve in the case where the column vectors of A form an orthonormal
set in R”.

If the column vectors of A form an orthonormal set of vectors in R™, then A’A = I and
the solution to the least squares problem is

x=A"b

The (i,j) entry of ATA is formed from the ith row of AT and the Jjth column of A. Thus,
the (i,j) entry is actually the scalar product of the ith and jth columns of A. Since the
column vectors of A are orthonormal, it follows that

ATA = (8;) =1
Consequently, the normal equations simplify to

x=ATb n
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Theorem 5.5.7

What if the columns of A are not orthonormal? In the next section we will learn
a method for finding an orthonormal basis for R(A). From this method we will obtain
a factorization of A into a product QR, where Q has an orthonormal set of column
vectors and R is upper triangular. With this factorization, the least squares problem is
easily solved.

If we have an orthonormal basis for R(A), the projection p = AX can be determined
in terms of the basis elements. Indeed, this is a special case of the more general least
squares problem of finding the element p in a subspace S of an inner product space
V that is closest to a given element x in V. This problem is easily solved if S has an
orthonormal basis. We first prove the following theorem:

Let S be a subspace of an inner product space V and let x € V. Let {u,uy,...,u,} be
an orthonormal basis for S. If

p= Zciui 3)
i1

where
ci = (x,uw))  foreachi “)

then p — x € S* (see Figure 5.5.2).

X p-x
S

p

Figure 5.5.2.

Proof We will show first that (p — x) _L u; for each i.

(u;,p — x) = (u;,p) — (u;,x)

So p — x is orthogonal to all the u;’s. If y € S, then

n
Y= E o;u;
i=1
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Proof

Corollary 5.5.9

Proof
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and hence
<p—xw=<p—x§:mm>=§:mm—xm»=o m
i=1 i=1

If x € S, the preceding result is trivial, since by Theorem 5.5.2, p—x = 0.Ifx ¢ §,
then p is the element in S closest to x.

Under the hypothesis of Theorem 5.5.7, p is the element of S that is closest to X; that is,
ly = x|l > [lp — x|l

foranyy #pinS.

Ify € Sandy # p, then

ly —xI> =y —=p) + (@ - ®|°
Sincey — p € S, it follows from Theorem 5.5.7 and the Pythagorean law that
ly = xII* = lly — pII* + Ip — xII* > [Ip — x||”

Therefore, ||y — x|| > ||p — x|/ [ |

The vector p defined by (3) and (4) is said to be the projection of x onto S.

Let S be a nonzero subspace of R™ and letb € R™. If {uy,uy, ..., u} is an orthonor-
mal basis for S and U = (uy,uy, . ..,W), then the projection p of b onto S is given by
p=UU"D

It follows from Theorem 5.5.7 that the projection p of b onto S is given by

pPp=cu +cu+---+cu,=Uc

where
c ulTb
e || ulb .
Ck u’b
Therefore,
p=UUD (]

The matrix UU” in Corollary 5.5.9 is the projection matrix corresponding to the
subspace S of R™. To project any vector b € R™ onto §, we need only find an or-
thonormal basis {u;, u,, ..., u} for S, form the matrix UU”, and then multiply vur
times b.
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EXAMPLE 7

EXAMPLE 8

If P is a projection matrix corresponding to a subspace S of R, then, for any b €
R™, the projection p of b onto S is unique. If Q is also a projection matrix corresponding
to S, then

Ob=p=PFb
It then follows that
q; = Oe; = Pe; = p; for j=1,....m
and hence Q = P. Thus, the projection matrix for a subspace S of R” is unique.

Let S be the set of all vectors in R? of the form (x, y,0)”. Find the vector p in S that is
closest to w = (5,3,4)" (see Figure 5.5.3).

(5,3,4)

(5,3,0)

Figure 5.5.3.

Solution

Letu; = (1,0,0)" and u, = (0, 1,0)”. Clearly, u; and u, form an orthonormal basis
for S. Now

c1 = WTlll =5
Cy) = WTl12 =3

The vector p turns out to be exactly what we would expect:
p = 5u; + 3w, = (5,3,0)7

Alternatively, p could have been calculated using the projection matrix UU” .

1 00 5 5
p=UU'w=]|01 0| |3]|=]3 =
0 0 0 4 0

Approximation of Functions

In many applications, it is necessary to approximate a continuous function in terms of
functions from some special type of approximating set. Most commonly, we approx-
imate by a polynomial of degree n or less. We can use Theorem 5.5.8 to obtain the best
least squares approximation.

Find the best least squares approximation to e* on the interval [0, 1] by a linear function.
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Solution

Let S be the subspace of all linear functions in C[0, 1]. Although the functions 1 and x
span S, they are not orthogonal. We seek a function of the form x — a that is orthogonal
to 1.

1
(l,x—a):/ (x—a)dx:l—a
0 2

Thus, a = §. Since ||lx — 5| = 1/+/12, it follows that

w@x) =1 and uw(x) =12 (x - %)

form an orthonormal basis for S.
Let

1
01=/ mx)efdx=e—1
0
1
022/ uz(x)exdxzﬁ@—e)
0

The projection

px) = crui(x) + coua(x)
= (=D 1433 =) [VI2(x— )]
= (4e — 10) + 6(3 — e)x

is the best linear least squares approximation to ¢* on [0, 1] (see Figure 5.5.4). ]
y=e
25k y=p)
201
1.5F
1.0
05}
! !
0.5 1.0

Figure 5.5.4.
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Approximation by Trigonometric Polynomials

Trigonometric polynomials are used to approximate periodic functions. By a trigono-
metric polynomial of degree n we mean a function of the form

ao

tn(x) = )

+ Z(ak cos kx + by sin kx)
k=1

We have already seen that the collection of functions

1
——,COSX,COS2x,...,COSnx

V2

forms an orthonormal set with respect to the inner product (2). We leave it to the reader
to verify that if the functions

sinx, sin2x, . . ., sinnx

are added to the collection, it will still be an orthonormal set. Thus, we can use The-
orem 5.5.8 to find the best least squares approximation to a continuous 27 periodic
function f(x) by a trigonometric polynomial of degree n or less. Note that

<f,L>L:<f,1>l

V2 V2 2
so that if
1 T
ag=(f,1)=— f(x)dx
T Jn
and
1 T
ap = (f,coskx) = — f(x)cos kx dx
T Jx
. 1 [" .
by = (f,sinkx) = — Jf(x) sin kx dx
T J-x
for k = 1,2,...,n, then these coefficients determine the best least squares approxim-

ation to f. The @;’s and the b;’s turn out to be the well-known Fourier coefficients
that occur in many applications involving trigonometric series approximations of
functions.

Let us think of f(x) as representing the position at time x of an object moving along
a line, and let #,, be the Fourier approximation of degree n to f. If we set

b
= ,/a% + b,% and 0 = Tan™! <a—i)

b
ay cos kx + by sinkx = ry (% cos kx + —ksinkx>

Tk Tk
= rycos(kx — )

Thus, the motion f(x) is being represented as a sum of simple harmonic motions.

For signal-processing applications, it is useful to express the trigonometric ap-
proximation in complex form. To this end, we define complex Fourier coefficients c
in terms of the real Fourier coefficients a; and by:

then
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1 1 [T
cr = —(ay — iby) = — f(x)(cos kx — isin kx) dx
2 2w J_»

_ L[ fe *dax (k> 0)
2 ),

The latter equality follows from the identity
e’ =cosf +isinf

We also define the coefficient c_; to be the complex conjugate of c;. Thus
_ 1 .
Ck=Ck = E(ak +iby) (k=0)
Alternatively, if we solve for ¢; and by, then

ay = cx + c— and by = i(cy — c_x)

From these identities, it follows that

ikx

cre™ 4+ c_re” (cx + c—x) cos kx + i(cy — c_g) sinkx

ay. cos kx + by, sin kx

and hence the trigonometric polynomial

n

t(x) = (1_20 + ;(ak cos kx + by sin kx)

can be rewritten in complex form as

n

t(x) = Z cre™

k=—n

APPLICATION I  Signal Processing

The Discrete Fourier Transform

The function f(x) pictured in Figure 5.5.5(a) corresponds to a noisy signal. Here the
independent variable x represents time and the signal values are plotted as a function of
time. In this context, it is convenient to start with time 0. Thus, we will choose [0, 27 ],
rather than [—m, 7], as the interval for our inner product.

Let us approximate f(x) by a trigonometric polynomial

n
t,(x) = Z cke”“

k=—n



260 Chapter 5 Orthogonality

_6 | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20

(a) Noisy Signal

_6 | | | | | | | | |
0 2 4 6 8 10 12 14 16 18 20

(b) Filtered Signal
Figure 5.5.5.

As noted in the previous discussion, the trigonometric approximation allows us to
represent the function as a sum of simple harmonics. The kth harmonic can be written
as ry cos(kx—0y). It is said to have angular frequency k. A signal is smooth if the coeffi-
cients ¢, approach O rapidly as k increases. If some of the coefficients corresponding to
larger frequencies are not small, the graph will appear to be noisy as in Figure 5.5.5(a).
We can filter the signal by setting these coefficients equal to 0. Figure 5.5.5(b) shows
the smooth function obtained by suppressing some of the higher frequencies from the
original signal.

In actual signal-processing applications, we do not have a mathematical formula
for the signal function f(x); rather, the signal is sampled over a sequence of times
X0, X1, ..., Xy, Where x; = 2,771 The function f is represented by the N sample values

Yo Zf(X()), Y1 Zf(X1), cee5 YN—1 :f(fol)

[Note: yy = f(2m) = f(0) = yo.] In this case it is not possible to compute the Fourier
coefficients as integrals. Instead of using
2 )
= — f(x)eilk"dx
21 0

we use a numerical integration method, the trapezoid rule, to approximate the integral.
The approximation is given by

1 N—1 ‘
di =~ j;f(x,»)elkxf' (5)
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The d coefficients are approximations to the Fourier coefficients. The larger the
sample size N, the closer d; will be to cy.
If we set

I 2 .27

wy =e N =CcosS— —isih—
N N

then equation (5) can be rewritten in the form

1 N—1
ik
dk = ]T[ Xo:yla)/N
J:

The finite sequence {dy,d\, ...,dy—_1} is said to be the discrete Fourier transform of
{v0,¥15- .., ¥n—1}. The discrete Fourier transform can be determined by a single matrix
vector multiplication. For example, if N = 4, the coefficients are given by

1
do = Z(yo +y1+y2+y3)

1
d = Z(yo + way1 + Wiy + @3y3)

d = 1 2 4 6
h = 4(yo+w4y1 + wgy2 + ®,y3)

do — 1 3 6 9
3 = 4(yo+a)4y1 + way2 + @,3y3)

If we set

1

1( )T
Z=—-y=— s s s
4y 4y0y1 ¥Y2,¥3

then the vector d = (dy, d,d>,d3)" is determined by multiplying z by the matrix

I 1 1 1 1 1 1 1
F_1w4w§wi_1—i—1 i
S IO I I B B
1 0 o o] 1 =1 =i
The matrix F4 is called a Fourier matrix.
In the case of N sample values, yg, yi, ..., yv—1, the coefficients are computed by
setting
! d d=F
Z=— an = Fyz
Ny N
where y = (yo, y1,. .. ,yv—1)! and Fy is the N x N matrix whose (j, k) entry is given
by fix = col((,*l)(kfl). The method of computing the discrete Fourier transform d by

multiplying Fy times z will be referred to as the DFT algorithm. The DFT computation
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requires a multiple of N? arithmetic operations (roughly 8N2, since complex arithmetic
is used).

In signal-processing applications, N is generally very large and consequently the
DFT computation of the discrete Fourier transform can be prohibitively slow and costly
even on modern high-powered computers. A revolution in signal processing occurred
in 1965 with the introduction by James W. Cooley and John W. Tukey of a dramatically
more efficient method for computing the discrete Fourier transform. Actually, it turns
out that the 1965 Cooley-Tukey paper is a rediscovery of a method that was known to
Gauss in 1805.

The Fast Fourier Transform

The method of Cooley and Tukey, known as the fast Fourier transform or simply the
FFT, is an efficient algorithm for computing the discrete Fourier transform. It takes ad-
vantage of the special structure of the Fourier matrices. We illustrate this method in the
case N = 4. To see the special structure, we rearrange the columns of Fy so that its odd-
numbered columns all come before the even-numbered columns. This rearrangement
is equivalent to postmultiplying F4 by the permutation matrix

00 0
01 0
Py = 100
00 1

SO O

If we set w = Plz, then
Fyz = F4P,Plz = F,P,w
Partitioning F4P, into 2 x 2 blocks, we get
1 1 1

1
1 -1 —i i
1 1| -1 -1

i —i
The (1,1) and (2,1) blocks are both equal to the Fourier matrix F,, and if we set

10
D2 = [0 i

then the (1,2) and (2,2) blocks are D, F, and —D, F3, respectively. The computation of
the Fourier transform can now be carried out as a block multiplication.

d, — F,  DyF» wi ] _ [ Fawi + D2faws
4 F, —D)F, W) Fow, — DyFow,

The computation reduces to computing two Fourier transforms of length 2. If we set
q; = Fow; and q, = Dy (Faw»), then

d4: ql+q2]
q — %
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The procedure we have just described will work in general whenever the number
of sample points is even. If, say, N = 2m, and we permute the columns of F»,, so that
the odd columns are first, then the reordered Fourier matrix F>,, P>, can be partitioned
into m x m blocks

F D,F
F2mP2m= [Fm _DmFm]
m mL - m

where D,, is a diagonal matrix whose (j, j) entry is w’z;l] . The discrete Fourier transform
can then be computed in terms of two transforms of length m. Furthermore, if m is even,
then each length m transform can be computed in terms of two transforms of length 7,
and so on.

If, initially, N is a power of 2, say, N = 2, then we can apply this procedure re-
cursively through & levels of recursion. The amount of arithmetic required to compute
the FFT is proportional to Nk = N log, N. In fact, the actual amount of arithmetic op-
erations required for the FFT is approximately SN log, N. How dramatic of a speedup
is this? If we consider, for example, the case where N = 220 — 1,048,576, then the
DFT algorithm requires 8N? = 8 - 240 operations, that is, approximately 8.8 trillion
operations. On the other hand, the FFT algorithm requires only 100N = 100 - 2%°, or
approximately 100 million, operations. The ratio of these two operations counts is

8N?

r=———=20.08 1,048,576 = 83,886
5Nlog, N

In this case, the FFT algorithm is approximately 84,000 times faster than the DFT
algorithm.

SECTION 5.5 EXERCISES

1. Which of the following sets of vectors form an (b) Letx = (1,1, 1)”. Write x as a linear combina-
orthonormal basis for R?? tion of uy, u,, and u; using Theorem 5.5.2 and
(@) {(1,0)7,(0, 17} use Parseval’s formula to compute ||x]|.

3 4\" /5 12\7 3. Let S be the subspace of R? spanned by the vectors
(b) (*, 7> R (—, —) } u, and u; of Exercise 2. Let x = (1,2, 2)". Find the
55 13713 projection p of x onto S. Show that (p —x) L u,
(© {(1,=D", 1, D7 and (p —x) L us.
Nl T 1 3 T 4. Let 6 be a fixed real number and let
(d) S507) 0\ T2 cos 6 —sin@
X = [ sinf and X2 = [ cosf
2. Let
1 2 1 (a) Show that {x;,X,} is an orthonormal basis for
32 3 2 R2.
— 1 2 1
u = vz | =35 B= | —5 (b) Given a vector y in R?, write it as a linear
4 1 0 combination ¢;X; + ¢2X».
32 3

(¢) Verify that

(a) Show that {u;,u,,u3} is an orthonormal basis
for R3.

a+a=IyIF=y+y
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10.

11.

12.

13.

. Letu, and u, form an orthonormal basis for R? and

let u be a unit vector in R%. If u’u; = %, determine
the value of |[u’u,].

. Let {u;, u,, u3} be an orthonormal basis for an inner

product space V and let

u=u +2u, + 2u; and v=u; + 7u

Determine the value of each of the following:
(@ (u,v) (b) [lu]l and [v]|
(c) The angle 6 between u and v

. Let {u;,uy,u3} be an orthonormal basis for an in-

ner product space V. If x = cju; + cu; + c3u; is
a vector with the properties ||x|| = 5, (u;,x) = 4,
and x L uy, then what are the possible values of ¢y,
Co, C3?

. The functions cos x and sinx form an orthonormal

setin C[—m,m]. If
f(x) =3cosx+2sinx and g(x) = cosx—sinx

use Corollary 5.5.3 to determine the value of

1 b g
f.g) = - / f()gx) dx

. The set

1
S = { ——, Cos x, cos 2x, cos 3x, cos 4x}

V2
is an orthonormal set of vectors in C[—m, ] with
inner product defined by (2).

(a) Use trigonometric identities to write the func-
tion sin* x as a linear combination of elements
of S.

(b) Use part (a) and Theorem 5.5.2 to find the
values of the following integrals:
(@) [7 sin*xcosxdx (b) [” sin*xcos2xdx
(¢) /" sin*xcos3xdx (d) [ sin*xcos4dxdx
Write out the Fourier matrix Fg. Show that FgPg
can be partitioned into block form:

F, DyF,
Fy

—D4F,
Prove that the transpose of an orthogonal matrix is
an orthogonal matrix.

If O is an n x n orthogonal matrix and x and
y are nonzero vectors in R”, then how does the
angle between Ox and Qy compare with the angle
between x and y? Prove your answer.

Let Q be an n x n orthogonal matrix. Use math-
ematical induction to prove each of the following.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

@ (@M = (Q"y" = (Q") for any positive
integer m.

(b) 1Q"x|| = |Ix]| for any x € R".

Let u be a unit vector in R” and let H = [ — 2uu’.

Show that H is both orthogonal and symmetric and

hence is its own inverse.

Let Q be an orthogonal matrix and let d = det(Q).

Show that |d| = 1.

Show that the product of two orthogonal matrices

is also an orthogonal matrix. Is the product of

two permutation matrices a permutation matrix?

Explain.

How many n x n permutation matrices are there?

Show that if P is a symmetric permutation matrix

then P?* = [ and P**! = P.

Show that if U is an n x n orthogonal matrix then

wu! +wu! +-- 4yl =71

Use mathematical induction to show that if Q €

R™" is both upper triangular and orthogonal, then

q]: :l:ej,]: 1,...,".

Let

b

I
NI— = 1= 12—
RI— RI— = 1=

(a) Show that the column vectors of A form an
orthonormal set in R*.

(b) Solve the least squares problem Ax = b for
each of the following choices of b.
(@) b=(4,0,0,00"  (b) b=(1,2,3,4)"
(¢) b=(1,1,2,2)"

Let A be the matrix given in Exercise 21.

(a) Find the projection matrix P that projects vec-
tors in R* onto R(A).

(b) For each of your solutions x to Exercise 21(b),
compute Ax and compare it with Pb.

Let A be the matrix given in Exercise 21.

(a) Find an orthonormal basis for N(AT).

(b) Determine the projection matrix Q that pro-
jects vectors in R* onto N(AT).

Let A be an m x n matrix, let P be the projection
matrix that projects vectors in R” onto R(A), and
let Q be the projection matrix that projects vectors
in R" onto R(AT). Show that



25.

26.

27.

28.

29.

30.

31.

(a) I — P is the projection matrix from R™ onto
N(AT).
(b) I — Q is the projection matrix from R” onto
N(A).
Let P be the projection matrix corresponding to a
subspace S of R™. Show that
(a) =P (b) PT=P
Let A be an m x n matrix whose column vectors are
mutually orthogonal and let b € R™. Show that if y
is the least squares solution of the system Ax = b,
then
bTai
Y= a’a
Let v be a vector in an inner product space V and
let p be the projection of v onto an n-dimensional
subspace S of V. Show that ||p|| < ||v||. Under what
conditions does equality occur.

i=1,...,n

Let v be a vector in an inner product space V and
let p be the projection of v onto an n-dimensional
subspace S of V. Show that ||p||> = (p, V).

Given the vector space C[—1, 1] with inner product

1
(f.8) = / JF0)gx) dx
-1
and norm
IFll = ((f. 02

(a) Show that the vectors 1 and x are orthogonal.

(b) Compute ||1] and ||x].

(c) Find the best least squares approximation to
x!'3 on [—1,1] by a linear function I(x) =
cil + cox.

(d) Sketch the graphs of x'/3 and I(x) on [—1, 1].

Consider the inner product space C[0, 1] with inner

product defined by

1
0= [ g

Let S be the subspace spanned by the vectors 1 and

2x — 1.

(a) Show that 1 and 2x — 1 are orthogonal.

(b) Determine ||1]| and [|2x — 1]|.

(¢) Find the best least squares approximation to
+/x by a function from the subspace S.

Let
S = {l/ﬁ,cosx, cos 2x, ..., COS nx,

sinx, sin 2x, . . ., sin nx}

Show that § is an orthonormal set in C[—, 7] with
inner product defined by (2).

32.

33.

34.

35.

36.

37.

38.
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Find the best least squares approximation to f(x) =
|x| on [—m,m] by a trigonometric polynomial of
degree less than or equal to 2.

Let {x;,X2, ..., X, X411, . . -, X, } be an orthonormal
basis for an inner product space V. Let S; be the
subspace of V spanned by Xy, ..., X, and let S, be
the subspace spanned by X1, X425 .., X,. Show
that S1 1 Sz.

Let x be an element of the inner product space V in
Exercise 33, and let p; and p, be the projections of
x onto S; and S,, respectively. Show that

(@ x=p; +p.

(b) if x € Si, then p; = 0 and hence S; = S,.

Let S be a subspace of an inner product space V.
Let {xi,...,X,} be an orthogonal basis for S and
let x € V. Show that the best least squares ap-
proximation to x by elements of S is given by

- (x,x;)
= Xi
P ; (Xiv Xi)
A (real or complex) scalar u is said to be an nth root
of unity if " = 1.

(a) Show that if u is an nth root of unity and u # 1,

then
l+u++u+-+u""'=0
[Hint: 1 —u" = (1 —w) (1 +u+u’+---+u" ]

(b) Let w, = ¢ Use Euler’s formula (¥ =
cosf + isinf) to show that w, is an nth root
of unity.

(¢) Show that if j and k are positive integers and if
U = Cl)i,_l and = C()n_(k_l), then Uj, Zgs and U;jZk
are all nth roots of unity.

Let w,, u;, and z; be defined as in Exercise 36. If F,
is the n x n Fourier matrix, then its (j, s) entry is
fy = @fV0D = Wl
Let G, be the matrix defined by
1

gi=— =0 D271 <5<,
T l<k<n
Show that the the (j, k) entry of F,,G, is
1+ ujzi + (ujZk)z +---+ (MjZk)’Fl
Use the results from Exercises 36 and 37 to show

that F,, is nonsingular and

oo 1
F;'=-G,=-F,
n n

where F, is the matrix whose (i,j) entry is the
complex conjugate of f;.
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The Gram—Schmidt Orthogonalization Process

In this section we learn a process for constructing an orthonormal basis for an n-
dimensional inner product space V. The method involves using projections to transform
an ordinary basis {x;, Xy, . . ., X, } into an orthonormal basis {u;,uy,...,u,}.

We will construct the u;’s so that

Span(uy,...,u;) = Span(xy, ..., Xy)

for k =1,...,n. To begin the process, let

1
m:( )& (1)
T

Span(u;) = Span(x;), since u; is a unit vector in the direction of x;. Let p, denote the
projection of x, onto Span(x;) = Span(u,); that is,

p; = (X, up) ug

By Theorem 5.5.7,

x—p)Llw
Note that x, — p; # 0, since
— (X2, 1)
X =P = — X1+ %0 @)
(et

and x; and x; are linearly independent. If we set

u (x2 —py) (3

ke —pyll

then u, is a unit vector orthogonal to u;. It follows from (1), (2), and (3) that
Span(u;,w;) C Span(xi,Xp). Since u; and u, are linearly independent, it also follows
that {u;, u,} is an orthonormal basis for Span(xy, X,), and hence

Span(xi, X») = Span(uy, uy)

To construct usz, continue in the same manner: Let p, be the projection of X3 onto
Span(xj, X) = Span(u;, up); that is,

P, = (33, up) uy + (X3, W) wp

and set

u; (x3 —Ppp)

X3 —pall

and so on (see Figure 5.6.1).
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X3
X3 — P2

P2

Span (xy, X2)

Figure 5.6.1.

The Gram—Schmidt Process

Let {x1,Xy,...,X,} be a basis for the inner product space V. Let
B 1
= ()
and define uy, . . . ,u, recursively by
Uy = m(Xk+l —p) fork=1,...,.n—1
where

Pr = (Xxr1, W) U + (Xpgp, W) Up + -+ -+ (Xg 1, W) W
is the projection of Xi41 onto Span(uy, Uy, . .., ). Then the set
{u]$u2, e 7un}

is an orthonormal basis for V.

We will argue inductively. Clearly, Span(u;) = Span(x;). Suppose that u;, up, ..., u;

have been constructed so that {u;, u», ..., u;} is an orthonormal set and
Span(uy, uy, . ..,u;) = Span(xy, X, . . . , X;)
Since p,, is a linear combination of uy, ..., u, it follows that p, € Span(x,...,X¢)
and X1 — P € Span(Xy, . .., Xg41)-
k

Xi+1 — Pr = Xiep1 — E CiX;
i=1

Since Xi, ..., Xy are linearly independent, it follows that x;;; — p, is nonzero
and, by Theorem 5.5.7, it is orthogonal to each u;, 1 < i < k. Thus, {u;,uy,..., w41}
is an orthonormal set of vectors in Span(x, ..., X;y1). Since uy, ..., w4 are linearly
independent, they form a basis for Span(xy, . . ., X+1) and, consequently,

Span(uy, ..., wy 1) = Span(Xy, ..., X;4)

It follows by mathematical induction that {u;,u,,...,u,} is an orthonormal basis
for V. "
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EXAMPLE | Find an orthonormal basis for Ps if the inner product on P; is defined by

3
(p.q) =) pLgx;)
i=1

where x; = —1,x, =0, and x5 = 1.
Solution

Starting with the basis {1, x, xz}, we can use the Gram—Schmidt process to generate an
orthonormal basis.

P =,1=3
SO
(i)
) T
Set
A N T P
NEYRVE V3 V3 V3) V3
Therefore,
x—pi=x and [x—plI’ = (xx) =2
Hence,
1
u2=ﬁx
Finally,
pefe ) Lpfe L) L2
V33OV V2 V23
2 2 2
||x2—P2||2=<x2—§,x2—§>=§
and hence
m:ﬁ(xz—g) u
2 3

Orthogonal polynomials will be studied in more detail in Section 5.7.

EXAMPLE 2 Let

1 —1 4
4 -2
A=11 4 2
T

Find an orthonormal basis for the column space of A.



Theorem 5.6.2

5.6 The Gram-Schmidt Orthogonalization Process 269

Solution

The column vectors of A are linearly independent and hence form a basis for a three-
dimensional subspace of R*. The Gram—Schmidt process can be used to construct an
orthonormal basis as follows: Set

= lla]| =2

1 1111\
= —a = NY A A A~
G==1227272

ri2 = (a2, q;) =qa, =3
P = r2q; = 3q;

555 5\
a —p; = —E,E,E,—E

rp=llay—pl =5

1 1111\

%=, @)= (‘z’ 2 z*z)

ry;z = <a3,q1) = qlTa3 =2, 3 = (23,(]2) = q§a3 =-2

P, =ri3q; + 2349, =(2,0,0,2)

a3 —p,=(2,-2,2,-2)7

ri = llaz —p,ll =4
1 111 1y

qz = a(as —p) = <§,—§, 5,—§>

The vectors q, q,, q; form an orthonormal basis for R(A). ]

We can obtain a useful factorization of the matrix A if we keep track of all the
inner products and norms computed in the Gram—Schmidt process. For the matrix in
Example 2, if the r;;’s are used to form a matrix

rr ria ns 2 3 2
R = 0 o 13 =10 5 -2
0 0 r33 0 0 4

and we set

SIE TR TR Sl

= = = =

0=1(q;,9,93) =

B—= = D= N|—

then it is easily verified that QR = A. This result is proved in the following theorem.

Gram—-Schmidt QR Factorization

If A is an m x n matrix of rank n, then A can be factored into a product QR, where
Q is an m X n matrix with orthonormal column vectors and R is an upper triangular
n x n matrix whose diagonal entries are all positive. [Note: R must be nonsingular
since det(R) > 0.]
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Proof Let py,...,p,_; be the projection vectors defined in Theorem 5.6.1, and let
{q;.9,,...,q,} be the orthonormal basis of R(A) derived from the Gram—Schmidt
process. Define

rir = llag|
Fie = llag — Pyl for k=2,...,n

and
ra=qa for i=1,...,k—1 and k=2,...,n
By the Gram—Schmidt process,
rq, = aj 4)
Ty = A — gy — gy — -+ - — Fe—149,—; for k=2,....n
System (4) may be rewritten in the form

a) =r11q,

a) = ri2q; + 2q;

a, = rmq, +"'+rnnqn
If we set

0=0q;,49;,---,9,)

and define R to be the upper triangular matrix

o T2 v T

0 rn - 1y
R =

0 0 - 1y

then the jth column of the product QR will be
Orj = rydy +rqy + -+ - + 14, = 3
forj =1,...,n. Therefore,

QR:(al’aZa-'-aan):A n

EXAMPLE 3 Compute the Gram—Schmidt QR factorization of the matrix

I -2 -1
2 0 1
2 -4 2
4 0 O
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Solution
Step |. Set
rm=laf| =5
1 122 4\"
= —a; = = =0 =0 =
Q= M=\5555
Step 2. Set
Iy = qlTaz = -2
P =4, = —2q,
8 4 16 8\'
a — == T 20T T &
2= P 55 5°5
rp =llay —p(|l =4
1( ) 21 4 2\"
= —(@ — - T —s T s 2
©= R 5555
Step 3. Set
riz = q{ag, =1, 13 = qga3 = —1
N 3162\
= r r = - == _’ _’ _’_
P> 134 230 = q; — 5553
8 4 4 2\
az — =\—Z'z°z° =
3T P 5°5'5" 5
rs = llaz —pyll =2
% ) 422 1\"
= —(@ — - T oy =T~
G= R 555" 5
At each step, we have determined a column of Q and a column of R. The

factorization is given by

A=QR=

LI Lk = D
QD= DD LD D&

WD I i =

We saw in Section 5.5 that if the columns of an m x n matrix A form an orthonormal
set, then the least squares solution of Ax = b is simply X = A”b. If A has rank n, but
its column vectors do not form an orthonormal set in R™, then the QR factorization can
be used to solve the least squares problem.

Theorem 5.6.3 If A is an m x n matrix of rank n, then the least squares solution of Ax = b is given
by X = R~'Q"b, where Q and R are the matrices obtained from the factorization given

in Theorem 5.6.2. The solution X may be obtained by using back substitution to solve
Rx = Q"b.
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Proof

EXAMPLE 4

Let X be the least squares solution of Ax = b guaranteed by Theorem 5.3.2. Thus, X is
the solution of the normal equations

ATAx =A"b
If A is factored into a product QR, these equations become
(OB QRx = (QR)b
or
R"(Q'0)Rx = RQ"b
Since Q has orthonormal columns, it follows that Q’Q = I and hence
RRx = R'0"b
Since R is invertible, this equation simplifies to

Rx = Qb or x=R'0™b [ |

Find the least squares solution of

1 —2 —1 1
2 0 o[
2 —4 2 2 = 1
4 0o o) U5 -

Solution

The coefficient matrix of this system was factored in Example 3. Using that factoriza-
tion, we have

0" =

Wk i =

|
L Ul i
|
D= LN Nl
[ ——
—
| |
D = = =
——
Il
—_—
[
N = =
S

DI = WnIN

The system Rx = Q7b is easily solved by back substitution:
5 =2 1| -1
0 4 —-1|-1
0o 0 2| 2

a

The solution is x = (—% 0,1) . ]
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The Modified Gram—Schmidt Process

In Chapter 7 we will consider computer methods for solving least squares problems.
The QR factorization method of Example 4 does not in general produce accurate results
when carried out with finite-precision arithmetic. In practice, there may be a loss of
orthogonality due to round off error in computing q;, q,, . . ., q,,. We can achieve better
numerical accuracy using a modified version of the Gram—Schmidt method. In the
modified version, the vector q, is constructed as before:

1
q; = mal
However, the remaining vectors ay, . . ., a, are then modified so as to be orthogonal to
;. This can be done by subtracting from each vector a; the projection of a; onto q;:
a,(cl) =a; — (qlTak)q1 k=2,...,n
At the second step, we take

1)
las”|

q =

The vector q, is already orthogonal to q;. We then modify the remaining vectors to
make them orthogonal to q,:

2 1 1
a” =al” —(qlal)q, k=3,....n
In a similar manner, qs,qy,...,q, are successively determined. At the last step we
need only set
1
-1
a, —”af{’ )

" Jal D

to achieve an orthonormal set {q,,...,q,}. The following algorithm summarizes the
process:

Modified Gram—Schmidt Process

— Fork=1,2,... ,nset

e = |lagl]
1

QG = —
Tk

Forj=k+1,k+2,...,n, set
rij = q;;
4 = A — Iy
End for loop
> End for loop ]

If the modified Gram—Schmidt process is applied to the column vectors of an m x n
matrix A having rank n, then, as before, we can obtain a QR factorization of A. This
factorization may then be used computationally to determine the least squares solution



274 Chapter 5 Orthogonality

to Ax = b, however, in this case one should not compute ¢ = Qb directly. Instead, as
each column vector g, is determined, one modifies the right hand side vector obtaining
a modified vector by and then sets ¢, = quk. An algorithm for solving least squares
problems using the modified Gram—Schmidt QR factorization is given in Section 7 of

Chapter 7.

SECTION 5.6 EXERCISES

1.

For each of the following, use the Gram—Schmidt
process to find an orthonormal basis for R(A).

a2 was[i )

Factor each of the matrices in Exercise 1 into a
product OR, where Q is an orthogonal matrix and
R is upper triangular.

Given the basis {(1,2, —2)7, (4, 3,2)7, (1,2, 1)T} for
R3, use the Gram—Schmidt process to obtain an
orthonormal basis.

Consider the vector space C[—1,1] with inner
product defined by

1
(f.8) 2/ S(0)g(x) dx
—1

Find an orthonormal basis for the subspace spanned
by 1, x, and x°.

Let
2 1 12
A=1]1 1 and b= 6
2 II I 18

(a) Use the Gram—Schmidt process to find an or-
thonormal basis for the column space of A.

(b) Factor A into a product QR, where Q has an or-
thonormal set of column vectors and R is upper
triangular.

(c) Solve the least squares problem Ax = b

Repeat Exercise 5 using

3 -1 0
4 2 and b= 20
0 2 10

Given x; = 1(1,1,1,—D" and x, = 1(1,1,3,5)",
verify that these vectors form an orthonormal set in
R*. Extend this set to an orthonormal basis for R*
by finding an orthonormal basis for the null space

of

1 1 1 -

1 1 3 5
[Hint: First find a basis for the null space and then
use the Gram—Schmidt process. ]

A=

10.

11.

12.

13.

. Use the Gram—Schmidt process to find an or-

thonormal basis for the subspace of R* spanned
by X = (49 29 27 l)T’ X, = (2’ 0’ 0’ 2)Ta and X3 =
(1,1,—1, 7.

. Repeat Exercise 8 using the modified Gram—

Schmidt process and compare answers.

Let A be an m x 2 matrix. Show that if both the
classical Gram—Schmidt process and the modified
Gram—Schmidt process are applied to the column
vectors of A, then both algorithms will produce the
exact same QR factorization, even when the com-
putations are carried out in finite-precision arith-
metic (i.e., show that both algorithms will perform
the exact same arithmetic computations).

Let A be an m x 3 matrix. Let QR be the QR factor-
ization obtained when the classical Gram—Schmidt
process is applied to the column vectors of A, and
let Qf(’ be the factorization obtained when the mod-
ified Gram—Schmidt process is used. Show that
if all computations were carried out using exact
arithmetic then we would have

0=0 and

and show that when the computations are done in
finite-precision arithmetic, 7,3 will not necessarily
be equal to r»3 and consequently 733 and g will not
necessarily be the same as 33 and q5.

R=R

What will happen if the Gram—Schmidt process is
applied to a set of vectors {vy, v,, v3}, where v, and
v, are linearly independent, but v3 € Span(vy, v;).
Will the process fail? If so, how? Explain.

Let A be an m x n matrix of rank n and let b € R™.
Show that if Q and R are the matrices derived from
applying the Gram—Schmidt process to the column
vectors of A and

P=cq, +C2q2+"'+cnqn

is the projection of b onto R(A), then
(@ ¢=0'b (b) p=00"b
(c) 00" =AAA)'AT



14. Let U be an m-dimensional subspace of R" and
let V be a k-dimensional subspace of U, where
0<k<m.

(a) Show that any orthonormal basis

{(Vi,va, ...,V

for V can be expanded to form an orthonormal
basis {vV{, V2, ..., Vi, Vi1, . - ., V) for U.

(b) Show that if W = Span(viii, Vit ..., Vi),
thenU =V o W.

15.
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(Dimension Theorem) Let U and V be subspaces
of R”. In the case that U NV = {0}, we have the
following dimension relation

dim (U + V) = dim U + dim V

(See Exercise 18 in Section 3.4 of Chapter 3.) Make
use of the result from Exercise 14 to prove the more
general theorem

dim (U 4 V) =dim U + dim V — dim(U N V)

Orthogonal Polynomials

We have already seen how polynomials can be used for data fitting and for approxim-
ating continuous functions. Since both of these problems are least squares problems,
they can be simplified by selecting an orthogonal basis for the class of approximating
polynomials. This leads us to the concept of orthogonal polynomials.

In this section we study families of orthogonal polynomials associated with vari-
ous inner products on C[a, b]. We will see that the polynomials in each of these classes
satisfy a three-term recursion relation. This recursion relation is particularly useful in
computer applications. Certain families of orthogonal polynomials have important ap-
plications in many areas of mathematics. We will refer to these polynomials as classical
polynomials and examine them in more detail. In particular, the classical polynomials
are solutions of certain classes of second-order linear differential equations that arise
in the solution of many partial differential equations from mathematical physics.

Orthogonal Sequences

Since the proof of Theorem 5.6.1 was by induction, the Gram—Schmidt process is
valid for a denumerable set. Thus, if x;,X», ... is a sequence of vectors in an inner
product space V and x;, Xy, . . ., X, are linearly independent for each n, then the Gram—
Schmidt process may be used to form a sequence uj, u,, ..., where {uj,u,,...} is an
orthonormal set and

Span(xy, Xa, . . .,X,) = Span(u;, uy, . .., u,)

for each n. In particular, from the sequence 1, x, X2, ... itis possible to construct an
orthonormal sequence po(x), p1(x), ... .

Let P be the vector space of all polynomials and define the inner product (,) on
P by

b
p.q) = / p)g)w(x) dx o))

where w(x) is a positive continuous function. The interval can be taken as either open
or closed and may be finite or infinite. If, however,

b
/ pXOW(x) dx

is improper, we require that it converge for every p € P.
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Definition

Theorem 5.7.1

Proof

Let po(x), p1(x), ... be a sequence of polynomials with deg p;(x) = i for each i. If
(pi(x), pj(x)) = 0 whenever i # j, then {p,(x)} is said to be a sequence of orthogonal

polynomials. If (pi, pj) = §;5, then {p,(x)} is said to be a sequence of orthonormal
polynomials.

If po, P15 - - - is a sequence of orthogonal polynomials, then

L po,...,pu—1 form a basis for P,.
II. p, PnL (i.e., py is orthogonal to every polynomial of degree less than n).

It follows from Theorem 5.5.1 that pg,pi,...,p,—1 are linearly independent in P,.
Since dim P,, = n, these n vectors must form a basis for P,. Let p(x) be any polynomial
of degree less than n. Then

P = cipi(x)

and hence
n—1
(PnsD <pn’ chpl> = Zci@n’pt‘) =0
i=0
Therefore, p, € P ™

If {po,p1,. ... pu—1} is an orthogonal set in P, and

1
u,-:(—)pi for i=0,...,n—1
llp:ll

then {uq, ..., u,_1} is an orthonormal basis for P,. Hence, if p € P,, then

p= Zp,

- 2:;< (nplln) ><||;,||>

=0 (pispi)
Similarly, if f € C[a, b], then the best least squares approximation to f by the elements
of P, is given by

i

m, Di)

where pg, p1, . .., ps—1 are orthogonal polynomlals.
Another nice feature of sequences of orthogonal polynomials is that they satisfy a
three-term recursion relation.
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Let po,p1,... be a sequence of orthogonal polynomials. Let a; denote the lead

coefficient of p; for each i, and define p_,(x) to be the zero polynomial. Then
U 1Pn+1(X) = (X — Buy1)Pu(X) — &nYnPn—1(x) (n>0)
where g = Yy = 1 and

an—1 o (pn—laxpn—1> <pmpn>

oy = —, Bp=—"T"", Yn=""""- (n=1)
ap " (Pn—an—l) ! <Pn—l,Pn—1>
Since pg, p1, - . ., pnr1 form a basis for P, ,, we can write
n+1
XPa() =D ()
k=0
where
(XPns Pi)
Cnk =
(P> Pr)
For any inner product defined by (1),
(xf, 8) = (f,xg)

In particular,

(Xpns>Pk) = (P> XPk)
It follows from Theorem 5.7.1 that if kK < n — 1, then

Xpp.pi)  PnsXPK)
Cnk = = =0

B )

Therefore, (2) simplifies to
xpn(x) = Cn,n—lpn—l(x) + Cn,npn(x) + Cn,n+1pn+l(x)
This equation can be rewritten in the form

Cn,n+1pn+](x) = (x - Cn,n)pn(x) - Cn,nflpnfl(x)

2)

3)

“4)

Comparing the lead coefficients of the polynomials on each side of (4), we see that

Cnn+1Gn+1 = Ay

or

Cont+l1 = = Op+1

an+l

(&)
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It follows from (4) that
Cnn+1 (pmpn+1) = (pm (x— Cn,n)pn) — Cnn—1 (Pn’pn—l)
0= (pm XPn) — Cnn (pmpn)
Thus,

(Pn> Xpn)
Cnn = = ﬁn-{-l

(PnsPn)
It follows from (3) that

(Pn—th—l) Cnn—1 = (xpmpn—l>

= (pm xpn—l)
= (pmpn) Cn—1,n
and hence, by (5), we have
(DnsDn)
Con—1 = 70y = Yy |
(pn—] apn—l)

In generating a sequence of orthogonal polynomials by the recursion relation in
Theorem 5.7.2, we are free to choose any nonzero lead coefficient @, | that we want at
each step. This is reasonable, since any nonzero multiple of a particular p,,; will also
be orthogonal to py, . . ., p,. If we were to choose our g;’s to be 1, for example, then the
recursion relation would simplify to

Pnt1(X) = (x = Bur )Pn(X) — YuPn—1(x)
Classical Orthogonal Polynomials

Let us now look at some examples. Because of their importance we will consider the
classical polynomials beginning with the simplest, the Legendre polynomials.

Legendre Polynomials

The Legendre polynomials are orthogonal with respect to the inner product

1
p.q) = / pX)g(x) dx
-1

Let P,(x) denote the Legendre polynomial of degree n. If we choose the lead coef-
ficients so that P,(1) = 1 for each n, then the recursion formula for the Legendre
polynomials is

(n+ DPyi1(x) = 2n + DxPy(x) — nPy—1(x)

By the use of this formula, the sequence of Legendre polynomials is easily generated.
The first five polynomials of the sequence are

Py(x) = 1
Pi(x)=x

Py(x) = 5(3x* = 1)

P3(x) = 1(5x° = 3x)

Py(x) = §(35x* — 30x? + 3)
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Chebyshev Polynomials

The Chebyshev polynomials are orthogonal with respect to the inner product

1
(p.q) = / (g1 — x*) 12 dx
-1

It is customary to normalize the lead coefficients so that @y = 1 and a; = 2¢~! for
k=1,2,.... The Chebyshev polynomials are denoted by 7, (x) and have the interesting
property that

T,(cos0) = cosnb
This property, together with the trigonometric identity
cos(n+ 1)0 = 2cosf cosnf — cos(n — 1)0

can be used to derive the recursion relations

Ti(x) = xTo(x)
T (x) = 2xTy(x) — Ty—1(x) forn =1

Jacobi Polynomials

The Legendre and Chebyshev polynomials are both special cases of the Jacobi poly-
nomials. The Jacobi polynomials P’ are orthogonal with respect to the inner
product,

1
{p.q) =/ PEG)(1 = 0*(1 + 0)* dx
-1

where A, u > —1.

Hermite Polynomials

The Hermite polynomials are defined on the interval (—oo, 00). They are orthogonal
with respect to the inner product

p.q) = / P ™ dx

oo
The recursion relation for Hermite polynomials is given by

Hy 11 (x) = 2xH,(x) — 2nH,— (x)
Laguerre Polynomials

The Laguerre polynomials are defined on the interval (0, c0) and are orthogonal with
respect to the inner product,

(p.q) = /0 p()g()x*e™ dx

where A > —1. The recursion relation for the Laguerre polynomials is given by

(n+ DL () = Qn4+ 21+ 1 — LD ) — (n+ ML (%)

The Chebyshev, Hermite, and Laguerre polynomials are compared in Table 1.
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Table |  Chebyshev, Hermite, and Laguerre Polynomials

Chebyshev Hermite Laguerre (A =0)
Tyrr = 20T, — Tomiyn > 1 Hypy =2xH, —2nH,—y  (n+ DLY), = 2n+ 1 —x)LO —nL?,
Ty =1 Hy =1 L =1
T, =x H, =2x L(lo)zl—x
T, =2x—1 H, =4x* -2 L(zo)zéxz—x—}—Z
T3 = 4x* — 3x Hs = 8x* — 12x LY =i+ 92— 18x+ 6
APPLICATION I  Numerical Integration

One important application of orthogonal polynomials occurs in numerical integration.
To approximate

b
/ fw(x) dx (6)

we first approximate f(x) by an interpolating polynomial. Using Lagrange’s interpola-
tion formula,

P(x) =Y fx)Li(x)
i=1
where the Lagrange functions L; are defined by

H(x - Xj)
j=1

L) = 22—
n(xi - Xj)
=1
J#
we can determine a polynomial P(x) that agrees with f(x) at n points x, . . ., X, in [a, b].

The integral (6) is then approximated by

b n
/ POow(x)dx = Aif(x;) (7)
a i=1
where

b
Ai=/ L:(x)w(x) dx i=1,...,n

It can be shown that (7) will give the exact value of the integral whenever f(x) is
a polynomial of degree less than n. If the points x,...,x, are chosen properly, for-
mula (7) will be exact for higher degree polynomials. Indeed, it can be shown that
if po,p1,p2,... 18 a sequence of orthogonal polynomials with respect to the inner
product (1) and xi, . . ., x, are the zeros of p,(x), then formula (7) will be exact for all
polynomials of degree less than 2n. The following theorem guarantees that the roots of
pn are all real and lie in the open interval (a, b).
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Theorem 5.7.3  If po,p1,p2,... is a sequence of orthogonal polynomials with respect to the inner
product (1), then the zeros of p,(x) are all real and distinct and lie in the interval
(a,b).
Proof Letxy,...,x, be the zeros of p,(x) that lie in (a, b) and for which p,(x) changes sign.
Thus p,(x) must have a factor of (x — x;)*, where k; is odd, for i = 1,...,m. We may
write

km

Pa®) = (x — x)" 1 (x — 1) 2 -+ (x — x,) g (x)

where g(x) does not change sign on (a,b) and g(x;) # O for i = 1,...,m. Clearly,
m < n. We will show that m = n. Let

r(x) = (x —x)x —x2) - (x — xp)
The product
Par(x) = (x — x1)1 7 (xr — x) 2 (6 — x) g ()

will involve only even powers of (x — x;) for each i and hence will not change sign on
(a, b). Therefore,

b
(Pns1) = / P r)w(x) dx # 0

Since p, is orthogonal to all polynomials of degree less than n, it follows that
deg(r(x)) =m > n. [ |

Numerical integration formulas of the form (7), where the x;’s are roots of ortho-
gonal polynomials, are called Gaussian quadrature formulas. The proof of exactness
for polynomials of degree less than 2n can be found in most undergraduate numerical
analysis textbooks.

Actually, it is not necessary to perform n integrations to calculate the quadrature
coefficients Aj,...,A,. They can be determined by solving an n X n linear system.
Exercise 16 illustrates how this is done when the roots of the Legendre polynomial P,

are used in a quadrature rule for approximating f j] f(x)dx.

SECTION 5.7 EXERCISES

1. Use the recursion formulas to calculate (a) Ty, Ts 3. Show that the Chebyshev polynomials have the

and (b) Hy, H5.

. Let po(x), p1(x), and p,(x) be orthogonal with re-
spect to the inner product

dx

[ g
@mmm—[”+ﬂ

Use Theorem 5.7.2 to calculate p;(x) and p,(x) if
all polynomials have lead coefficient 1.

following properties:
(@) 2T,(0)T,(x) = Tm+n(x) + Tyn(x), form > n
(b) T,(T,(x)) = Tn(x)

4. Find the best quadratic least squares approximation

to ¢* on [—1, 1] with respect to the inner product

1
m9=ﬁﬂmmw
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5.

10.

11.

12.

13.

Let po, p1, - . . be a sequence of orthogonal polyno-
mials and let a, denote the lead coefficient of p,,.
Prove that

||Pn||2 = day (-Xﬂ’pn)

Let T,(x) denote the Chebyshev polynomial of
degree n and define

1
Up-1(x) = ;T,;(X)

forn=1,2,....
(a) Compute Uy(x), U,(x), and U,(x).
(b) Show that if x = cos 6, then

sin 0
Let U,_1(x) be defined as in Exercise 6 for n > 1
and define U_;(x) = 0. Show that
(@ T,x)=U,(x) —xU,_i(x),forn >0
(b) U,(x) =2xU,_1(x) — U,2(x), forn > 1
Show that the U;’s defined in Exercise 6 are ortho-
gonal with respect to the inner product

1
p.q) = / g1 — x*)"/? dx
—1

The U;’s are called Chebyshev polynomials of the
second kind.

Verify that the Legendre polynomial P,(x) satisfies
the second-order equation

(1 =x2)y" —=2xy +n(n+1)y=0
forn =0,1,2.
Prove each of the following.
(@) H,(x)=2nH,.1(x), n=0,1,...
(b) H)(x)—2xH,(x)+2nH,(x) =0, n=0,1,...
Given a function f(x) that passes through the points
(1,2), (2,—1), and (3,4), use the Lagrange in-
terpolating formula to construct a second-degree
polynomial that interpolates f at the given points.

Show that if f(x) is a polynomial of degree less than
n, then f(x) must equal the interpolating polynomial
P(x) in (7) and hence the sum in (7) gives the exact
value for [ Y Fow(x) dx.

Use the zeros of the Legendre polynomial P,(x) to
obtain a two-point quadrature formula

1
/ fdx = Aif(x1) + Axf (x2)
-1

14.

15.

16.

17.

(a) For what degree polynomials will the quadrat-
ure formula in Exercise 13 be exact?

(b) Use the formula from Exercise 13 to approx-
imate

1 3 5 1 1
(X" +3x°+1) dx and
-1 —

d
11+x2 o

How do the approximations compare with the
actual values?

Let xy, x2, ..., x, be distinct points in the interval
[—1,1] and let

1
A,-:/ L(xydx, i=1,...,n
—1

where the L;’s are the Lagrange functions for the
points xy, Xz, ..., X,.
(a) Explain why the quadrature formula

1
/f(X)dx = A f(x1) +Arf(x2) + - -+ AL f(x0)
—1

will yield the exact value of the integral
whenever f(x) is a polynomial of degree less
than n.

(b) Apply the quadrature formula to a polynomial
of degree 0 and show that

Al A4 44, =2

Let xy, x2, ..., X, be the roots of the Legendre poly-
nomial P,. If the A;’s are defined as in Exercise 15,
then the quadrature formula

|
/ fdx = A, f(x) +Arf(xa) + - - + A, f(xn)
-1

will be exact for all polynomials of degree less than
2n.

(a) Show thatif 1 <j < 2n, then
Pi(x))A1+P(x2)As ++ - +P;(x,)A, = (1, P;)=0

(b) Use the results from part (a) and from Ex-
ercise 15 to set up a nonhomogeneous n X n
linear system for determining the coefficients
AL Ay, LA,

Let Qy(x), Qi (x), . .. be an orthonormal sequence of

polynomials, that is, it is an orthogonal sequence of

polynomials and ||Qy|| = 1 for each k.

(a) How can the recursion relation in The-
orem 5.7.2 be simplified in the case of an
orthonormal sequence of polynomials?
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(b) Let X be a root of Q,. Show that A must satisfy the matrix equation

B o Qo(X) Qo(A)
ar B (£%) 1(0) 01(d)
' PR E =1 :
Ap—2 ﬂnfl Ay Qn72()‘-) Qn72()‘)
U1 ﬂn Qn—l()‘) Qn—l()")

where the o;’s and f;’s are the coefficients from the recursion equations.

Chapter Five Exercises

MATLAB EXERCISES
1. Set
x=[0:4,4,—-4,1,17 and y = ones(9, 1)
(a) Use the MATLAB function norm to compute
the values of x|, ||lyll, |IXx + y|| and to verify
that the triangle inequality holds. Use MATLAB
also to verify that the parallelogram law
x4+ yII* + Ix — ylI> = 2(Ix[I* + Iyl1*)
is satisfied.
(b) If

T
X
t= y
Iyl

then why do we know that |f| must be less
than or equal to 1? Use MATLAB to compute
the value of r and use the MATLAB function
acos to compute the angle between x and y.
Convert the angle to degrees by multiplying by
180/m. (Note that the number m is given by pi
in MATLAB.)

(¢) Use MATLAB to compute the vector projection
p of x onto y. Set z = x — p and verify that
z is orthogonal to p by computing the scalar
product of the two vectors. Compute ||x||> and
lz||?> + ||p]|> and verify that the Pythagorean law
is satisfied.

2. (Least Squares Fit to a Data Set by a Linear Func-
tion) The following table of x and y values was given
in Section 5.3 of this chapter (see Figure 5.3.3).

x[=1.0 | 0.0 [2.1 2.3 [2.4 |53 |60 |65 [8.0
y[~1.02]-0.52[0.55[0.70[0.70|2.13[2.52|2.82[3.54

The nine data points are nearly linear and hence
the data can be approximated by a linear function

z = c1x + c,. Enter the x and y coordinates of the
data points as column vectors x and y, respectively.
Set V = [x,ones(size(x))] and use the MAT-
LAB “\” operation to compute the coefficients c,
and ¢, as the least squares solution to the 9 x 2 lin-
ear system Ve = y. To see the results graphically,
set
w=-1:01:8
and
z=c(l)*w+ c(2) * ones(size(w))

and plot the original data points and the least squares
linear fit, using the MATLAB command

plot(x,y, ‘X', w,z)

. (Construction of Temperature Profiles by Least

Squares Polynomials) Among the important inputs
in weather forecasting models are data sets consist-
ing of temperature values at various parts of the
atmosphere. These values are either measured dir-
ectly using weather balloons or inferred from remote
soundings taken by weather satellites. A typical set
of RAOB (weather balloon) data is given next. The
temperature 7 in kelvins may be considered as a
function of p, the atmospheric pressure measured in
decibars. Pressures in the range from 1 to 3 decibars
correspond to the top of the atmosphere, and those
in the range from 9 to 10 decibars correspond to the
lower part of the atmosphere.

p| 1] 2| 3] 4 5 6] 7| 8 9|10
T]222]227|223]233]244]253|260|266(270|266

(a) Enter the pressure values as a column vector p
by setting p = [1 : 10], and enter the tem-
perature values as a column vector T. To find
the best least squares fit to the data by a linear
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(b)

(V]

function c¢,x + ¢;, set up an overdetermined sys-
tem Ve = T. The coefficient matrix V can be
generated in MATLAB by setting

V = [p,ones(10,1)]
or, alternatively, by setting

A = vander(p); V =A(,9:10)

Note For any vector X = (x,X2,...,X.11)
the MATLAB command vander(x) generates
a full Vandermonde matrix of the form

xlll .X}|171 L X1 1
B R
n —1

xn+1 ‘xnn+1 st Xptl 1

For a linear fit, only the last two columns of
the full Vandermonde matrix are used. More
information on the vander function can be
obtained by typing help vander. Once V
has been constructed, the least squares solu-
tion ¢ of the system can be calculated using the
MATLAB *“\” operation.

To see how well the linear function fits the data,
define a range of pressure values by setting

q=1:0.1:10;
The corresponding function values can be de-
termined by setting

z = polyval(c,q);

‘We can plot the function and the data points with
the command

plot(q,zp, T, ‘x’)

Let us now try to obtain a better fit by us-
ing a cubic polynomial approximation. Again
we can calculate the coefficients of the cubic
polynomial
clx3 + czx2 +c3x+ ¢y

that gives the best least squares fit to the data
by finding the least squares solution of an over-
determined system Ve = T. The coefficient
matrix V is determined by taking the last four
columns of the matrix A = vander(p). To see
the results graphically, again set

z = polyval(c,q)
and plot the cubic function and data points, us-
ing the same plot command as before. Where do
you get the better fit, at the top or bottom of the
atmosphere?

(d) To obtain a good fit at both the top and bot-
tom of the atmosphere, try using a sixth-degree
polynomial. Determine the coefficients as be-
fore using the last seven columns of A. Set z =
polyval(c, q) and plot the results.

. (Least Squares Circles) The parametric equations for

a circle with center (3, 1) and radius 2 are
x=3+2cost y=1+2sint

Sett = 0 :.5: 6 and use MATLAB to generate
vectors of x and y coordinates for the corresponding
points on the circle. Next, add some noise to your
points by setting

x = x+0.1 x rand(1,13)

and
y =y +0.1 x rand(1, 13)

Use MATLAB to determine the center ¢ and radius
r of the circle that gives the best least squares fit to
the points. Set

t1=0:0.1:63
xl =c (1) +r*cos(tl)
vl =c(2) +r*xsin(tl)
and use the command
plot(xl, vl , x v, ‘x’)
to plot the circle and the data points.

. (Fundamental Subspaces: Orthonormal Bases) The

vector spaces N(A), R(A), N(AT), and R(AT) are the
four fundamental subspaces associated with a matrix
A. We can use MATLAB to construct orthonor-
mal bases for each of the fundamental subspaces
associated with a given matrix. We can then con-
struct projection matrices corresponding to each
subspace.

(a) Set
A = rand(5,2) x rand(2,5)

What would you expect the rank and nullity
of A to be? Explain. Use MATLAB to check
your answer by computing rank(A) and Z =
null(A). The columns of Z form an orthonor-
mal basis for N(A).

(b) Next, set
Q = orth(A),
S=[Q W]

The matrix S should be orthogonal. Why? Ex-
plain. Compute S * S" and compare your result

W = null(d),



to eye(5). In theory, ATW and WA should both
consist entirely of zeros. Why? Explain. Use
MATLAB to compute A”W and WTA.

(¢) Prove that if Q and W had been computed in
exact arithmetic, then we would have

1-WW" = 00" Q0A =A
[Hint: Write SST in terms of Q and W.] Use
MATLAB to verify these identities.

(d) Prove that if Q had been calculated in exact
arithmetic, then we would have QQ”b = b for
allb € R(A). Use MATLAB to verify this prop-
erty by setting b = A * rand(5, 1) and then
computing Q * Q" * b and comparing it with b.

and

(e) Since the column vectors of Q form an orthonor-
mal basis for R(A), it follows that QQ7 is the
projection matrix corresponding to R(A). Thus,
for any ¢ € IR’ the vector q = QQTc is the

CHAPTER TEST A True or False

For each statement that follows, answer true if the state-
ment is always true and false otherwise. In the case of
a true statement, explain or prove your answer. In the
case of a false statement, give an example to show that
the statement is not always true.

1.

If x and y are nonzero vectors in R”, then the vec-
tor projection of x onto y is equal to the vector
projection of y onto x.

. If x and y are unit vectors in R” and |x”y| = 1, then

x and y are linearly independent.

. If U, V, and W are subspaces of R* and if U L V

andV L W thenU L W.

. Itis possible to find a nonzero vector y in the column

space of A such that ATy = 0.

. If A is an m x n matrix, then AA” and A’A have the

same rank.

CHAPTER TEST B

1.

Let

1 -2
1 1
> and y= 5
2 0

(a) Find the vector projection p of x onto y.

(b) Verify that x — p is orthogonal to p.

10.
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projection of ¢ onto R(A). Set ¢ = rand(5,1)
and compute the projection vector q. The vector
r = ¢ — q should be in N(AT). Why? Explain.
Use MATLAB to compute A" * r.

() The matrix WW7 is the projection matrix cor-
responding to N(AT). Use MATLAB to compute
the projection w = WW7¢ of ¢ onto N(AT) and
compare the result to r.

(g) Set Y = orth(A’) and use it to compute the
projection matrix U corresponding to R(AT). Let
b = rand(5,1) and compute the projection
vector y = U x b of b onto R(AT). Compute
also U * y and compare it with y. The vector
s = b — y should be in N(A). Why? Explain.
Use MATLAB to compute A x s.

(h) Use the matrix Z = null(A) to compute
the projection matrix V corresponding to N(A).
Compute V * b and compare it with s.

If an m x n matrix A has linearly dependent columns
and b is a vector in R, then b does not have a unique
projection onto the column space of A.

If N(A) = {0}, then the system Ax = b will have a
unique least squares solution.

If O, and Q, are orthogonal matrices, then Q, Q- also
is an orthogonal matrix.

If {u;, vy, ...,u;} is an orthonormal set of vectors in
R" and

U= (u]?uZ?""uk)

then UTU = I (the k x k identity matrix).

If {u1 , Uy, ..
R" and

., U} is an orthonormal set of vectors in

U=(,u,...,u)

then UUT = I, (the n x n identity matrix).

(¢) Verify that the Pythagorean Law holds for x, p,
and x — p.
Let v; and v, be vectors in an inner product space V.

(a) Is it possible for | (vi,v,)| to be greater than
Ivill Iv2]|? Explain.

(b) If

(v, v2) [ = [Vl [Iv2l
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what can you conclude about the vectors v; and
v,? Explain.

3. Letv; and v, be vectors in an inner product space V.

Show that
Ivi +vall* < (vl + [IvalD?

. Let A be a 7 x 5 matrix with rank equal to 4 and

let b be a vector in R®. The four fundamental sub-

spaces associated with A are R(A), N(AT), R(AT), and

N(A).

(a) What is the dimension of N(AT), and which of
the other fundamental subspaces is the ortho-
gonal complement of N(AT)?

(b) If x is a vector in R(A) and ATx = 0, then
what can you conclude about the value of ||x||?
Explain.

(¢) What is the dimension of N(ATA)? How many
solutions will the least squares system Ax = b
have? Explain.

. Let x and y be vectors in R” and let Q be an n x n
orthogonal matrix. Show that if
z=0x W= Qy

then the angle between z and w is equal to the angle
between x and y.

and

. Let S be the two-dimensional subspace of R?
spanned by

1 0
x;=1]0 and X; = 1
2 -2

(a) Find a basis for S*.

(b) Give a geometric description of S and S+

(¢) Determine the projection matrix P that projects
vectors in R? onto S*.

. Given the table of data points

x| -1 1 2

y \ 1 3 3

find the best least squares fit by a linear function
fx) =c) + .

. Let {u;, u,, us} be an orthonormal basis for a three-
dimensional subspace S of an inner product space V,
and let

X = 2u; —2u, +u3 and y = 3u;+u; —4u;

10.

11.

12.

(a) Determine the value of (x,y).
(b) Determine the value of ||x]||.

. LetAbea7 x 5 matrix of rank 4. Let P and Q be the

projection matrices that project vectors in R’ onto
R(A) and N(AT), respectively.

(a) Show that PQ = O.

(b) Show that P+ Q = 1.

Given
1 -3 -5 —6
1 1 =2 1
A= 1 _3 1 and b= )
1 1 4 6

If the Gram-Schmidt process is applied to determine
an orthonormal basis for R(A), and a QR factoriza-
tion of A then, after the first two orthonormal vectors
q, and q, are computed, we have

11

2 2 _ ) )

11 —
o=\ 1 = R=|0 4 __

2 T2 — 0 0o

1 1

2 2 —

(a) Finish the process. Determine q; and fill in the
third columns of Q and R.

(b) Use the QR factorization to find the least
squares solution of Ax = b

The functions cos x and sin x are both unit vectors in
C[—m, ] with inner product defined by

1 T
o) =+ [ regeas

(a) Show that cosx L sinx
(b) Determine the value of || cos x + sin x||,.

Consider the vector space C[—1,1] with inner
product defined by

1
{f.8) = / Fgx)dx
-1
(a) Show that

1
uy(x) 7 and
form an orthonormal set of vectors.
(b) Use the result from part (a) to find the best least
squares approximation to i(x) = x'/* + x*/* by
a linear function.

ur(x) = > X



CHAPTER

Eigenvalues

In Section 6.1 we will be concerned with the equation Ax = Ax. This equation occurs
in many applications of linear algebra. If the equation has a nonzero solution x, then A
is said to be an eigenvalue of A and x is said to be an eigenvector belonging to A.

Eigenvalues are a common part of our life whether we realize it or not. Wherever
there are vibrations, there are eigenvalues, the natural frequencies of the vibrations. If
you have ever tuned a guitar, you have solved an eigenvalue problem. When engineers
design structures, they are concerned with the frequencies of vibration of the structure.
This concern is particularly important in earthquake-prone regions such as California.
The eigenvalues of a boundary value problem can be used to determine the energy
states of an atom or critical loads that cause buckling in a beam. This latter application
is presented in Section 6.1.

In Section 6.2, we will learn more about how to use eigenvalues and eigenvectors
to solve systems of linear differential equations. We will consider a number of applica-
tions, including mixture problems, the harmonic motion of a system of springs, and the
vibrations of a building. The motion of a building can be modeled by a second-order
system of differential equations of the form

MY’ (1) = KY(t)

where Y(7) is a vector whose entries are all functions of # and Y”(¢) is the vector of
functions formed by taking the second derivatives of each of the entries of Y(#). The
solution of the equation is determined by the eigenvalues and eigenvectors of the matrix
A=M'K.

In general, we can view eigenvalues as natural frequencies associated with linear
operators. If A is an n x n matrix, we can think of A as representing a linear operator on
R". Eigenvalues and eigenvectors provide the key to understanding how the operator
works. For example, if A > 0, the effect of the operator on any eigenvector belonging
to A is simply a stretching or shrinking by a constant factor. Indeed, the effect of the
operator is easily determined on any linear combination of eigenvectors. In particular,
if it is possible to find a basis of eigenvectors for R”, the operator can be represented

287
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by a diagonal matrix D with respect to that basis and the matrix A can be factored into
a product XDX —! In Section 6.3, we see how this is done and look at a number of
applications.

In Section 6.4, we consider matrices with complex entries. In this setting, we will
be concerned with matrices whose eigenvectors can be used to form an orthonormal
basis for C" (the vector space of all n-tuples of complex numbers). In Section 6.5, we
introduce the singular value decomposition of a matrix and show four applications.
Another important application of this factorization will be presented in Chapter 7.

Section 6.6 deals with the application of eigenvalues to quadratic equations in
several variables and also with applications involving maxima and minima of functions
of several variables. In Section 6.7, we consider symmetric positive definite matrices.
The eigenvalues of such matrices are real and positive. These matrices occur in a wide
variety of applications. Finally, in Section 6.8 we study matrices with nonnegative
entries and some applications to economics.

m Eigenvalues and Eigenvectors

EXAMPLE |

Many application problems involve applying a linear transformation repeatedly to a
given vector. The key to solving these problems is to choose a coordinate system
or basis that is in some sense natural for the operator and for which it will be sim-
pler to do calculations involving the operator. With respect to these new basis vectors
(eigenvectors) we associate scaling factors (eigenvalues) that represent the natural
frequencies of the operator. We illustrate with a simple example.

Let us recall Application 1 from Section 4 of Chapter 1. In a certain town, 30 per-
cent of the married women get divorced each year and 20 percent of the single women
get married each year. There are 8000 married women and 2000 single women, and the
total population remains constant. Let us investigate the long-range prospects if these
percentages of marriages and divorces continue indefinitely into the future.

To find the number of married and single women after one year, we multiply the
vector wo = (8000, 2000)7 by

0.7 02

A=103 08

The number of married and single women after one year is given by

0.7 0.2 [8000 . [6000

wi=A4wo= 1,3 038 | 2000 4000

To determine the number of married and single women after two years, we compute
Wy = AW] = A2W0

and in general for n years we must compute w, = A"w,.
Let us compute wjy, Wpo, W3o in this way and round the entries of each to the
nearest integer.

[ 4004 [ 4000 [ 4000
Wio= 15996 ] “20= le6000)> W= |6000
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After a certain point, we seem to always get the same answer. In fact, wi, =
(4000, 6000)7 and since

v — [07 0:2) [4000) _ (4000
Wi2=103 08] | 6000 ) = | 6000

it follows that all the succeeding vectors in the sequence remain unchanged. The vector
(4000, 6000)7 is said to be a steady-state vector for the process.

Suppose that initially we had different proportions of married and single women.
If, for example, we had started with 10,000 married women and O single women, then
wo = (10,000, 0)" and we can compute w,, as before by multiplying w, by A”. In this
case, it turns out that wi4 = (4000, 6000)7, and hence we still end up with the same
steady-state vector.

Why does this process converge, and why do we seem to get the same steady-
state vector even when we change the initial vector? These questions are not difficult
to answer if we choose a basis for R? consisting of vectors for which the effect of
the linear operator A is easily determined. In particular, if we choose a multiple of the
steady-state vector, say, X; = (2, 3)7, as our first basis vector, then

Axi — 0.7 0.2 2 (2] _
=103 08) (3) T |3) ™™
Thus, x; is also a steady-state vector. It is a natural basis vector to use since the effect
of A on x; could not be simpler. Although it would be nice to use another steady-

state vector as the second basis vector, this is not possible, because all the steady-state
vectors turn out to be multiples of x;. However, if we choose x; = (—1, 1)7, then the

effect of A on x; is also very simple:
-1 _
1

0.7 0.2

AX2 =
03 038

Let us now analyze the process using X; and x; as our basis vectors. If we express the

initial vector wy = (8000, 2000)7 as a linear combination of x; and x,, then

B—= D=

wo = 2000 [ g ] — 4000 [ _} ] = 2000x; — 4000x,
and it follows that

Wi

1
Awg = 2000Ax; — 4000Ax, = 2000x; — 4000 (5) X2

1\2
Wy = AW] = 2000X1 — 4000 <5) Xo
In general,
1 n
w, = A"wy = 2000x; — 4000 (5> X)

The first component of this sum is the steady-state vector and the second component
converges to the zero vector.
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Definition

EXAMPLE 2

Will we always end up with the same steady-state vector for any choice of wy?
Suppose that initially there are p married women. Since there are 10,000 women
altogether, the number of single women must be 10,000 — p. Our initial vector is then

_ p
Wo = [ 10,000 — p ]
If we express wy as a linear combination ¢;X; + ¢»X,, then, as before,

"
w, =AWy = Xy + (§> (6.9}

The steady-state vector will be c;x;. To determine c;, we write the equation
C1X] + 02Xy = Wy
as a linear system:

2ci —cy =p
3ci + ¢, = 10,000 —p

Adding the two equations, we see that ¢; = 2000. Thus, for any integer p in the range
0 < p < 10,000, the steady-state vector turns out to be

4000

6000 =

2000x; = [

The vectors x; and x; were natural vectors to use in analyzing the process in
Example 1, since the effect of the matrix A on each of these vectors was so simple:

Ax; =X = 1xq and AXp; = %Xz

For each of the two vectors, the effect of A was just to multiply the vector by a scalar.
The two scalars 1 and % can be thought of as the natural frequencies of the linear
transformation.

In general, if a linear transformation is represented by an n x n matrix A and
we can find a nonzero vector X so that Ax = Ax, for some scalar A, then, for this
transformation, X is a natural choice to use as a basis vector for R” and the scalar A
defines a natural frequency corresponding to that basis vector. More precisely, we use
the following terminology to refer to x and A:

Let A be an n x n matrix. A scalar X is said to be an eigenvalue or a characteristic
value of A if there exists a nonzero vector x such that Ax = Ax. The vector X is said
to be an eigenvector or a characteristic vector belonging to A.

Let

() )
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R IHRHEHE

it follows that A = 3 is an eigenvalue of A and x = (2, 1) is an eigenvector belonging
to 1. Actually, any nonzero multiple of x will be an eigenvector, because

Since

A(ax) = tAX = aAx = A(aX)

For example, (4,2) is also an eigenvector belonging to A = 3.
4 -2 41 _(12) _ 3 4 -
1 1 2) L 6) 2
The equation AX = Ax can be written in the form

A-xDx=0 (1)

Thus, A is an eigenvalue of A if and only if (1) has a nontrivial solution. The set of
solutions to (1) is N(A — Al), which is a subspace of R”. Hence, if X is an eigenvalue
of A, then N(A — AI) # {0}, and any nonzero vector in N(A — Al) is an eigenvector
belonging to A. The subspace N(A — AI) is called the eigenspace corresponding to the
eigenvalue A.

Equation (1) will have a nontrivial solution if and only if A — A[ is singular, or,
equivalently,

det(A — AT) = 0 )

If the determinant in (2) is expanded, we obtain an nth-degree polynomial in the
variable A:

p(}) = det(A — AI)

This polynomial is called the characteristic polynomial, and equation (2) is called the
characteristic equation, for the matrix A. The roots of the characteristic polynomial
are the eigenvalues of A. If roots are counted according to multiplicity, then the char-
acteristic polynomial will have exactly n roots. Thus, A will have n eigenvalues, some
of which may be repeated and some of which may be complex numbers. To take care
of the latter case, it will be necessary to expand our field of scalars to the complex
numbers and to allow complex entries for our vectors and matrices.

We have now established a number of equivalent conditions for A to be an
eigenvalue of A.

Let A be an n x n matrix and A be a scalar. The following statements are equivalent:

(a) A is an eigenvalue of A.

(b) (A — ADx = 0 has a nontrivial solution.
(¢) N(A — Al # {0}

(d) A — Al is singular.

(e) det(tA — ) =0




292 Chapter 6 Eigenvalues

EXAMPLE 3

EXAMPLE 4

We will now use statement (e) to determine the eigenvalues in a number of
examples.

Find the eigenvalues and the corresponding eigenvectors of the matrix

32
=[5 )
Solution
The characteristic equation is

3—A 2
3 —2—-A

‘:0 or M—-A—-12=0

Thus, the eigenvalues of A are A} = 4 and A, = —3. To find the eigenvectors belonging
to A; = 4, we must determine the null space of A — 41.

—1 2
A—4I:[ : _6]
Solving (A — 40)x = 0, we get

x = (2x2,x2)"

Hence, any nonzero multiple of (2, 1) is an eigenvector belonging to A1, and {(2, 1)”}
is a basis for the eigenspace corresponding to A;. Similarly, to find the eigenvectors for
A2, we must solve

A+3Dx=0
In this case, {(—1,3)"} is a basis for N(A 4 3/) and any nonzero multiple of (—1,3)”
is an eigenvector belonging to A;. ]
Let
2 =3 1
A=1]1 =2 1
1 =3 2

Find the eigenvalues and the corresponding eigenspaces.

Solution
2—A -3 1
1 —2—A 1 = A —1)?
1 -3 2—X
Thus, the characteristic polynomial has roots ; = 0, A, = A3 = 1. The eigenspace

corresponding to A; = 0 is N(A), which we determine in the usual manner:

2 -3 110 1 0 —-1|0
1 -2 110} - 10 1 -110
1 -3 2|0 0 0 0]0
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Setting x3 = «, we find that x; = x, = x3 = «. Consequently, the eigenspace corres-
ponding to A; = 0 consists of all vectors of the form (1, 1, 1)7. To find the eigenspace
corresponding to A = 1, we solve the system (A — I)x = 0:

0

0

0

1 -3 110 1 -3 1
1 -3 10 —-10 0 O
110 0o 0 O

1 -3
Setting x, = « and x3 = B, we get x; = 3o — B. Thus, the eigenspace corresponding
to . = 1 consists of all vectors of the form
-1
0 [ |
1

30 — B
| o ]:a
p

=[]

Compute the eigenvalues of A and find bases for the corresponding eigenspaces.

3
1
0

+ 8

Let

Solution

‘1_)\ 2 o= +4

-2 1—x'

The roots of the characteristic polynomial are A} = 1 4+ 2i, A, = 1 — 2i.

—2i 2 i —1
A_Wzl—z —2i]:_2[1 i]
It follows that {(1,i)"} is a basis for the eigenspace corresponding to A; = 1 + 2i.
Similarly,
2i 2 i1
A—)»z]:[_z 2i]=2[—1 i]
and {(1, —i)7} is a basis for N(A — \,1). ]

Structures—Buckling of a Beam

For an example of a physical eigenvalue problem, consider the case of a beam. If a
force or load is applied to one end of the beam, the beam will buckle when the load
reaches a critical value. If we continue increasing the load beyond the critical value,
we can expect the beam to buckle again when the load reaches a second critical value,
and so on. Assume that the beam has length L and that it is positioned along the x-
axis in the plane with the left support of the beam at x = 0. Let y(x) represent the
vertical displacement of the beam for any point x, and assume that the beam is simply
supported; that is, y(0) = y(L) = 0. (See Figure 6.1.1.)
The physical system for the beam is modeled by the boundary value problem

d’y
Rd_z =—Py y0)=yL)=0 (3)
x
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APPLICATION 2

........
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Figure 6.1.1.

where R is the flexural rigidity of the beam and P is the load placed on the beam. A
standard procedure to compute the solution y(x) is to use a finite difference method to
approximate the differential equation. Specifically, we partition the interval [0, L] into
n equal subintervals

JL .
O=xy<x1<---<x,=L xi=—,j=0,...,n
n

and, for each j, we approximate y”(x;) by a difference quotient. If we set & = % and use
the shorthand notation y; for y(x;), then the standard difference approximation is given
by

Virl — 2y + Y1

¥'(g) ~ P j=1,....n
Substituting these approximations into equation (3), we end up with a system of n
linear equations. If we multiply each equation through by —%2 and set A = PT'TZ, then

the system can be written as a matrix equation of the form Ay = Ay, where

2 -1 0 0O 0 O

—1 2 —1 0O 0 O

0 —1 2 0O 0 O

A=
0 0 O —1 2 -1
0O 0 O 0 —1 2

The eigenvalues of this matrix will all be real and positive. (See MATLAB Exercise 24
at the end of the chapter.) For n sufficiently large, each eigenvalue A of A can be used
to approximate a critical load P = % under which buckling may occur. The most
important of these critical loads is the one corresponding to the smallest eigenvalue

since the beam may actually break after this load is exceeded.

Aerospace: The Orientation of a Space Shuttle

In Section 2 of Chapter 4, we saw how to determine the matrix representation corres-
ponding to a yaw, pitch, or roll of an airplane in terms of 3 x 3 rotation matrices Y, P,
and R. Recall that a yaw is a rotation of an aircraft about the z-axis, a pitch is a rotation
about the y-axis, and a roll is a rotation about the x-axis. We also saw in the airplane
application that a combination of a yaw followed by a pitch and then a roll could be
represented by a product Q = YPR. The same terms—yaw, pitch, and roll are used to
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describe the rotations of a space shuttle from its initial position to a new orientation.
The only difference is that, for a space shuttle, it is customary to have the positive x
and z axes pointing in the opposite directions. Figure 6.1.2 shows the axis system for
the shuttle, compared with the axis system used for an airplane. The shuttle axes for
the yaw, pitch, and roll are denoted Zs, Ys, and Xs, respectively. The origin for the
axis system is at the center of mass of the space shuttle. We could use the yaw, pitch,
and roll transformations, to reorient the shuttle from its initial position; however, rather
than performing three separate rotations, it is more efficient to use only one rotation.
Given the angles for the yaw, pitch, and roll, it is desirable to have the shuttle computer
determine a new single axis of rotation R and an angle of rotation $ about that axis.

Ys

+Pitch

Xs Center

of gravity
6_@) +Yaw

Zs

Figure 6.1.2.

In 2-space, a rotation in the plane of 45°, followed by a 30° rotation, is equivalent
to a single 75° rotation from the initial position. Likewise, in 3-space, a combination
of two or more rotations is equivalent to a single rotation. In the case of the space
shuttle, we would like to accomplish the combined rotations of yaw, pitch, and roll by
performing a single rotation about a new axis R. The new axis can be determined by
computing the eigenvectors of the transformation matrix Q.

The matrix Q representing the combined yaw, pitch, and roll transformations is
a product of three orthogonal matrices, each having determinant equal to 1. So Q is
also orthogonal and det(Q) = 1. It follows that Q must have & = 1 as an eigenvalue.
(See Exercise 23.) If z is a unit vector in the direction of the axis of rotation R, then
z should remain unchanged by the transformation and hence we should have Oz = z.
Thus, z is an unit eigenvector of Q belonging to the eigenvalue A = 1. The eigenvector
z determines the axis of rotation.

To determine the angle of rotation about the new axis R, note that e; represents
the initial direction of the Xs axis and q; = Qe represents the direction after the
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transformation. If we project e; and q; onto the R-axis, they both will project onto the
same vector

pP= (z'e))z = 712
The vectors
v=e —p and w=gq; —Pp

have the same length and both are in the plane that is normal to the R-axis and passes
through the origin. As e; rotates to q, the vector v gets rotated to w. (See Figure 6.1.3.)
The angle of rotation 8 can be computed by finding the angle between v and w:

p (VTW>
= arccos [ ——
vl

0

Figure 6.1.3.

Complex Eigenvalues

If A is an n x n matrix with real entries, then the characteristic polynomial of A will
have real coefficients, and hence all its complex roots must occur in conjugate pairs.
Thus, if A = a + bi (b # 0) is an eigenvalue of A, then A = a — bi must also be an
eigenvalue of A. Here the symbol A (read lambda bar) is used to denote the complex
conjugate of A. A similar notation can be used for matrices. If A = (g;;) is a matrix
with complex entries, then A = (ajj) 1s the matrix formed from A by conjugating each
of its entries. We define a real matrix to be a matrix with the property that A = A.
In general, if A and B are matrices with complex entries and the multiplication AB is
possible, then AB = A B (see Exercise 20).

Not only do the complex eigenvalues of a real matrix occur in conjugate pairs, but
so do the eigenvectors. Indeed, if A is a complex eigenvalue of a real n x n matrix A



6.1 Eigenvalues and Eigenvectors 297

and z is an eigenvector belonging to A, then
AZ=AZ=Az=)1=L1%
Thus, Z is an eigenvector of A belonging to A. In Example 5, the eigenvector computed

ior the eigenvalue A = 1 + 2i was z = (1, )7, and the eigenvector computed for
r=1—-2iwasz=(1,—i)T.

The Product and Sum of the Eigenvalues

It is easy to determine the product and sum of the eigenvalues of an n x n matrix A. If
p(X) is the characteristic polynomial of A, then

ain—Ai  anp e i
asy apn — A azp
p(A) = det(A — Al) = ; 4)
Al an2 App — A

Expanding along the first column, we get

n

det(A — M) = (aj; — A)det(M;;) + Z ai(— 1)t det(M;;)
=2

where the minors M;;, i = 2, ...,n, do not contain the two diagonal elements (a;; — )
and (a; — A). Expanding det(M ;) in the same manner, we conclude that
(an —M)ax — 1)+ (am — 1) %)

is the only term in the expansion of det(A — AJ) involving a product of more than n — 2
of the diagonal elements. When (5) is expanded, the coefficient of A" will be (—1)".
Thus, the lead coefficient of p(X) is (—1)", and hence if Ay, ..., A, are the eigenvalues
of A, then

pA) = (=D"RA = A —A2) - (A — Ay)
=R =MDA2=2) (A —A)
It follows from (4) and (6) that

(6)

A Ag e+ dy = p(0) = det(A)

From (5), we also see that the coefficient of (—A)""! is Zaii' If we use (6) to

i=1
n

determine this same coefficient, we obtain Z A;. It follows that

i=1

n n
E A= E aji
i=1 i=1

The sum of the diagonal elements of A is called the trace of A and is denoted by tr(A).
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EXAMPLE 6

Theorem 6.1.1

Proof

EXAMPLE 7

If

an[f
then

det(A) =-5+18=13 and tr(A)=5—-1=4
The characteristic polynomial of A is given by

5—x —18
1 e

and hence the eigenvalues of A are A; = 2 + 3i and A, = 2 — 3i. Note that
M+ A =4=1tr(A)

‘:ﬁ—m+m

and
MAr = 13 = det(A) [ |

In the examples we have looked at so far, n has always been less than 4. For larger
n, it is more difficult to find the roots of the characteristic polynomial. In Chapter 7, we
will learn numerical methods for computing eigenvalues. (These methods will not in-
volve the characteristic polynomial at all.) If the eigenvalues of A have been computed
by some numerical method, one way to check their accuracy is to compare their sum
with the trace of A.

Similar Matrices

We close this section with an important result about the eigenvalues of similar matrices.
Recall that a matrix B is said to be similar to a matrix A if there exists a nonsingular
matrix S such that B = S~'AS.

Let A and B be n x n matrices. If B is similar to A, then the two matrices have the same
characteristic polynomial and, consequently, the same eigenvalues.

Let p4(x) and pp(x) denote the characteristic polynomials of A and B, respectively. If B
is similar to A, then there exists a nonsingular matrix S such that B = S~'AS. Thus,
pp(A) =det(B — Al)
= det(S™'AS — AD)
= det(S™'(A — AD)S)
= det(S~") det(A — AI) det(S)
=pa(2)

The eigenvalues of a matrix are the roots of the characteristic polynomial. Since
the two matrices have the same characteristic polynomial, they must have the same
eigenvalues. ]

Given

53

2 1
T:03] andS:32
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It is easily seen that the eigenvalues of 7 are A; = 2 and A, = 3. If we set A = S~! 7,
then the eigenvalues of A should be the same as those of 7.

SR T HH

We leave it to the reader to verify that the eigenvalues of this matrix are A; = 2 and

Ay =3.

SECTION 6.1 EXERCISES

1.

Find the eigenvalues and the corresponding eigen-
spaces for each of the following matrices:
3 2 6 —4
@ 14 ] ® 13
3 -1 3 -8
© 7 1] @[3 3]
11 0 1 0
© [ 3] ® [0 01
0 0 0
1 1 1 1 2 1
@ |0 2 1 () |O 3 1
0 0 1 0 5 —1
4 =5 1 -2 0 1
@) 1 0 -1 1)) 1 0 -1
0 1 -1 0 1 -1
2 0 00 3.0 00
0 2 00 4 1 0 0
() 0 0 3 0 M 0 0 2 1
0 0 0 4 0 0 0 2

. Show that the eigenvalues of a triangular matrix are

the diagonal elements of the matrix.

. Let A be an n x n matrix. Prove that A is singular if

and only if & = 0 is an eigenvalue of A.

. Let A be a nonsingular matrix and let A be an eigen-

value of A. Show that 1/A is an eigenvalue of A~!.

. Let A and B be n x n matrices. Show that if none of

the eigenvalues of A are equal to 1, then the matrix
equation
XA+B=X

will have a unique solution.

. Let A be an eigenvalue of A and let x be an eigen-

vector belonging to A. Use mathematical induction
to show that, for m > 1, A" is an eigenvalue of A"
and x is an eigenvector of A” belonging to A"™.

. Let A be an n x n matrix and let B = I — 2A + A>.

(a) Show that if x is an eigenvector of A belonging
to an eigenvalue A, then x is also an eigenvector

13.

14.

15.

16.

17.

of B belonging to an eigenvalue u of B. How
are A and p related?

(b) Show that if A = 1 is an eigenvalue of A, then
the matrix B will be singular.

. An n X n matrix A is said to be idempotent if

A? = A. Show that if A is an eigenvalue of an
idempotent matrix, then A must be either O or 1.

. An n x n matrix is said to be nilpotent if A* = O for

some positive integer k. Show that all eigenvalues
of a nilpotent matrix are 0.

. Let A be an n x n matrix and let B = A — «/ for

some scalar «. How do the eigenvalues of A and B
compare? Explain.

. Let Abeann x n matrix and let B = A + [. Is it

possible for A and B to be similar? Explain.

. Show that A and AT have the same eigenvalues.

Do they necessarily have the same eigenvectors?
Explain.
Show that the matrix

_ [ cos@
| sin®

—sin 6
cos6

will have complex eigenvalues if 6 is not a multiple
of . Give a geometric interpretation of this result.

Let A be a2 x 2 matrix. If tr(A) = 8 and det(A) =
12, what are the eigenvalues of A?

Let A = (a;) be an n x n matrix with eigenvalues
M, ..., A, Show that

)\j =ajj+Z(ai,‘—)»i) for ]= 1,...,1’[
i#f

Let A be a2 x 2 matrix and let p(A) = A2 4+ bA +¢
be the characteristic polynomial of A. Show that
b = —tr(A) and ¢ = det(A).
Let A be a nonzero eigenvalue of A and let x be an
eigenvector belonging to A. Show that A”'x is also
an eigenvector belonging to A form = 1,2,....
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18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

Let A be an n x n matrix and let A be an eigenvalue
of A. If A — Al has rank k, what is the dimension of
the eigenspace corresponding to A? Explain.

Let A be an n x n matrix. Show that a vector x in
either R” or C” is an eigenvector belonging to A if
and only if the subspace S spanned by x and Ax has
dimension 1.

Let o = a + bi and B = ¢ + di be complex scalars
and let A and B be matrices with complex entries.
(a) Show that

a+p=a+p and aff =
a

o
(b) Show that the (i,j) entries of AB and A B are
equal and hence that

AB=AB
Let Q be an orthogonal matrix.
(a) Show that if X is an eigenvalue of Q, then
[A] = 1.
(b) Show that | det(Q)| = 1.
Let Q be an orthogonal matrix with an eigenvalue

A1 = 1 and let x be an eigenvector belonging to A;.
Show that x is also an eigenvector of Q.

Let QO be a 3 x 3 orthogonal matrix whose determ-

inant is equal to 1.

(a) If the eigenvalues of Q are all real and if they
are ordered so that A; > A, > )3, determine
the values of all possible triples of eigenvalues
(A1s A2, A3).

(b) In the case that the eigenvalues X, and X3 are
complex, what are the possible values for 1;?
Explain.

(¢) Explain why A = 1 must be an eigenvalue of
0.

Let xy,...,X, be eigenvectors of an n x n mat-

rix A and let S be the subspace of R” spanned by

X1,X, . .., X,. Show that S is invariant under A (i.e.,

show that Ax € § whenever x € §).

Let A be an n x n matrix and let A be an eigenvalue
of A. Show that if B is any matrix that commutes
with A, then the eigenspace N(A — AI) is invariant
under B.

Let B = S7!AS and let x be an eigenvector of B
belonging to an eigenvalue A. Show that Sx is an
eigenvector of A belonging to X.

Let A be an n x n matrix with an eigenvalue A and
let x be an eigenvector belonging to A. Let S be a

nonsingular n x n matrix and let « be a scalar. Show
that if

B=al —SAS™!, y=S5x

28.

29.

30.

31.

32.

33.

34.

35.

then y is an eigenvector of B. Determine the eigen-
value of B corresponding to y?

Show that if two n x n matrices A and B have a
common eigenvector X (but not necessarily a com-
mon eigenvalue), then x will also be an eigenvector
of any matrix of the form C = @A + BB.

Let A be an n x n matrix and let A be a nonzero
eigenvalue of A. Show that if x is an eigenvector
belonging to A, then x is in the column space of
A. Hence the eigenspace corresponding to X is a
subspace of the column space of A.

Let {u;,u,,...,u,} be an orthonormal basis for R"
and let A be a linear combination of the rank 1
matrices wyu!,uul, ... wu’. If

T T T
A = cjuju; + couu, + -+ - + ¢ u,u,

show that A is a symmetric matrix with eigen-

values ¢y, ¢s,...,c, and that u; is an eigenvector

belonging to ¢; for each i.

Let A be a matrix whose columns all add up to a

fixed constant §. Show that § is an eigenvalue of A.

Let A; and A, be distinct eigenvalues of A. Let x be

an eigenvector of A belonging to X, and let y be an

eigenvector of A belonging to A,. Show that x and

y are orthogonal.

Let A and B be n x n matrices. Show that

(a) If 1 is a nonzero eigenvalue of AB, then it is
also an eigenvalue of BA.

(b) If » = 0 is an eigenvalue of AB, then 1 = 0 is
also an eigenvalue of BA.

Prove that there do not exist n x n matrices A and
B such that

AB—-BA =1
[Hint: See Exercises 10 and 33.]
Let p(d) = (=1)'(V" = @ A" — -+~ —aih — ag)

be a polynomial of degree n > 1, and let
ap—1 dp—2 -+ a4 ao
1 0 0 O
C = 0 1 0 0
0 0 1 0

(a) Show that if A; is a root of p(A) = 0, then A;
is an eigenvalue of C with eigenvector x =
[N Vs ¥ § L

(b) Use part (a) to show that if p(X) has n distinct
roots then p(}) is the characteristic polynomial
of C.

The matrix C is called the companion matrix of
pA).



6.2 Systems of Linear Differential Equations 301

36. The result given in Exercise 35(b) holds even if all and use mathematical induction to prove that
the eigenvalues of p(A) are not distinct. Prove this det(D,(1)) = (= 1Y (@A™ + @y A" 4 - - -
as follows:

+ a A + apy)
(a) Let
(b) Show that
An  Ap—1 - A4 do
1 —% ... 0 0 det(C — D)
Du) =1 = (@1 = M(=1)""" — det(Dy-2)
0 0 ..o 1 —» =p()

Systems of Linear Differential Equations

Eigenvalues play an important role in the solution of systems of linear differential
equations. In this section, we see how they are used in the solution of systems of linear
differential equations with constant coefficients. We begin by considering systems of
first-order equations of the form

Y =auyi +any: + -+ apyn
Yy = axnyi + any: + -+ + axyy,

Vi = auy1 + apyr + -+ duyn

where y; = fi(f) is a function in C'[a, b] for each i. If we let

» i
2 , A
Y=| . and Y=]|.
Yn y;;

then the system can be written in the form
Y =AY

Y and Y’ are both vector functions of . Let us consider the simplest case first. When
n = 1, the system is simply

Y =ay (D
Clearly, any function of the form
y(t) = ce” (c an arbitrary constant)

satisfies equation (1). A natural generalization of this solution for the case n > 1 is to
take

xjeM
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EXAMPLE |

where X = (x1, X, . ..,x,)". To verify that a vector function of this form does work, we
compute the derivative

Y = ieMx =AY

Now, if we choose A to be an eigenvalue of A and x to be an eigenvector belonging to
A, then

AY = Mx = AeMx =2Y =Y’

Hence, Y is a solution of the system. Thus, if A is an eigenvalue of A and x is an
eigenvector belonging to A, then e¢*'x is a solution of the system Y = AY. This will
be true whether A is real or complex. Note that if Y; and Y, are both solutions of
Y’ = AY, then a Y| + BY; is also a solution, since

(@Y + BYy) = Y] + BY,
= aAY| + BAY;,
=A(@Y; + BY>)
It follows by induction that if Yi,...,Y, are solutions of Y’ = AY, then any linear
combination ¢1Y; + - - - + ¢, Y, will also be a solution.
In general, the solutions of an n x n first-order system of the form
Y =AY

will form an n-dimensional subspace of the vector space of all continuous vector-
valued functions. If, in addition, we require that Y(¢) take on a prescribed value Y,
when ¢ = 0 then a standard theorem from differential equations guarantees that the
problem will have a unique solution. A problem of the form

Y =AY, Y(0) =Y

is called an initial value problem.

Solve the system

Yy =3y1 + 4y
Y5 =3y1 + 2y
Solution
3 4
A= [ 32

The eigenvalues of A are &} = 6 and A, = —1. Solving (A — Al)x = 0 with A = A and
A = Ay, we see that x; = (4,3)7 is an eigenvector belonging to A; and x, = (1, —1)7
is an eigenvector belonging to A,. Thus, any vector function of the form

t

4¢ie® + cpe!
Y = ¢ eMixy + cre??ix, = [

3c1e% — cre

is a solution of the system. ]
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In Example 1, suppose that we require that y; = 6 and y, = 1 when t = 0. Then

wo- (372 - 1

36‘1 — C2
and it follows that ¢c; = 1 and ¢, = 2. Hence the solution to the initial value problem
is given by
465 4 2™
Y= 6IX 2e7'x, =
Xt ITX [3e6l—26’]

Mixtures

Two tanks are connected as shown in Figure 6.2.1. Initially, tank A contains 200 liters
of water in which 60 grams of salt has been dissolved and tank B contains 200 liters of
pure water. Liquid is pumped in and out of the two tanks at rates shown in the diagram.
Determine the amount of salt in each tank at time ¢.

Solution
Let y;(¢) and y,(¢) be the number of grams of salt in tanks A and B, respectively, at

time ¢. Initially,
_[»nO)]) _ 60]
vor= o) =%

The total amount of liquid in each tank will remain at 200 liters since the amount being
pumped in equals the amount being pumped out. The rate of change in the amount of
salt for each tank is equal to the rate at which it is being added minus the rate at which
it is being pumped out. For tank A, the rate at which the salt is added is given by

. y2(t) » .
SL/ | =gl ) =——¢g
(5 L/min) ( 200 g ) 0 g/min
and the rate at which the salt is being pumped out is
. y1(1) n@ .
20 L/ | Z=—=gL ) =—-¢g
( 'min) ( 200 g > 10 g/min
Water Mixture
15 L/min 5 L/min

_—

Mixture Mixture
20 L/min 15 L/min

Figure 6.2.1.



304 Chapter 6 Eigenvalues

Thus, the rate of change for tank A is given by

)’2(0 y1()
l( ) A~ W

Similarly, for tank B, the rate of change is given by

20y1(0)  20y2(1) _ yi()  y2(0)

/
1) = —
»0==50 200 0 10

To determine y;(#) and y,(¢), we must solve the initial value problem
Y =AY, Y(0) =

where

1
—10 70 [ 60
11 l - Yos [ 0 ]
10
The eigenvalues of A are A| = —23—0 and A = —2—10 with corresponding eigenvectors

SRR

The solution must then be of the form

—31/20 —1/20

Y =cie X| + ce X)
Whent=0,Y =Y. Thus,
C1X] + Xy = Y()

and we can find ¢; and ¢; by solving

1 1 C1 o 60
-2 2 2 - 0
The solution of this system is ¢; = ¢, = 30. Therefore, the solution of the initial value
problem is

Y(1) = yl(t)] [30e3f/20+30e’/2°]

(1) 603120 4 60e~"/20
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Complex Eigenvalues

Let A be a real n x n matrix with a complex eigenvalue A = a + bi, and let x be an
eigenvector belonging to A. The vector x can be split up into its real and imaginary
parts.

Rexl + iImxl Rexl Imxl
Rex; +ilmux; Re x; Im x,

X = . = . +1i . =Rex+ilmx
Rex, +ilmux, Rex, Imx,

Since the entries of A are all real, it follows that A = a — bi is also an eigenvalue of A
with eigenvector

RCX] — iImxl
Rexz — iImX2
=Rex —ilmx

o]
Il

Rex, —ilmux,

and hence ¢*'x and ¢*'X are both solutions of the first-order system Y' = AY. Any
linear combination of these two solutions will also be a solution. Thus, if we set

1 —_
Y, = E(e“x + M%) = Re(e'x)
and

1 _
Y, = E(e“x — €"X) = Im(¢*'x)
l

then the vector functions Y; and Y, are real-valued solutions of Y’ = AY. Taking the
real and imaginary parts of

eMX — e(a+ib)zx
= e“(cos bt + isin br)(Re x + i Imx)

we see that

Y; = e“ [(cos bt) Re x — (sin bt) Imx]

Y, = e [(cos br) Imx + (sin br) Re x|
Solve the system
yi= n+ »
¥y = =2y1 + 3y

Solution
Let
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The eigenvalues of A are A = 2 + i and A = 2 — i, with eigenvectors x = (1,1 + i)”
and X = (1,1 — i)7, respectively.

iy e’(cost +isint)
(4 =
e*(cost + isinf)(1 + i)

B e* cost + ie* sint
~ | €¥(cost — sin1) + ie*(cost + sin?)
Let
2t
e’ cost
Y, = Re(eMx) = )
! (€™x) e*(cost — sint)
and

2 G
_ Mor e’ sint
Ya = Im(e™x) = [ e?(cost + sint)
Any linear combination
Y= C]Yl + 62Y2

will be a solution of the system. ]
If the n x n coefficient matrix A of the system Y’ = AY has n linearly independ-
ent eigenvectors, the general solution can be obtained by the methods that have been

presented. The case when A has fewer than # linearly independent eigenvectors is more
complicated; consequently we will defer discussion of this case to Section 6.3.

Higher Order Systems
Given a second-order system of the form
Y =AY +AY
we may translate it into a first-order system by setting
Yus1(0) = 1 (D)
Yus2(1) = y5(1)

yau(t) =y, (1)

If we let
Yi=Y=0uy 0"
and
Yo=Y = Quits o ym)
then
Y, =0Y, +1Y,
and

Y/2 =AY +AY;
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The equations can be combined to give the 2n x 2n first-order system

Y, A A Y>
If the values of Y| = Y and Y, = Y are specified when 7 = 0, then the initial value
problem will have a unique solution.

EXAMPLE 3  Solve the initial value problem

Yi= 2n+ ym+ Y+
Yy = =51 +2y:+ 5y, =,
y1(0) = y2(0) = y1(0) = 4, ¥5(0) = —4

Solution
Set y; =y} and y, = ). This gives the first-order system

= Y3

Yy = Y4
Vo= 2yi+ 2+ y3+ys
Yy = =5y1 4+ 2y2 4+ 5y3 — y4

The coefficient matrix for this system,

0O 0 1 0
0O 0 0 1
A= 2 1 1 1
-5 2 5 -1

has eigenvalues
A =1, Ay = —1, Az =3, Ay =3
Corresponding to these eigenvalues are the eigenvectors

xi=(1,-11,-D", x=(1,5-1,-5"
x3 = (1,1,3,3)7, x4 = (1,-5,-3,157
Thus, the solution will be of the form
cixie’ + exae™ + e3xze” + caxge ™
We can use the initial conditions to find ¢y, ¢;, ¢3, and c¢4. For t = 0, we have

C1X| + caXa + ¢33 + Xy = (4, 4,4, —4)T

or, equivalently,

1 1 1 1) (e 4
1 5 1 5| || _| 4
1 -1 3 <3| ]| | 4
—1 =5 3 15) le —4
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The solution of this system is ¢ = (2,1, 1,0)7, and hence the solution to the initial
value problem is

Y = 2x1€' + X0~ + x3¢*

Therefore,
Vi 26’ + eit + e3t
| | 2 45+ & u
vil 2¢' — e+ 3e™
V5 —2¢' — 5e7" + 3¢¥

In general, if we have an mth-order system of the form
Y™ =AY +AY +---+A4, YD
where each A; is an n X n matrix, we can transform it into a first-order system by setting
Y =Y.Y.=Y,....Y, =Y, _,

We will end up with a system of the form

Y, o I O -+ O Y,
Y, o o I --- O Y>
Y, o 0 0 - 1 Y1
Y, A Ay Ay - Ay) | Ya
If, in addition, we require that Y, Y, ... Y™ D take on specific values when t = 0,

there will be exactly one solution to the problem.

If the system is simply of the form Y = AY, it is usually not necessary to intro-
duce new variables. In this case, we need only calculate the mth roots of the eigenvalues
of A. If A is an eigenvalue of A, x is an eigenvector belonging to A, o is an mth root of
A, and Y = €°'x, then

Y™ = g™e%'x = 1Y
and

AY = ¢”'Ax = 1e”'x = 1Y
Therefore, Y = ¢7'x is a solution to the system.

Harmonic Motion

In Figure 6.2.2, two masses are joined by springs and the ends A and B are fixed.
The masses are free to move horizontally. We will assume that the three springs are
uniform and that initially the system is in the equilibrium position. A force is exerted
on the system to set the masses in motion. The horizontal displacements of the masses
at time ¢ will be denoted by x;(¢) and x,(¢), respectively. We will assume that there are
no retarding forces such as friction. Then the only forces acting on mass m; at time ¢
will be from the springs 1 and 2. The force from spring 1 will be —kx; and the force
from spring 2 will be k(x, — x1). By Newton’s second law,

mix| (1) = —kxy + k(xz — x1)
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1 my 2 ny 3
I ~A ° ~A ° 2288 I
A B
X1 X2
Figure 6.2.2.

Similarly, the only forces acting on the second mass will be from springs 2 and 3.
Using Newton’s second law again, we get

myxy (1) = —k(xy —x1) — kxp
Thus, we end up with the second-order system

k
x| = —m—(2X1 —X2)
1

/!

k
Xy = —m—(—x1 + 2XQ)
2

Suppose now that m; = m; = 1, k = 1, and the initial velocity of both masses is
+2 units per second. To determine the displacements x; and x, as functions of ¢, we
write the system in the form

X" = AX 2)

-2 1
I
has eigenvalues A; = —1 and A, = —3. Corresponding to A;, we have the eigenvector

vi = (1, )T and 1 = +i. Thus, v, and e v, are both solutions of (2). It follows
that

The coefficient matrix

1 it —it it
E(e + e ")vi = (Ree")vy = (cost)v;

and
| ) .
E(e” — e My, = (Ime")v, = (sint)v;
L
are also both solutions of (2). Similarly, for A, = —3, we have the eigenvector v, =

(1, =17 and 07 = £+/3i. It follows that
(Re e¥3")v, = (cos V/31)va
and
(Im eﬁ”)vz = (sinv/30)v»
are also solutions of (2). Thus the general solution will be of the form
X(1) = ¢1(cos 1)V; + ca(sin 1)V + ¢3(cos v/31)Va + c4(sin v/31)va

c1Ccost—+ ¢y sint + ¢3cos V3t + Cq sin /31
Cc1COoSt+ cysint — ¢3cos V3t — C4 SIn V3t
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At time t = 0, we have
x1(0) =x(0) =0 and xj(0) = x5(0) =2
It follows that

ci+c3=0 C2+\/§C4=2
and
Cl—C3=0 Cz—«/§6‘4=2

and hence
cir=c3=c4=0 and ¢, =2
Therefore, the solution to the initial value problem is simply

X(1) = 2sint ]

2sint

The masses will oscillate with frequency 1 and amplitude 2.

Vibrations of a Building

For another example of a physical system, we consider the vibrations of a building. If
the building has k stories, we can represent the horizontal deflections of the stories at
time ¢ by the vector function Y(£) = (y(1), y2(1), . .., y«(t))". The motion of a building
can be modeled by a second-order system of differential equations of the form

MY"(1) = KY(1)

The mass matrix M is a diagonal matrix whose entries correspond to the concentrated
weights at each story. The entries of the stiffness matrix K are determined by the spring
constants of the supporting structures. Solutions of the equation are of the form Y(7) =
€'7'x, where x is an eigenvector of A = M~'K belonging to an eigenvalue A and o is a

square root of A.

SECTION 6.2 EXERCISES

1. Find the general solution of each of the following

systems: @ ¥ =i+ 2
@ yi= yi+ y2 (b Y= 2y +4p Vo= 25—

Yo = =2y + 4y Yo ==y1 =3y n(0) =330 =1
© Y= y—2n @y=yn-» ®) Y= 3=

, , =2+ »

Yy = =2y1 + 4y, V2 =Y+ ) 11(0) = 1,2(0) = —2
(€ ¥y =3y —2x» ® Yi=n+ (© ) =2y —6y;

Yo =2y1+ 3y Yy =2y + 6y3 Yo = y1= 3y

D43 3= Y2 —2y3
3= 2T oY ¥1(0) = y2(0) = 3(0) = 2

2. Solve each of the following initial value problems:



(d) ¥y, =y +2y;
Yo=Y — 3
Ys=yi+ »+»
y1(0) = y2(0) = 1,y3(0) = 4

. Given

Y = cieM'x; + c2e"'%0 4 -+ X,
is the solution to the initial value problem:
Y =AY, Y0) =Y,
(a) show that
Yo =X+ X + -+ Xy

(b) let X = (xq,...,X,)and ¢ = (cy,...,c,)". As-
suming that the vectors xi, ..., X, are linearly
independent, show that ¢ = X~'Y,,.

. Two tanks each contain 100 liters of a mixture. Ini-

tially, the mixture in tank A contains 40 grams of

salt while tank B contains 20 grams of salt. Liquid
is pumped in and out of the tanks as shown in the
accompanying figure. Determine the amount of salt

in each tank at time 7.

Mixture
4 L/min

‘Water
12 L/min

Mixture Mixture
16 L/min 12 L/min
5. Find the general solution of each of the following
systems:
@ y/ =-2y () Y =2y1+y,
Y;=y1+3» Yy =2y 4,

. Solve the initial value problem
V=204 Y +2
Yi= 242 =Y
yi(0) =1, y2(0) = 0, y1(0) = =3, y,(0) =2

. In Application 2, assume that the solutions are of
the form x; = a; sinot, x, = a, sinot. Substitute
these expressions into the system and solve for the
frequency o and the amplitudes a; and a,.
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8.

10.

11.

Solve the the problem in Application 2, using the
initial conditions
x1(0) = x2(0) = 1, x1(0) = 4, and x5,(0) =2

Two masses are connected by springs as shown in
the accompanying diagram. Both springs have the
same spring constant, and the end of the first spring
is fixed. If x; and x, represent the displacements
from the equilibrium position, derive a system of
second-order differential equations that describes
the motion of the system.

o m
X1 I

lf my
X2

Three masses are connected by a series of springs
between two fixed points as shown in the accom-
panying figure. Assume that the springs all have
the same spring constant, and let x;(7), x,(¢), and
x3(t) represent the displacements of the respective
masses at time ¢.

A S A

A 1 2 ms B

(a) Derive a system of second-order differential
equations that describes the motion of this
system.

(b) Solve the system if m; = m3 = §, my =
k=1, and

x1(0) = »0)=x0)=1
x1(0) = x5(0) =x5(0) =0
Transform the nth-order equation

)

sl

Y =agy+ary 4+ a,y"

into a system of first-order equations by setting
yi = yandy = y_, forj = 2,...,n Determ-
ine the characteristic polynomial of the coefficient
matrix of this system.



312 Chapter 6 Eigenvalues

Diagonalization

Theorem 6.3.1

Proof

Definition

Theorem 6.3.2

Proof

In this section, we consider the problem of factoring an n x n matrix A into a product of
the form XDX !, where D is diagonal. We will give a necessary and sufficient condition
for the existence of such a factorization and look at a number of examples. We begin by
showing that eigenvectors belonging to distinct eigenvalues are linearly independent.

If Ay, A, ..., A, are distinct eigenvalues of an n x n matrix A with corresponding
eigenvectors X1,Xp, . . ., Xy, then Xy, . . ., Xy are linearly independent.

Let r be the dimension of the subspace of R"” spanned by Xy, ..., X; and suppose that
r < k. We may assume (reordering the x;’s and A;’s if necessary) that x, . . . , X, are lin-
early independent. Since x;,X», ..., X;, X, are linearly dependent, there exist scalars
C1,...,Cr, Cri1, Ot all zero, such that

Xyt X+ X =0 (1)

Note that c,y; must be nonzero; otherwise, Xi,...,X, would be dependent. So
¢r+1Xr+1 7 0 and hence ¢y, . . ., ¢, cannot all be zero. Multiplying (1) by A, we get

ciAx) + -+ AX, + ¢4 1AX 1 =0
or
Xy + -+ o hXe + A1 X4 =0 ()
Subtracting A, times (1) from (2) gives
i = A )X + oAy — A )X, =0

This contradicts the independence of xi, . . ., X,. Therefore, r must equal k. [ |

An n x n matrix A is said to be diagonalizable if there exists a nonsingular matrix
X and a diagonal matrix D such that

X 'AX =D
We say that X diagonalizes A.

An n x n matrix A is diagonalizable if and only if A has n linearly independent
eigenvectors.

Suppose that the matrix A has n linearly independent eigenvectors xj, X, . .., X,. Let
A; be the eigenvalue of A corresponding to x; for each i. (Some of the A;’s may be
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equal.) Let X be the matrix whose jth column vector is x; for j = 1,...,n. It follows
that Ax; = A,X; is the jth column vector of AX. Thus,

AX = (Axy,AXy, ..., AX,)
= (A1X1, A2Xo, . .., ApXy)

Al

Ay
= (X1,X2,...,Xy,)

An
= XD
Since X has n linearly independent column vectors, it follows that X is nonsingular and
hence
D=X"XD=X"AX
Conversely, suppose that A is diagonalizable. Then there exists a nonsingular matrix X
such that AX = XD. If x|, X, ..., X, are the column vectors of X, then
AX; = Ax; (& = djp)
for each j. Thus, for each j, A, is an eigenvalue of A and x; is an eigenvector belonging

to A;. Since the column vectors of X are linearly independent, it follows that A has n
linearly independent eigenvectors. ]

Remarks

1. If A is diagonalizable, then the column vectors of the diagonalizing matrix X
are eigenvectors of A and the diagonal elements of D are the corresponding
eigenvalues of A.

2. The diagonalizing matrix X is not unique. Reordering the columns of a given
diagonalizing matrix X or multiplying them by nonzero scalars will produce a
new diagonalizing matrix.

3. If Ais n x n and A has n distinct eigenvalues, then A is diagonalizable. If the
eigenvalues are not distinct, then A may or may not be diagonalizable depending
on whether A has n linearly independent eigenvectors.

4. If A is diagonalizable, then A can be factored into a product XDX !
It follows from remark 4 that
A% = (XDX YHxpx~ " = xp*x !
and, in general,
Ak = XD'x!
O

(R)f .
=X . X

(A

Once we have a factorization A = XDX ™!, it is easy to compute powers of A.
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EXAMPLE |  Let

A= [2 5

The eigenvalues of A are A; = 1 and 1, = —4. Corresponding to A; and A,, we have
the eigenvectors x; = (3, 1) and x, = (1,2)”. Let

3 1 1 0
X:[1 2] and D:[O _]

It follows that

,AX_ll ] z —3||3 1|
5 2 =5 1 2
1
=D
K
and
2 1
o 301 I 0 5 751 (2 =3) _
S R NN I et Y R B
5 5
EXAMPLE 2 Let
3 -1 =2
A=12 0 =2
2 -1 -1

It is easily seen that the eigenvalues of A are A; = 0, A, = 1, and A3 = 1. Correspond-
ing to A; = 0, we have the eigenvector (1, 1, DT, and corresponding to A = 1, we have
the eigenvectors (1,2,0)" and (1,0, 1)7. Let

1 1 1
X=11 20

1 0 1
It follows that

1 1 1 0o 0 O -2 1 2
XDX'= |1 2 0 0 1 0 1 0 -1
1 0 1 0 0 1 2 -1 -1

3 -1 =2

=12 0 -2

2 -1 -1

=A

Even though A = 1 is a multiple eigenvalue, the matrix can still be diagonalized since
there are three linearly independent eigenvectors. Note also that

A =xD'Xx ' =xpx'=A
for any £ > 1. ]
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EXAMPLE 4
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If an n x n matrix A has fewer than n linearly independent eigenvectors, we
say that A is defective. It follows from Theorem 6.3.2 that a defective matrix is not
diagonalizable.

Let
11
=0 1]
The eigenvalues of A are both equal to 1. Any eigenvector corresponding to A = 1 must
be a multiple of x; = (1,0)”. Thus, A is defective and cannot be diagonalized. ]
Let
2 00 2 00
A=10 4 0 and B=|—-1 4 0
1 0 2 -3 6 2

A and B both have the same eigenvalues
A =4, A =r=2

The eigenspace of A corresponding to A; = 4 is spanned by e,, and the eigenspace
corresponding to A = 2 is spanned by es. Since A has only two linearly independ-
ent eigenvectors, it is defective. On the other hand, the matrix B has eigenvector
x; = (0,1,3)" corresponding to A; = 4 and eigenvectors x, = (2,1,0)” and e;
corresponding to A = 2. Thus, B has three linearly independent eigenvectors and con-
sequently is not defective. Even though A = 2 is an eigenvalue of multiplicity 2, the
matrix B is nondefective, since the corresponding eigenspace has dimension 2.
Geometrically, the matrix B has the effect of stretching two linearly independent
vectors by a factor of 2. We can think of the eigenvalue A = 2 as having geometric
multiplicity 2, since the dimension of the eigenspace N(B — 2/) is 2. On the other hand,
the matrix A stretches only vectors along the z-axis, by a factor of 2. In this case, the
eigenvalue A = 2 has algebraic multiplicity 2, but dim N(A — 2/) = 1, so its geometric

multiplicity is only 1 (see Figure 6.3.1). ]
Z Z Z
A
-~ A 263 283
€3
X X X
2
y y y *

Figure 6.3.1.
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APPLICATION |

Markov Chains

Definition

EXAMPLE 5

In Section 6.1, we studied a simple matrix model for predicting the number of mar-
ried and single women in a certain town each year. Given an initial vector x, whose
coordinates represent the current number of married and single women, we were able
to predict the number of married and single women in future years by computing

X1 =AXO, Xo =AX|, X3 =AX2,...

If we scale the initial vector so that its entries indicate the proportions of the population
that are married and single, then the coordinates of x, will indicate the proportions of
married and single women after n years. The sequence of vectors that we generate in
this manner is an example of a Markov chain. Markov chain models occur in a wide
variety of applied fields.

A stochastic process is any sequence of experiments for which the outcome at
any stage depends on chance. A Markov process is a stochastic process with the
following properties:

I. The set of possible outcomes or states is finite.
II. The probability of the next outcome depends only on the previous outcome.
ITI. The probabilities are constant over time.

The following is an example of a Markov process:

Automobile Leasing An automobile dealer leases four types of vehicles: four-door
sedans, sports cars, minivans, and sport utility vehicles. The term of the lease is 2
years. At the end of the term, customers must renegotiate the lease and choose a new
vehicle.

The automobile leasing can be viewed as a process with four possible outcomes.
The probability of each outcome can be estimated by reviewing records of previous
leases. The records indicate that 80 percent of the customers currently leasing sedans
will continue doing so in the next lease. Furthermore, 10 percent of the customers cur-
rently leasing sports cars will switch to sedans. In addition, 5 percent of the customers
driving minivans or sport utility vehicles will also switch to sedans. These results are
summarized in the first row of Table 1. The second row indicates the percentages of
customers that will lease sports cars the next time, and the final two rows give the
percentages that will lease minivans and sport utility vehicles, respectively.

Table I  Transition Probabilities for Vehicle Leasing

Current Lease

Sedan Sports Car Minivan SUV Next Lease
0.80 0.10 0.05 0.05 Sedan

0.10 0.80 0.05 0.05 Sports Car
0.05 0.05 0.80 0.10 Minivan

0.05 0.05 0.10 0.80 SUvV
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Suppose that initially there are 200 sedans leased and 100 of each of the other three
types of vehicles. If we set

0.80 0.10 0.05 0.05 200

A= 0.10 0.80 0.05 0.05 — 100
—10.05 0.05 0.80 0.10 0= 1100
0.05 0.05 0.10 0.80 100

then we can determine how many people will lease each type of vehicle two years later
by setting

0.10 0.80 0.05 0.05 100 110
0.05 0.05 0.80 0.10 100 105
0.05 0.05 0.10 0.80 100 105

X = AX() =

0.80 0.10 0.05 0.05] ‘200] '180

We can predict the numbers for future leases by setting
X1 = Ax, for n=1,2,...

The vectors x; produced in this manner are referred to as state vectors, and the sequence
of state vectors is called a Markov chain. The matrix A is referred to as a transition
matrix. The entries of each column of A are nonnegative numbers that add up to 1.
Such vectors are referred to as probability vectors. Thus each column vector of A is
a probability vector. For example, the first column of A corresponds to individuals
currently leasing sedans. The entries in this column are the probabilities of choosing
each type of vehicle when the lease is renewed.

In general, a matrix is said to be stochastic if its entries are nonnegative and the
entries in each column add up to 1. Thus a matrix is stochastic if its column vectors are
all probability vectors.

If we divide the entries of the initial vector by 500 (the total number of customers),
then the entries of the new initial state vector

xo = (0.40, 0.20, 0.20, 0.20)"

represent the proportions of the population that rent each type of vehicle. The entries
of x; will represent the proportions for the next lease. Thus x( and x; are probability
vectors, and it is easily seen that the succeeding state vectors in the chain will all be
probability vectors.

The long-range behavior of the process is determined by the eigenvalues and ei-
genvectors of the transition matrix A. The eigenvalues of A are A} = 1, A, = 0.8, and
Az = Aq4 = 0.7. Even though A has a multiple eigenvalue, it does have four linearly
independent eigenvectors and hence it can be diagonalized. If the eigenvectors are used
to form a diagonalizing matrix Y, then

A = YDY!
I -1 0 1)(1l 0 0 0 i 11 1
1 -1t 0o —-1ffo & o off-1% -1 &+ 1
= 7
1 1 1 offo o & o 0o 01 -1
7
11 -1 oJlo o o & L1 0 0
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Theorem 6.3.3

Proof of (i)

Proof of (ii)

The state vectors are computed by setting
x, = YD'Y'xo
YD"(0.25, —0.05, 0, 0.10)"
= Y(0.25, —0.05(0.8)", 0, 0.10(0.7)")"
1 -1
= 0.25 [ } l —0.05(0.8)" _i + 0.10(0.7)"
1

1

|
OO ==

As n increases, X, approaches the steady-state vector
x = (0.25, 0.25, 0.25, 0.25)7

Thus the Markov chain model predicts that, in the long run, the leases will be divided
equally among the four types of vehicles. ]

In general, we will assume that the initial vector xq in a Markov chain is a probab-
ility vector, and this in turn implies that all of the state vectors are probability vectors.
One would expect, then, that if the chain converges to a steady-state vector X, then the
steady-state vector must also be a probability vector. This is indeed the case, as we see
in the next theorem.

If a Markov chain with an n x n transition matrix A converges to a steady-state vector
X, then

(i) x is a probability vector.

(ii) A1 = 1is an eigenvalue of A and X is an eigenvector belonging to A,.
Let us denote the kth state vector in the chain by x; = (x\°, x{", ..., x®)T_ The entries
of each x; are nonnegative and sum to 1. For each j, the jth entry of the limit vector x
satisfies

x; = lim P >0
: k—oo 7/

and
xi+x 4 4a, = im0y =1
k—00
Therefore the steady-state vector X is a probability vector. m

We leave it for the reader to prove that A; = 1, is an eigenvalue of A. (See Exercise 27.)
It follows that x is an eigenvector belonging to A; = 1 since

Ax = A(lim x) = lim (Axy) = lim X1 =X [ |
k— 00 k— 00 k—00
In general, if A is a n x n stochastic matrix then A; = 1 is an eigenvalue of A and

the remaining eigenvalues satisfy

Ml <1j=23,....n
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Proof
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The existence of a steady state for a Markov chain is guaranteed whenever A; = 1 is a

dominant eigenvalue of the transition matrix A. An eigenvalue A, of a matrix A is said
to be a dominant eigenvalue if the remaining eigenvalues of A satisfy

[Aj] < A for j=2,3,...,n

If Ay = 1 is a dominant eigenvalue of a stochastic matrix A, then the Markov chain
with transition A will converge to a steady-state vector.

In the case that A is diagonalizable, let y, be an eigenvector belonging to A; = 1 and

letY = (y;,¥,, ...y, be a matrix that diagonalizes A. If E is the n x n matrix whose
(1, 1) entry is 1 and whose remaining entries are all 0, then as k — oo
M 1
25 0
Df = 2 . — l . =F
Ak 0

If X is any initial probability vector and ¢ = Y~ 'xo, then
x, = Afxg = YD'Y~'xy = YDFe — YEc = Y(c1e)) = c1y,

Thus the vector ¢y, is the steady-state vector for the Markov chain.

In the case that the transition matrix A is defective with dominant eigenvalue
A1 = 1, one can still prove the result by using a special matrix J that is referred to
as the Jordan canonical form of A. This topic is covered in detail in the supplemental
Web chapter (Chapter 9) that accompanies this book. In that chapter, it is shown that
any n x n matrix A can be factored into a product A = Y JY~!, where J is an upper
bidiagonal matrix with the eigenvalues of A on its main diagonal and 0’s and 1’s on
the diagonal directly above the main diagonal. It turns out that if A is stochastic with
dominant eigenvalue A; = 1, then J* will converge to E as k — oo. So the proof in
the case where A is defective is the same as before, but with the diagonal matrix D
replaced by the bidiagonal matrix J. ]

Not all Markov chains converge to a steady-state vector. However, it can be shown
if all the entries of the transition matrix A are positive, then that there is a unique
steady-state vector x and that A"x( will converge to x for any initial probability vector
xo. In fact, this result will hold if A* has strictly positive entries even though A may
have some 0 entries. A Markov process with transition matrix A is said to be regular if
all the entries of some power of A are positive.

In Section 6.8, we will study positive matrices, that is, matrices whose entries are
all positive. One of the main results in that section is a theorem due to Perron. The
Perron theorem can be used to show that if the transition matrix A of a Markov process
is positive, then A; = 1 is a dominant eigenvalue of A.
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APPLICATION 2

Web Searches and Page Ranking

A common way to locate information on the Web is to do a key word search using one
of the many search engines available. Generally the search engine will find all pages
that contain the key search words and rank the pages in order of importance. Typically,
there are more than 4 billion pages being searched and it is not uncommon to find as
many as 20,000 pages that match all of the key words. Often in such cases the page
ranked first or second by the search engine is exactly the one with the information you
are seeking. How do the search engines rank the pages? In this application we will
describe the technique used by the search engine Google™.

The Google PageRank™ algorithm for ranking pages is actually a gigantic
Markov process based on the link structure of the Web. The algorithm was initially
conceived by two graduate students at Stanford University. The students, Larry Page
and Sergey Brin, used the algorithm to develop the most successful and widely used
search engine on the Internet.

The PageRank algorithm views Web surfing as a random process. The transition
matrix A for the Markov process will be n x n, where n is the total number of sites
that are searched. The page rank computation has been referred to as the “world’s
largest matrix computation” since current values of n are greater than 4 billion. (See
Reference 1.) The (i, ) entry of A represents the probability that a random Web surfer
will link from Web site j to Web site i. The page rank model assumes that the surfer will
always follow a link on the current page a certain percentage of the time and otherwise
will randomly link to another page.

For example, assume that the current page is numbered j and it has links to five
other pages. Assume also that the user will follow these five links 85 percent of the
time and will randomly link to another page 15 percent of the time. If there is no link
from page j to page i, then

1
Cllj = 015;

If page j does contain a link to page i, then one could follow that link, or one could get
to page i doing a random surf. In this case,

1 1

In the case that the current page j has no hyperlinks to any other pages, it is considered
to be a dangling page. In this case, we assume that the Web surfer will connect to any
page on the Web with equal probability and we set

1
aj=—- forl <i<n 3)
n

More generally, let k(j) denote the number of links from page j to other pages on
the Web. If k(j) # 0 and the person surfing the Web follows only links on the current
Web page and always follows one of the links, then the probability of linking from
page j to i is given by

k)

- if there is a link from page j to page i
P
Y 0  otherwise
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In the case that page j is a dangling Web page, we assume that the Web surfer will link
to page i with probability
1

m; = —
)

If we make the added assumption that the surfer will follow a link on the current page
with probability p and randomly link to any other page with probability 1 — p, then the
probability of linking from page j to i is given by

1
a; = pmy; + (1 —P); 4

Note that in the case that page j is a dangling Web page, equation (4) simplifies to
equation (3).

Because of the random surfing, each entry in the jth column of A is strictly positive.
Since A has strictly positive entries, the Perron theory (Section 6.8) can be used to show
that the Markov process will converge to a unique steady-state vector x. The kth entry
of x corresponds to the probability that, in the long run, a random surfer will end up
at Web site k. The entries of the steady-state vector provide the page rankings. The
value of x; determines the overall ranking of Web site k. For example, if x; is the third
largest entry of the vector x, then Web site k£ will have the third highest overall page
rank. When a Web search is conducted, the search engine first finds all sites that match
all of the key words. It then lists them in decreasing order of their page ranks.

Let M = (my) and let e be a vector in R"” whose entries are all equal to 1. The
matrix M is sparse; that is, most of its entries are equal to 0. If we set E = ee’, then E
is an n X n matrix of rank 1 and we can write Equation (4) in matrix form:

|- |-
Pee’ — pm+ —LE 5)
n n

A =pM +

Thus, A is a sum of two matrices with special structure. To compute the steady-state
vector, we must perform a sequence of multiplications

Xj+1 ZAXJ', j=0,1,2,...

These computations can be simplified dramatically if we take advantage of the special
structure of M and E. (See Exercise 29.)

References

1. Moler, Cleve, “The World’s Largest Matrix Computation,” MATLAB News &
Notes, The Mathworks, Natick, MA, October 2002.

2. Page, Lawrence, Sergey Brin, Rajeev Motwani, and Terry Winograd, “The
PageRank Citation Ranking: Bringing Order to the Web,” November 1999.
(dbpubs.stanford.edu/pub/1999-66)

Sex-Linked Genes

Sex-linked genes are genes that are located on the X chromosome. For example, the
gene for blue-green color blindness is a recessive sex-linked gene. To devise a mathem-
atical model to describe color blindness in a given population, it is necessary to divide
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the population into two classes: males and females. Let X O be the proportion of genes

for color blindness in the male population, and let x, O be the proportion in the female
population. [Since color bhndness is recessive, the actual proportion of color-blind fe-

males will be less than x, O .] Because the male recelves one X chromosome from the

mother and none from the father, the proportion x1 ) of color-blind males in the next
generation will be the same as the proportion of recessive genes in the present genera-
tion of females Because the female receives an X chromosome from each parent, the
proportion x2 ) of recessive genes in the next generation of females will be the average
of xﬁo) and x(QO). Thus,

A9 = X

l (0)_|_l (0) — D
-2

If x(10) = x(o) the proportion will not change in future generations. Let us assume that
(O) # x(o) and write the system as a matrix equation.

(0) (1)
Let A denote the coefficient matrix, and let x(”) o\, ;"))T denote the proportion of

color-blind genes in the male and female populatlons of the (n 4 1)st generation. Then
(n) _— Any(0)
x" =A"x

To compute A", we note that A has eigenvalues 1 and —% and consequently can be
factored into a product:

1
SEINIE
0 —3) U3

n 1 2 W)

L) o—; -5 3 [

1 1— (_%)n—l 24 (_%)n—l x(lo)
=3 1 — (_%)n 24+ (_%)n X(ZO)

(0)
lim x” =
n— oo 1 2

(0) + 2x(0)
3

(0) + 2x(0)
3

The proportions of genes for color blindness in the male and female populations will
tend to the same value as the number of generations increases. If the proportion of

W= WIN
—

Thus,

and hence
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color-blind men is p and, over a number of generations, no outsiders have entered the
population, there is justification for assuming that the proportion of genes for color
blindness in the female population is also p. Since color blindness is recessive, we
would expect the proportion of color-blind women to be about p?. Thus, if 1 percent of
the male population is color blind, we would expect about 0.01 percent of the female
population to be color blind.

The Exponential of a Matrix

Given a scalar a, the exponential e can be expressed in terms of a power series
1 1
a __ ~ 2 -3 .
e —1+a~|—2!a —i—3!a +
Similarly, for any 7 x n matrix A, we can define the matrix exponential ¢* in terms of
the convergent power series

1 1
eA:I+A+5A2+§A3+--- (6)
The matrix exponential (6) occurs in a wide variety of applications. In the case of a
diagonal matrix

Al
A2

An

the matrix exponential is easy to compute:

1 1
e = lim (I+D—|——D2_|-..._|__'Dm>
m!

m—00 21
m
1 k
oM e
. k=0 e)uz
- S ._

- 1 k A

D g e
k=0

It is more difficult to compute the matrix exponential for a general n x n matrix A. If,
however, A is diagonalizable, then

Ak =XxD'x~'  for k=1,2,...
1 1
eA=X<I+D+5D2+§D3+---)X‘1
= XePX!

Compute ¢ for

=75
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Solution
The eigenvalues of A are A; = 1 and A, = 0 with eigenvectors x; = (—2,1)7 and

x> = (=3, 7. Thus
[ ) (6 o) (1 23]

syt [ 2 3] [0 13
=T 0 1o e |21 22

_[3—2e 6—6e] m

A=XDXx™!

and

e—1 3e—-2

The matrix exponential can be applied to the initial value problem
Y =AY, Y(0) =Y, (7)
studied in Section 6.2. In the case of one equation in one unknown,
Y =ay, y(0)=yo
the solution is
y = ey ®)

We can generalize this and express the solution of (7) in terms of the matrix exponential
e In general, a power series can be differentiated term by term within its radius of
convergence. Since the expansion of ¢ has infinite radius of convergence, we have

d d 1 1
—etAz—(I+tA—|——t2A2—l——t3A3+~--)

dt dt 2! 3!
1
= <A+tA2+5t2A3+---)
1,5
=A I—|—tA+5tA + -
= Ae™
If, as in (8), we set
Y(1) = Y,
then
Y =AY, = AY
and

Y(0) = Yo
Thus, the solution of
Y =AY, Y(0) =Y
is simply
Y = Y, 9)
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Although the form of this solution looks different from the solutions in Section 6.2,
there is really no difference. In Section 6.2 the solution was expressed in the form

c1eM'x) + 2%y + - - - + cpetix,

where x; was an eigenvector belonging to A; fori = 1,...,n. The ¢;’s that satisfied the
initial conditions were determined by solving a system

XC:Y()

with coefficient matrix X = (Xq,...,X,).
If A is diagonalizable, we can write (9) in the form

Y = XePX7'Y,
Thus,
Y = XeP¢
Cle)»lt
Cze)Qt
= (XI’X29 o sX}’l)
c et

= c1eM'x| + - - + ce’ix,
To summarize, the solution to the initial value problem (7) is given by
Y = Y,
If A is diagonalizable, this solution can be written in the form
Y = Xe?X7Y,
= c1eMX| + 2e"'x) + -+ -+ cpe?'x, (e = X"1Y))
Use the matrix exponential to solve the initial value problem

Y =AY, Y(0) =Y,

3 4 6
A:[3 2 |- YO:[I]

(This problem was solved in Example 1 of Section 6.2.)

where

Solution

The eigenvalues of A are ,; = 6 and A, = —1, with eigenvectors x; = (4,3)” and
x> = (1, —1DT. Thus,

1|

L =
NSNS
—
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and the solution is given by
Y= etAY()

= XX 1Y,

-l Al

B [ 46 4 2e™" ]

1

BRSNS
€A Q=

3e% — 2¢7
Compare this to Example 1 in Section 6.2. [ ]
EXAMPLE 8  Use the matrix exponential to solve the initial value problem
Y =AY, Y0 =Y,

where

Solution

Since the matrix A is defective, we will use the definition of the matrix exponential to
compute e, Note that A*> = 0, so

1
A =T+1A+ EtzAz

1t 122
=10 1 t
00 1

Y=e’AY0
1t 22 2
=10 1 t 1
0 0 1 4
24t 427
= 1—|—4t | |
4




SECTION 6.3 EXERCISES

1.

In each of the following, factor the matrix A into a
product XDX !, where D is diagonal:

0 1 5 6
@a=[7 o] wa=[23 3]
2 2 1
2 -8
() A= @A=]0 1 2
1_4] 0 0 —1]
1 0 0
e A=|-2 1 3
11 -1
12 -1
h A=]2 4 —2l
3 6 -3

. For each of the matrices in Exercise 1, use the

XDX ™" factorization to compute A°.

. For each of the nonsingular matrices in Exercise 1,

use the XDX ™! factorization to compute A~".

. For each of the following, find a matrix B such that

B* = A.

@a=[3 j|ora=

9 -5 3
0 4 3

0 0 1

. Let A be a nondefective n x n matrix with diagon-

alizing matrix X. Show that the matrix ¥ = (X~ )7
diagonalizes AT.

. Let A be a diagonalizable matrix whose eigenvalues

are all either 1 or —1. Show that A~! = A.

. Show that any 3 x 3 matrix of the form

a 1 0
0 a 1
0 0 b

is defective.

. For each of the following, find all possible values

of the scalar « that make the matrix defective or
show that no such values exist.

1 1 0 1 1 1
(a) 1 1 0 ®d |1 1 1
0 0 « 0 0 «
1 2 0 4 6 -2
© |2 1 0 @ | -1 -1 1
2 -1 « 0 o
30 1 O 30 0 O
(e) 0 o O ) 0 o 1
0 0 « 0 0 «

10.

11.

12.

13.

14.

15.

16.
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o+2 1 0
(2 0 a+2 0]
0 0 2a0
o+2 0 0
(h) 0 a+2 l'
0 0 20

. Let A be a4 x4 matrix and let A be an eigenvalue of

multiplicity 3. If A — AJ has rank 1, is A defective?
Explain.

Let A be an n x n matrix with positive real ei-
genvalues A; > X, > --- > A,. Let x; be an
eigenvector belonging to A; for each i, and let x =
o1X) + - X,

(a) Show that A"x = Z AKX
i=1

(b) Show thatif A; = 1, then lim A"Xx = «;X;.

m— 00

Let A be a n x n matrix with real entries and let
A1 = a + bi (where a and b are real and b # 0) be
an eigenvalue of A. Let z; = x+ iy (where x and y
both have real entries) be an eigenvector belonging
toi; andletz, =x —1iy.

(a) Explain why z; and z, must be linearly inde-

pendent.
(b) Show that y # 0 and that x and y are linearly
independent.

Let A be an n x n matrix with an eigenvalue A of
multiplicity n. Show that A is diagonalizable if and
only if A = Al
Show that a nonzero nilpotent matrix is defective.
Let A be a diagonalizable matrix and let X be the
diagonalizing matrix. Show that the column vec-
tors of X that correspond to nonzero eigenvalues of
A form a basis for R(A).
It follows from Exercise 14 that for a diagonal-
izable matrix the number of nonzero eigenvalues
(counted according to multiplicity) equals the rank
of the matrix. Give an example of a defective
matrix whose rank is not equal to the number of
nonzero eigenvalues.
Let A be an n x n matrix and let A be an eigenvalue
of A whose eigenspace has dimension k, where
1 < k < n. Any basis {xy,...,X} for the eigen-
space can be extended to a basis {xi,...,x,} for
R". Let X = (x4, ...,X,) and B = X 'AX.
(a) Show that B is of the form

M By
O By

where / is the k x k identity matrix.
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17.

18.

19.

20.

21.

22.

(b) Use Theorem 6.1.1 to show that A is an eigen-
value of A with multiplicity at least k.

Let x, y be nonzero vectors in R”, n > 2, and let

A = xy’. Show that

(@) A = 0 is an eigenvalue of A with n — 1
linearly independent eigenvectors and con-
sequently has multiplicity at least n — 1 (see
Exercise 16).

(b) the remaining eigenvalue of A is
An=trA =x"y
and x is an eigenvector belonging to A,,.

(e) if A, = xTy # 0, then A is diagonalizable.

Let A be a diagonalizable n x n matrix. Prove that
if B is any matrix that is similar to A, then B is
diagonalizable.

Show that if A and B are two n x n matrices with
the same diagonalizing matrix X, then AB = BA.

Let T be an upper triangular matrix with distinct
diagonal entries (i.e., #; # t; whenever i # j).
Show that there is an upper triangular matrix R that
diagonalizes 7.

Each year, employees at a company are given the
option of donating to a local charity as part of a
payroll deduction plan. In general, 80 percent of
the employees enrolled in the plan in any one year
will choose to sign up again the following year,
and 30 percent of the unenrolled will choose to
enroll the following year. Determine the transition
matrix for the Markov process and find the steady-
state vector. What percentage of employees would
you expect to find enrolled in the program in the
long run?

The city of Mawtookit maintains a constant pop-
ulation of 300,000 people from year to year. A
political science study estimated that there were
150,000 Independents, 90,000 Democrats, and
60,000 Republicans in the town. It was also estim-
ated that each year 20 percent of the Independents
become Democrats and 10 percent become Re-
publicans. Similarly, 20 percent of the Democrats
become Independents and 10 percent become Re-
publicans, while 10 percent of the Republicans
defect to the Democrats and 10 percent become
Independents each year. Let

150,000
x= | 90,000

60,000

23.

24.

25.

26.

and let xV be a vector representing the number of
people in each group after one year.
(a) Find a matrix A such that Ax = x.

(b) Show that A; = 1.0, A, = 0.5, and A; = 0.7
are the eigenvalues of A, and factor A into a
product XDX !, where D is diagonal.

(¢) Which group will dominate in the long run?
Justify your answer by computing lim A"x.

Let

Bl— Bl— =
W= W= W=
QI LN L=

be a transition matrix for a Markov process.

(a) Compute det(A) and trace(A) and make use of
those values to determine the eigenvalues of A.

(b) Explain why the Markov process must con-
verge to a steady-state vector.

(¢) Show thaty = (16, 15, 15)7 is an eigenvector
of A. How is the steady-state vector related
toy?

Let A be a 3 x 2 matrix whose column vectors a;

and a, are both probability vectors. Show that if p

is a probability vector in R? and y = Ap, then y is

a probability vector in R3.

Generalize the result from Exercise 24. Show that

if A is an m x n matrix whose column vectors are

all probability vectors and p is a probability vector
in R", then the vector y = Ax will be probability
vector in R™.

Consider a Web network consisting of only four
sites that are linked together as shown in the ac-
companying diagram. If the Google PageRank al-
gorithm is used to rank these pages, determine the
transition matrix A. Assume that the Web surfer
will follow a link on the current page 85 percent

of the time.

D,




27.

28.

29.

30.

Let A be an n x n stochastic matrix and let e be
the vector in R” whose entries are all equal to 1.
Show that e is an eigenvector of A”. Explain why
a stochastic matrix must have A = 1 as an eigen-
value.

The transition matrix in Example 5 has the prop-
erty that both its rows and its columns add up to 1.
In general, a matrix A is said to be doubly stochastic
if both A and AT are stochastic. Let A be an
n x n doubly stochastic matrix whose eigenvalues
satisfy
A=1 and |A] <1 forj=2,3,...,n

Show that if e is the vector in R” whose entries
are all equal to 1, then the Markov chain will
converge to the steady-state vector x = %e
for any starting vector Xo. Thus, for a doubly
stochastic transition matrix, the steady-state vec-
tor will assign equal probabilities to all possible
outcomes.

Let A be the PageRank transition matrix and let
X, be a vector in the Markov chain with start-
ing probability vector xy. Since n is very large,
the direct multiplication X1, = AX; is computa-
tionally intensive. However, the computation can
be simplified dramatically if we take advantage
of the structured components of A given in equa-
tion (5). Because M is sparse, the multiplication
W = MXx; is computationally much simpler. Show
that if we set

then
Ex,=e and X, =pwi+Db
where M, E, e, and p are as defined in equation (5).

Use the definition of the matrix exponential to
compute e for each of the following matrices:

was (4 A mas (b )

1 0 -1
0 1 0
0

0 1

(c) A=

31.

32.

33.

34.

35.
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Compute e” for each of the following matrices:

was[ 7 Hwas[ 32

1 1 1
-1 -1 -1
1

1 1

(0 A=

In each of the following, solve the initial value
problem Y’ = AY, Y(0) = Y, by computing ¢ YJ:

1 -2 1
@wa={y 7] vo=[1]
2 3 —4
wa=|_1 3] v=[7
1 1 1 1
) A=1]0 0 11, Yo=1|1
0 0 -1 1
1 1 1 1
@a=| 1 0o 1|, vYo=| 1
-1 -1 -1 -1

Let X be an eigenvalue of an n x n matrix A and let
x be an eigenvector belonging to A. Show that ¢* is
an eigenvalue of ¢! and x is an eigenvector of ¢*
belonging to e*.

Show that e” is nonsingular for any diagonalizable
matrix A.

Let A be a diagonalizable matrix with characteristic
polynomial

P =@M+l o a

(a) Show that if D is a diagonal matrix whose
diagonal entries are the eigenvalues of A,
then

p(D)=a;D" +a; D"+ +a, =0
(b) Show that p(A) = O.

(c) Show that if a,.; # 0, then A is nonsingu-
lar and A~! = ¢(A) for some polynomial g of
degree less than n.
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Hermitian Matrices

Definition

Let C" denote the vector space of all n-tuples of complex numbers. The set C of all
complex numbers will be taken as our field of scalars. We have already seen that a
matrix A with real entries may have complex eigenvalues and eigenvectors. In this
section, we study matrices with complex entries and look at the complex analogues of
symmetric and orthogonal matrices.

Complex Inner Products

If « = a + biis a complex scalar, the length of « is given by

lo| = vVao = va? + b2

The length of a vector z = (21,22, - - . .z  in C" is given by
172
lzll = (211 + lz2? + - + [za?)

= @121+ D+ A Zuz)?
7 \1/2
= ()"
As a notational convenience, we write z7 for the transpose of z. Thus

z' =72 and |z| = ("z)"?

Let V be a vector space over the complex numbers. An inner product on V is an
operation that assigns to each pair of vectors z and w in V a complex number (z, w)
satisfying the following conditions.

L. (z,z) > 0, with equality if and only if z = 0.

IL. (z,w) = (w,z) forallzand win V.
III. («¢z+ Bw,u) = a(z,u) + B(w,u).

Note that for a complex inner product space, (z, w) = (w, z), rather than (w, z). If
we make the proper modifications to allow for this difference, the theorems on real
inner product spaces in Chapter 5, Section 5.5, will all be valid for complex in-
ner product spaces. In particular, let us recall Theorem 5.5.2: If {u;,...,u,} is an
orthonormal basis for a real inner product space V and

n
X = E c;u;
i=1

then
n
2 2
¢ =(u,x)=(x,u) and [x|*=) ¢
i=1
In the case of a complex inner product space, if {wy,...,w,} is an orthonormal basis
and

n
7= E CiW;
i=1
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then
n
_ 2 _
ci ={(z,w;),c; =(w;,z) and |z|° = E CiCi
i=1

We can define an inner product on C" by
(z,w) = w'z (1)

for all z and w in C". We leave it to the reader to verify that (1) actually does define an
inner product on C". The complex inner product space C" is similar to the real inner
product space R". The main difference is that in the complex case it is necessary to
conjugate before transposing when taking an inner product.

R}’l Cn
x,y) =y'x (z,w) = whz
x'y = y'x 2w = whz
Ix[1* = x"x |zl = 2"z
If
[ 5+i . o 2+i
= 11-3i and W= 243
then
515
wuzqz—u—2—3n[l+;1::01—30+«41+30:0
—3i

'z =5+ + |1 - 3i> =36
wiw=12+i?+|-24+3i> =18

It follows that z and w are orthogonal and

lzll =6,  |w| =3v2 ]

Hermitian Matrices

Let M = (myj) be an m x n matrix with m; = a;; + ib; for each i and j. We may write
M in the form

M=A+iB
where A = (a;;) and B = (b;j) have real entries. We define the conjugate of M by
M=A-iB

Thus, M is the matrix formed by conjugating each of the entries of M. The transpose of
M will be denoted by M*?. The vector space of all m x n matrices with complex entries
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Definition

EXAMPLE 2

Theorem 6.4.1

Proof

is denoted by C"*". If A and B are elements of C"*" and C € C"*’, then the following
rules are easily verified (see Exercise 9):

L A=A
IL (aA + BB) = @A 4 BBY
IIL. (AC)Y = CcHaH

A matrix M is said to be Hermitian if M = M*.

The matrix
3 2—1i
M= [ 210 4
is Hermitian, since

— T
s [ 3 2= (3 2—i]_
M _[2_+i 3 ] =l2yi 4 | =M =

If M is a matrix with real entries, then M” = MT. In particular, if M is a real
symmetric matrix, then M is Hermitian. Thus we may view Hermitian matrices as
the complex analogue of real symmetric matrices. Hermitian matrices have many nice
properties, as we shall see in the next theorem.

The eigenvalues of a Hermitian matrix are all real. Furthermore, eigenvectors
belonging to distinct eigenvalues are orthogonal.

Let A be a Hermitian matrix. Let A be an eigenvalue of A and let x be an eigenvector
belonging to A. If o = x"Ax, then

a = ol = x"Ax)! = xMAx = «
Thus, « is real. It follows that
o = x"Ax = xax = A||x|)?

and hence
o

A= ——
lIx(1*
is real. If x; and x, are eigenvectors belonging to distinct eigenvalues A; and A;,
respectively, then

(Ax))x, = X?AHX2 = X’lisz = Azxfxz
and
Ax)xy = HAx)" = uxdlx)” = Lxix,
Consequently,

}\.1X{1X2 = A.zX{{Xz
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Corollary 6.4.2

Proof

EXAMPLE 3
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and since A; # A,, it follows that
(x2,%1) = X% =0 n

An n x n matrix U is said to be unitary if its column vectors form an orthonormal
set in C".

Thus U is unitary if and only if U#U = I. If U is unitary, then, since the column
vectors are orthonormal, U must have rank ». It follows that

U= =v"vut ="
A real unitary matrix is an orthogonal matrix.

If the eigenvalues of a Hermitian matrix A are distinct, then there exists a unitary
matrix U that diagonalizes A.

Let x; be an eigenvector belonging to A; for each eigenvalue A; of A. Let u; =
(1/11x;])x;. Thus u; is a unit eigenvector belonging to A; for each i. It follows from

Theorem 6.4.1 that {uy, ..., u,} is an orthonormal set in C". Let U be the matrix whose
ith column vector is u; for each i; then U is unitary and U diagonalizes A. [ ]
Let

21—
A=[1+i 1 ]

Find a unitary matrix U that diagonalizes A.

Solution

The eigenvalues of A are A; = 3 and A, = 0, with corresponding eigenvectors x| =
(I1—i Dl andxy = (—1,1 4+ ). Let

1 1 G i1y
uy=—x=—(~U-1
Il 3
and
b 1( L1407
u = X, = —(—1, I
fIx]] V3
Thus
1 (1-i -1
U‘Q@[ 1 1+J
and

Ll1+i 1 2 1-i|f1-i -1
UPAU = <
I | Pl § Bt

i) -
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Actually, Corollary 6.4.2 is valid even if the eigenvalues of A are not distinct. To
show this, we will first prove the following theorem.

Theorem 6.4.3 Schur’s Theorem

For each n x n matrix A, there exists a unitary matrix U such that UPAU is upper
triangular.

Proof The proof is by induction on n. The result is obvious if n = 1. Assume that the hy-
pothesis holds for k x k matrices, and let A be a (k + 1) x (k + 1) matrix. Let | be
an eigenvalue of A, and let w; be a unit eigenvector belonging to A;. Using the Gram—
Schmidt process, construct wy, . .., Wi such that {wy,..., w1} is an orthonormal
basis for C¥*1. Let W be the matrix whose ith column vectoris w; fori = 1,...,k+ 1.
Then, by construction, W is unitary. The first column of WZAW will be WAw,.

WHAW1 = )\-IWHWI = A€

Thus WHAW is a matrix of the form

where M is a k x k matrix. By the induction hypothesis, there exists a k x k unitary
matrix V; such that V{’M Vi = Ty, where T is triangular. Let

Here V is unitary and

A | X X A | X X
0 0
VEWHAWY = | . =1 . =T
D | vimv, : T
0 0

Let U = WV. The matrix U is unitary, since
Utu = wwtwy = vEwHwy =1
and UPAU =T. ]

The factorization A = UTU" is often referred to as the Schur decomposition of A.
In the case that A is Hermitian, the matrix 7 will be diagonal.
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Proof

EXAMPLE 4
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Spectral Theorem

If A is Hermitian, then there exists a unitary matrix U that diagonalizes A.

By Theorem 6.4.3, there is a unitary matrix U such that U?AU = T, where T is upper
triangular. Furthermore,

" = (VAU = UPA"U = UMAU =T

Therefore, T is Hermitian and consequently must be diagonal. ]
Given
0 2 -1
A= 2 3 -2
-1 -2 0

find an orthogonal matrix U that diagonalizes A.

Solution
The characteristic polynomial

PO = =23 +332 + 9 +5=(1+1*SE -4

has roots A; = A, = —1, and A3 = 5. Computing eigenvectors in the usual way, we see
that x; = (1,0, 1)” and x, = (-2, 1,0)” form a basis for the eigenspace N(A + I). We
can apply the Gram—Schmidt process to obtain an orthonormal basis for the eigenspace
corresponding to A} = Ay = —1:

: : (1,0, )"
u = —X; = —=(,U,
Xl V2
p=(x3u)u = —v2u; =(-1,0,- 1)

X2 _p = (_la la l)T

1 ( ) 1
— (X _p [ —
Ixo —pll V3

The eigenspace corresponding to A3 = 5 is spanned by x3 = (—1, -2, 1)”. Since x3
must be orthogonal to u; and u; (Theorem 6.4.1), we need only normalize

U = (_1, 1, I)T

1 1 T
uz = MX3 = %(—l, -2,1)
Thus {u;,u,, u3} is an orthonormal set and

1 1 1

V2 3 6

v=| o L -2

NN
1 1 1

V2 V36

diagonalizes A. ]
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Definition

Lemma 6.4.5

Proof

It follows from Theorem 6.4.4 that each Hermitian matrix A can be factored into
a product UDU", where U is unitary and D is diagonal. Since U diagonalizes A, it
follows that the diagonal elements of D are the eigenvalues of A and the column vec-
tors of U are eigenvectors of A. Thus, A cannot be defective. It has a complete set of
eigenvectors that form an orthonormal basis for C". This is, in a sense, the ideal situ-
ation. We have seen how to express a vector as a linear combination of orthonormal
basis elements (Theorem 5.5.2), and the action of A on any linear combination of ei-
genvectors can easily be determined. Thus, if A has an orthonormal set of eigenvectors
{uy,...,u,}and x = cju; + - - - 4+ c,u,, then

AX = cihuy + - - -+ ey,
Furthermore,
ci = (x,u;) = uf’x
or, equivalently, ¢ = U”x. Hence,
Ax = Al(u{{x)ul + -+ A,,(unHX)un
The Real Schur Decomposition

If A is a real n x n matrix, then it is possible to obtain a factorization that resembles
the Schur decomposition of A, but involves only real matrices. In this case, A = QTQ"
where Q is an orthogonal matrix and 7 is a real matrix of the form

Bl X P ¢
82 X
T= . 2)
o -
B;

where the B;’s are either 1 x 1 or 2 x 2 matrices. Each 2 x 2 block will correspond
to a pair of complex conjugate eigenvalues of A. The matrix 7 is referred to as the
real Schur form of A. The proof that every real n x n matrix A has such a factorization
depends on the property that, for each pair of complex conjugate eigenvalues of A,
there is a two-dimensional subspace of R” that is invariant under A.

A subspace S of R” is said to be invariant under a matrix A if, for each x € §,
Ax e S.

Let A be a real n x n matrix with eigenvalue .y = a + bi (where a and b are real
and b # 0), and let z; = x 4 iy (where X and y are vectors in R") be an eigenvector
belonging to L. If S = Span(x, y), then dim S = 2 and S is invariant under A.

Since A is complex, y must be nonzero; otherwise we would have Az = Ax (a real
vector) equal to Az = Ax (a complex vector). Since A is real, Ay = a — bi is also
an eigenvalue of A and z, = x — iy is an eigenvector belonging X,. If there were a
scalar ¢ such that x = cy, then z; and z, would both be multiples of y and could not
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Proof
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be independent. However, z; and z, belong to distinct eigenvalues, so they must be
linearly independent. Therefore, x cannot be a multiple of y and hence S = Span(x, y)
has dimension 2.

To show the invariance of S, note that since Az; = Az, the real and imaginary
parts of both sides must agree. Thus,

Az, = Ax 4+ iAy
Mzy = (a+ bi)(x + iy) = (ax — by) + i(bx + ay)

and it follows that
AX = ax — by and Ay = bx + ay
If w = ¢;X + ¢py is any vector in S, then
AW = c1AX + Ay = ci(ax — by) + cr(bx 4 ay) = (c1a + c2b)X + (ca — c1b)y

So Aw is in S, and hence S is invariant under A. [ |

Using this lemma, we can a prove version of Schur’s theorem for matrices with
real entries. As before, the proof will be by induction.

The Real Schur Decomposition

If A is an n x n matrix with real entries, then A can be factored into a product QTQT,
where Q is an orthogonal matrix and T is in Schur form (2).

In the case that n = 2, if the eigenvalues of A are real, we can take q; to be a unit
eigenvector belonging to the first eigenvalue A; and let ¢, be any unit vector that is
orthogonal to q;. If we set O = (q;,q,), then Q is an orthogonal matrix. If we set
T = QTAQ, then the first column of 7 is

0"Aq, = 10"q, = 1€

So T is upper triangular and A = QTQT. If the eigenvalues of A are complex then
we simply set 7 = A and Q = I. So every 2 x 2 real matrix has a real Schur
decomposition.

Now let A be a k x kK matrix where £k > 3 and assume that, for 2 < m < k,
every m x m real matrix has a Schur decomposition of the form (2). Let A; be an
eigenvalue of A. If A; is real, let q; be a unit eigenvector belonging to A; and choose
s, q35---,q, so that 01 = (q;,qy,.-.,q,) is an orthogonal matrix. As in the proof
of Schur’s theorem, it follows that the first column of QlTAQl will be A;e;. In the
case that A; is complex, let z = x + iy (where x and y are real) be an eigenvector
belonging to A; and let S = Span(x,y). By Lemma 6.4.5, dim S = 2 and S is invariant
under A. Let {q,, q,} be an orthonormal basis for S. Choose q3, qg.. . ..q,, so that 0, =
(q;,9, - - -, q,) is an orthogonal matrix. Since § is invariant under A, it follows that

Aq; =bnq, +buq, and  Aq, =Dbipq; +bnq,

for some scalars b;;, byy, b2, by and hence the first two columns of QITAQI will be

(0TAq,, 0] Aq,) = (bi1e; + byjes, brae; + byer)
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Corollary 6.4.7

So, in general, QITAQI will be a matrix of block form

T (B X
QlAQl_ 19) Al

where

Bi=(O))andA;is(k—1) x (k—1) if A; is real
Biis2x2andA;is(k—2) x (k—2) if A1 is complex.

In either case, we can apply our induction hypothesis to A; and obtain a Schur decom-
position A; = UT;U”. Let us assume that the Schur form 7 has j — 1 diagonal blocks
B, B3, ..., Bj. If we set

sz[é QOI] and  Q0=00;

then both Q, and Q are k x k orthogonal matrices. If we then set T = QTAQ, we
will obtain a matrix in the Schur form (2) and it follows that A will have Schur
decomposition QTQ" . ]

In the case that all of the eigenvalues of A are real, the real Schur form 7 will
be upper triangular. In the case that A is real and symmetric, then, since all of the
eigenvalues of A are real, 7 must be upper triangular; however, in this case 7 must
also be symmetric. So we end up with a diagonalization of A. Thus, for real symmetric
matrices, we have the following version of the Spectral Theorem:

Spectral Theorem for Real Symmetric Matrices

If A is a real symmetric matrix, then there is an orthogonal matrix Q that diagonalizes
A; that is, QTAQ = D, where D is diagonal.

Normal Matrices

There are non-Hermitian matrices that possess complete orthonormal sets of ei-
genvectors. For example, skew-symmetric and skew-Hermitian matrices have this
property. (A is skew Hermitian if A = —A.) If A is any matrix with a complete
orthonormal set of eigenvectors, then A = UDU", where U is unitary and D is a
diagonal matrix (whose diagonal elements may be complex). In general, D # D and,
consequently,

AP = uDHUM £ A
However,
AA" = upUfupfut = upp"U"
and

AA = up"u"uput = upfput
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Proof
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Since

A
Aol
D"D = pD" =
|Anl
it follows that

AAY = Afp
A matrix A is said to be normal if AA” = APA.

We have shown that if a matrix has a complete orthonormal set of eigenvectors,
then it is normal. The converse is also true.

A matrix A is normal if and only if A possesses a complete orthonormal set of
eigenvectors.

In view of the preceding remarks, we need only show that a normal matrix A has a
complete orthonormal set of eigenvectors. By Theorem 6.4.3, there exists a unitary
matrix U and a triangular matrix T such that T = U”AU. We claim that T is also
normal. To see this, note that

THT = UMAR UUPAU = UPAPAU
and
TT" = UPAUUMA" U = UPAAMU

Since A#A = AA" | it follows that T7T = TTH. Comparing the diagonal elements of
TTH and THT, we see that

[t 12 + |12 + |31 + - + [t = [t
ol + |t31? + -+ - + 120 = |112]? + |122]?
|tnn|2 = |t1n|2 + |t2n|2 + |t3n|2 +--+ |tnn|2

It follows that #;; = 0 whenever i # j. Thus U diagonalizes A and the column vectors
of U are eigenvectors of A. [ ]

SECTION 6.4 EXERCISES

1. For each of the following pairs of vectors z and (@) z = 4 "‘.2" ] , W= [ —2
w, compute (i) [zll, (i) [w], (iii) (z,w), and 4

@iv) (w,z):

241
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3.

4.

5.

1+ 2—4i
(b) z= 2i s W= 5
3—1i 2i
Let
1+ BB
2 V2
7, = and 7, =
1-i L
2 V2
(a) Show that {z,,2,} is an orthonormal set in C?.
(b) Write the vector z = [ 21_2;“ as a linear

combination of z; and z,.
Let {u;,u,} be an orthonormal basis for C?, and let
z =4+ 2Du; + (6 — S5iu,.
(a) What are the values of ufz, z"u,, ul'z, and
zMu,?
(b) Determine the value of ||z]|.

Which of the matrices that follow are Hermitian?
Normal?

1—i 2 1 2—1i
@ '35 o[, 2T
1 1
V22
()
| 1
V2o V2
1. 1
i _
V2 V2
(d)
1 |
—  ——=i
V2o 2
0 i 1
(e) i 0 -2+
-1 24 0
3 I+ i
® 1—i 1 3
—i 3 1
Find an orthogonal or unitary diagonalizing matrix

for each of the following:

2 1 1 3+
@ |y 2] ® ls-i 4 ]
2 i 0 2 1 1
© |- 20| @]l 3 =2
0 2 1 -2 3
00 1 111
@ |0 1 0 ® [1 11
100 111

10.

11.

12.

13.

14.

15.

17.

4 2 =2
(g)l 2 1 —1]
-2 -1 1

. Show that the diagonal entries of a Hermitian

matrix must be real.

. Let A be an n x n Hermitian matrix and let X be a

vector in C". Show that if ¢ = x"Ax, then c is real.

. Let A be an Hermitian matrix and let B = iA. Show

that B is skew Hermitian.

. Let A and C be matrices in C™*" and let B € C"*"".

Prove each of the following rules:

(a) AT =4

(b) (A + BCO)! =aA” + pC

(¢) (AB)" = B

Let A and B be Hermitian matrices. Answer true or

false for each of the statements that follow. In each
case, explain or prove your answer.

(a) The eigenvalues of AB are all real.
(b) The eigenvalues of ABA are all real.
Show that

(z,w) = w'z
defines an inner product on C".

Let X, y, and z be vectors in C" and let « and 8 be
complex scalars. Show that

(z,ax + By) =@ (z.x) + B (z,y)
Let {u;,...,u,} be an orthonormal basis for a
complex inner product space V, and let

Z = aqu +au +---+a,u,

w = blul +b2112+"‘+bnlln
Show that
(z,w) = ZEai
i=1
Given that
4 0 0
A=10 1 [
0 —i 1

find a matrix B such that BB = A.

Let U be a unitary matrix. Prove that

(a) U is normal.

(b) ||Ux]|| = ||x|| for all x € C".

(c) if A is an eigenvalue of U, then |A| = 1.

. Let u be a unit vector in C" and define U = I —

2uu”’. Show that U is both unitary and Hermitian
and, consequently, is its own inverse.

Show that if a matrix U is both unitary and Her-
mitian then any eigenvalue of U must equal either
lor—1.



18.

19.

20.

21.

22.

23.

24.

25.

Let A be a2 x 2 matrix with Schur decomposition
UTU" and suppose that ¢, # 0. Show that

(a) the eigenvalues of A are Ay = f;; and A, = 12,.
(b) u, is an eigenvector of A belonging to A; = #y;.
(¢) u, is not an eigenvector of A belonging to

Ao = 1.

Let A be a 5 x 5 matrix with real entries. Let A =
QTQT be the real Schur decomposition of A, where
T is a block matrix of the form given in equa-
tion (2). What are the possible block structures for
T in each of the following cases?

(a) All of the eigenvalues of A are real.

(b) A has three real eigenvalues and two complex
eigenvalues.

(c) A has one real eigenvalue and four complex
eigenvalues.

Let A be a n x n matrix with Schur decomposition

UTU". Show that if the diagonal entries of T are

all distinct, then there is an upper triangular matrix

R such that X = UR diagonalizes A.

Show that M = A + iB (where A and B are real

matrices) is skew Hermitian if and only if A is skew

symmetric and B is symmetric.

Show that if A is skew Hermitian and A is an eigen-

value of A then A is purely imaginary (i.e., A = bi,

where b is real).

Show that if A is a normal matrix then each of the

following matrices must also be normal.

(a) A" b I+A (o) A
Let A be a real 2 x 2 matrix with the property that

ar ayp > 0, and let
r 0
r=./ay/an S = [O ]]
Compute B = SAS~'. What can you conclude
about the eigenvalues and eigenvectors of B? What
can you conclude about the eigenvalues and eigen-
vectors of A? Explain.

and

Let p(x) = —x* + x> + (¢ +3)x + 1, where cis a
real number. Let
c c+3 1
C=1]1 0 0
0 1 0
and let
—1 2 —c—3
A= 1 -1 c+2
—1 1 —c—1

(a) Compute A~!CA.
(b) Show that C is the companion matrix of p(x)
and use the result from part (a) to prove that

26.

27.

28.

29.
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p(x) will have only real roots regardless of the
value of c.

Let A be a Hermitian matrix with eigen-

values Aj,...,A, and orthonormal eigenvectors
up,...,u,. Show that

A= hua? + nuuf + -+ Au,u?
Let

0 1
=1 o)
Write A as a sum Ajujul + A,u,ul, where A, and

A, are eigenvalues and u; and u, are orthonormal
eigenvectors.

Let A be a Hermitian matrix with eigenvalues A; >
Ay > > X, and orthonormal eigenvectors
uy,...,u,. For any nonzero vector x in R", the
Rayleigh quotient p(x) is defined by
® (Ax,x)  x"Ax
X) = =
P (X, X) xAx

(a) If x=cu; + -+ c,u,, show that
R e R

p(X)
llell
(b) Show that
)"n =< ,O(X) < )"l
(¢) Show that
and

r;(lg P(X) = A r)?#ilg pX) = A,

Given A € R™™ B € R™, C € R™", the
equation

AX—XB=C 3)

is known as Sylvester’s equation. An m X n matrix

X is said to be a solution if it satisfies (3).

(a) Show that if B has Schur decomposition B =
UTU", then Sylvester’s equation can be trans-
formed into an equation of the form AY — YT =
G,where Y = XU and G = CU.

(b) Show that
(A —t; Dy,

g
j-1
:gj+2tl]y1’ j:2»~~'an
i=1
(¢c) Show that if A and B have no common ei-
genvalues, then Sylvester’s equation has a
solution.

(A — Dy
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The Singular Value Decomposition

Theorem 6.5.1

Proof

In many applications, it is necessary either to determine the rank of a matrix or to
determine whether the matrix is deficient in rank. Theoretically, we can use Gaussian
elimination to reduce the matrix to row echelon form and then count the number of
nonzero rows. However, this approach is not practical in finite-precision arithmetic. If
A is rank deficient and U is the computed echelon form, then, because of rounding
errors in the elimination process, it is unlikely that U will have the proper number of
nonzero rows. In practice, the coefficient matrix A usually involves some error. This
may be due to errors in the data or to the finite number system. Thus, it is generally
more practical to ask whether A is “close” to a rank-deficient matrix. However, it may
well turn out that A is close to being rank deficient and the computed row echelon form
U is not.

In this section, we assume throughout that A is an m x n matrix with m > n. (This
assumption is made for convenience only; all the results will also hold if m < n.) We
will present a method for determining how close A is to a matrix of smaller rank. The
method involves factoring A into a product UX V7, where U is an m x m orthogonal
matrix, V is an n x n orthogonal matrix, and X is an m x n matrix whose off-diagonal
entries are all 0’s and whose diagonal elements satisfy

0p>0>:-->20,>20

o1
02

On

The o;’s determined by this factorization are unique and are called the singular values
of A. The factorization UX V7 is called the singular value decomposition of A, or, for
short, the svd of A. We will show that the rank of A equals the number of nonzero sin-
gular values, and that the magnitudes of the nonzero singular values provide a measure
of how close A is to a matrix of lower rank.

We begin by showing that such a decomposition is always possible.

The SVD Theorem

If A is an m x n matrix, then A has a singular value decomposition.

ATA is a symmetric n x n matrix. Therefore, its eigenvalues are all real and it has an
orthogonal diagonalizing matrix V. Furthermore, its eigenvalues must all be nonnegat-
ive. To see this, let A be an eigenvalue of A’A and x be an eigenvector belonging to A.
It follows that

lAx|? = xAAx = axx = A|x]|?
Hence,
2
|AX ||
T
byl
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We may assume that the columns of V have been ordered so that the corresponding
eigenvalues satisfy
MZA= =22 =0
The singular values of A are given by

o=k j=1,....n

Let r denote the rank of A. The matrix A’A will also have rank r. Since A’A is
symmetric, its rank equals the number of nonzero eigenvalues. Thus,

AMZA>-2% >0  and Ay =Ap=---=1,=0
The same relation holds for the singular values

opz20>-+>0,>0 and o1 =0p=--=0,=0
Now let

Vi=M,.00,v), Vo= (Vists oo V)
and
01
02

= . ()
o

Hence, X is an r x r diagonal matrix whose diagonal entries are the nonzero singular

values o1, . ..,0,. The m x n matrix X is then given by
(= O
x= [ 0O O

The column vectors of V; are eigenvectors of A’A belonging to A = 0. Thus
AAv;=0 j=r+1,....n

and, consequently, the column vectors of V, form an orthonormal basis for NAA) =
N(A). Therefore,

AV, =0
and since V is an orthogonal matrix, it follows that
[ =Wl =vivl +v,v!
A = Al = AV\V] + AV,V] = AV, V] 2)

So far we have shown how to construct the matrices V and ¥ of the singular value
decomposition. To complete the proof, we must show how to construct an m x m
orthogonal matrix U such that

A=UzV"
or, equivalently,

AV =UX (3)
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Comparing the first » columns of each side of (3), we see that

Avj = oju; j=1,...,r
Thus, if we define

ujzglevj j=1...r 4)
and

U =y,...,u,)
then it follows that
AVy = U %, o)

The column vectors of U; form an orthonormal set since

1 1

O; Oj

= LWT (A"Av))

0;0j
o
= ~VV;
i
=5
It follows from (4) that each w;, 1 < j < r, is in the column space of A. The dimension
of the column space is 7, so uy, . .., u, form an orthonormal basis for R(A). The vector
space R(A)* = N(AT) has dimension m—r. Let {u,1,0,,2, ..., u,} be an orthonormal
basis for N(AT) and set
U2 = (ur+l’ Wy, ..., um)
U= [ U U ]
It follows from Theorem 5.2.2 that uy,...,u, form an orthonormal basis for R™.

Hence, U is an orthogonal matrix. We still must show that UX V7 actually equals A.
This follows from (5) and (2) since

> 0 vr
o=l e [50) [3]

=U VI
= AV, VI
=A |

Observations

Let A be an m x n matrix with a singular value decomposition UZ V7.

1. The singular values o4, ..., 0, of A are unique; however, the matrices U and V
are not unique.



2.
3.

4.
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Since V diagonalizes AA, it follows that the v;’s are eigenvectors of ATA.

Since AAT = UTETU7, it follows that U diagonalizes AA” and that the u;’s
are eigenvectors of AAT,

Comparing the jth columns of each side of the equation

AV =UX
we get
Av; = oju; j=1,...,n
Similarly,
ATu=vz’

and hence

Alwj=opv; forj=1,...,n

ATu;=0 forj=n+1,...,m

The v;’s are called the right singular vectors of A, and the u;’s are called the left
singular vectors of A.

. If A has rank r, then

(i) vi,...,Vv, form an orthonormal basis for R(AT).
(ii) v,.1,..., v, form an orthonormal basis for N(A).
(iii) uy,...,u, form an orthonormal basis for R(A).
(iv) u,41,...,u,, form an orthonormal basis for N(AT).

. The rank of the matrix A is equal to the number of its nonzero singular val-

ues (where singular values are counted according to multiplicity). The reader
should be careful not to make a similar assumption about eigenvalues. The
matrix

<

I
SO OO
SO O -
S o= O
o= OO

for example, has rank 3 even though all of its eigenvalues are 0.

. In the case that A has rank r < n, if we set

U, = (u,uy,...,u,) Vi=(,v,...,V,)
and define X; as in equation (1), then
A=UzV/ (6)

The factorization (6) is called the compact form of the singular value decom-
position of A. This form is useful in many applications.
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EXAMPLE |

Let
11
A=1]1 1
0 0
Compute the singular values and the singular value decomposition of A.
Solution
The matrix
T, _[2 2
AA = [ 2 2

has eigenvalues A; = 4 and A, = 0. Consequently, the singular values of A are oy =
V4 =2and o, = 0. The eigenvalue A; has eigenvectors of the form «(1, 1)7, and A,
has eigenvectors B(1, —1)7. Therefore, the orthogonal matrix

-5l

diagonalizes AA. From observation 4, it follows that

1 1 11
u = —AV] = = 1 1
o1 2 0 0

The remaining column vectors of U must form an orthonormal basis for N(AT). We
can compute a basis {X,, x3} for N(AT) in the usual way.

SEPYE
I
> - 8-

x, =(1,—-1,007  and  x3=1(0,0,1)7

Since these vectors are already orthogonal, it is not necessary to use the Gram—Schmidt
process to obtain an orthonormal basis. We need only set

1 ( 1 1 o)T
nL=—=xX=|—-—7,
[Ix2]| V2 V2

us =x; = (0,0, 1)

It then follows that

1 1
— — 0 1 1
V22 —
. raidl I BV
A=vuzvi=| 1 1 0 00 . . ™
ﬁ ﬁ 00 o
0 0 1 V22
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Proof

Theorem 6.5.3

6.5 The Singular Value Decomposition 347

If A is an m x n matrix of rank r and 0 < k < r, we can use the singular value
decomposition to find a matrix in R”*" of rank k that is closest to A with respect to
the Frobenius norm. Let M be the set of all m x n matrices of rank k or less. It can be
shown that there is a matrix X in M such that

A—X|l[p=min[|[A—-S 7
| lr = min | IlF ()

We will not prove this result, since the proof is beyond the scope of this book. Assum-
ing that the minimum is achieved, we will show how such a matrix X can be derived
from the singular value decomposition of A. The following lemma will be useful.

If Ais an m x n matrix and Q is an m x m orthogonal matrix, then

IQAllF = llAllF

IQAIZ = (Qai, Qay, ..., Qa7

2
=>_l0ail3
i=1
n
2
= lail3
i=1

= lIAll; "
If A has singular value decomposition UX V7, then it follows from the lemma that
IAllF = 1ZVT I
Since
I=ViE = 1EVH Ir = IVE Il = I1IZ7Ir

it follows that

IAllF = (02 + 02+ +02)"?

Let A = UXVT be an m x n matrix, and let M denote the set of all m x n matrices of
rank k or less, where 0 < k < rank(A). If X is a matrix in M satisfying (7), then

172
IA = XlF = (0, + 0+ +07)
In particular, if A" = UX'VT, where

o1
(= 0
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then

12

A—Alp= (62,4 -+03) ' =min||[A—S§
I IF = (0 4+ +0,) min || I3

Proof  Let X be a matrix in M satisfying (7). Since A’ € M, it follows that

12
IA=X|r < IA—Allr = (0, + - +07) ®)

n

We will show that
1/2
1A = Xllr = (07, + - +02)"
and hence that equality holds in (8). Let QQPT be the singular value decomposition of
X, where

w1

w3
(% O

Wi
o |o

If we set B = Q'AP, then A = QBP”, and it follows that
IA = Xl|lr =108 — 2P|l = |B—Q|Fr

Let us partition B in the same manner as 2.

kxk kx(n—k)
—— ——
B ‘ B
B — 11 12 |
By ‘ B
—— ——
(m—k)xk (m—k)x (n—k)

It follows that
IA = X|I7 = 1B11 — Qll} + 1Buall7 + 1B 7 + B2}
We claim that B;, = O. If not, then define

B,y B
Y:Q[OH 012 pT

The matrix Y is in M and
IA = Y||% = ||Baill> + 1Bl < 1A — X

But this contradicts the definition of X. Therefore, B, = O. In a similar manner it can
be shown that By; must equal O. If we set

B O
Z:Q[élo P’
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then Z € M and
A — Z||12v = ||322||12v < ||B11 — Qk”;zr + ||Bzz||12r =|A —X||12,

It follows from the definition of X that Bj; must equal 2. If By, has singular value
decomposition Uy A V7, then

A = Xlr = l1Bullr = [ AllF

Let
U, = Iok 51 and V2=[10k ‘?1
Now,
UL Q'APV, = I%k 10\]
A=(QUy [%" Ol vy

and hence it follows that the diagonal elements of A are singular values of A. Thus

1/2
1A= X|lr = |Allr > (02, + - +02)"
It then follows from (8) that
1/2
IA=Xlr= (02, + - +0,) =IA-A|r ]

If A has singular value decomposition UX V7, then we can think of A as the product
of U times V7. If we partition UY into columns and V7 into rows, then

UY = (o1uj,00uy,...,0U,)
and we can represent A by an outer product expansion
A=V +owvs +---+o,u,v’ )
If A is of rank n, then

o1
02

A/

|
c

T
Op—1 4

T

= 01U1V1T + Gzllzvg + -+ o1V,

will be the matrix of rank n — 1 that is closest to A with respect to the Frobenius norm.
Similarly,

" T T T
A" =om v, + ooV, - -+ 0,00, 2V, 5
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EXAMPLE 2

APPLICATION 1|

will be the nearest matrix of rank n — 2, and so on. In particular, if A is a nonsingular
n X n matrix, then A’ is singular and ||A — A’||r = o,. Thus 0, may be taken as a
measure of how close a square matrix is to being singular.

The reader should be careful not to use the value of det(A) as a measure of how
close A is to being singular. If, for example, A is the 100 x 100 diagonal matrix whose
diagonal entries are all %, then det(A) = 27'9; however, o199 = % By contrast, the
matrix in the next example is very close to being singular even though its determinant
is 1 and all its eigenvalues are equal to 1.

Let A be an n x n upper triangular matrix whose diagonal elements are all 1 and whose
entries above the main diagonal are all —1:

1 -1 =1 - -1 -1
0 1 =1 -+ -1 —1
0 0 1 -+ -1 —1
A=
0 0 0 -~ 1 —1
0 0 0 -~ 0 1

Notice that det(A) = det(A~") = 1 and all the eigenvalues of A are 1. However, if n is
large, then A is close to being singular. To see this, let

1 -1 -1 - =1 -1
0 1 -1 - =1 -1
0 0 1 .. =1 -1
B = :
0 0 0o .- 1 -1
—1
T 0 1

The matrix B must be singular, since the system Bx = 0 has a nontrivial solution
x = (272,2"73,...,2° 7. Since the matrices A and B differ only in the (n, 1)
position, we have

1
A —Bllr = =

It follows from Theorem 6.5.3 that

o,= min ||A—X||r<||A—-B|f=
2= min A= XIr < 1A - Bl = 2.

Thus, if n = 100, then o, < 1/2° and, consequently, A is very close to singular. ]

Numerical Rank

In most practical applications, matrix computations are carried out by computers using
finite-precision arithmetic. If the computations involve a nonsingular matrix that is
very close to be being singular, then the matrix will behave computationally exactly
like a singular matrix. In this case, computed solutions of linear systems may have no
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digits of accuracy whatsoever. More generally, if an m x n matrix A is close enough
to a matrix of rank r, where r < min(m, n), then A will behave like a rank r matrix in
finite-precision arithmetic. The singular values provide a way of measuring how close
a matrix is to matrices of lower rank; however, we must clarify what we mean by “very
close”. We must decide how close is close enough. The answer depends on the machine
precision of the computer that is being used.

Machine precision can be measured in terms of the unit round off error for the ma-
chine. Another name for unit round off is machine epsilon. To understand this concept,
we need to know how computers represent numbers. If the computer uses the number
base B and keeps track of n digits, then it will represent a real number x by a floating-
point number, denoted fl(x), of the form +0.d\d; . ..d, x ,Bk, where the digits d; are
integers with 0 < d; < . For example, —0.54321469 x 10% is an 8-digit, base 10,
floating-point number, and 0.110100111001 x 27 is a 12-digit, base 2 floating-point
number. In Section 1 of Chapter 7 we will discuss floating-point numbers in more de-
tail and give a precise definition of the machine epsilon. It turns out that the machine
epsilon, €, is the smallest floating-point number that will serve as a bound for the relat-
ive error whenever we approximate a real number by a floating-point number; that is,
for any real number x,

‘ﬂ—(x)x_ al (10)

For 8-digit, base 10, floating-point arithmetic, the machine epsilon is 5 x 1078, For 12-
digit, base 2, floating-point arithmetic, the machine epsilon is (%)’12, and, in general,
for n-digit base B arithmetic, the machine epsilon is % x gl

In light of (10), the machine epsilon is the natural choice as a basic unit for meas-
uring rounding errors. Suppose that A is a matrix of rank n, but & of its singular values
are less than a “small” multiple of the machine epsilon. Then A is close enough to
matrices of rank n — k, so that for floating point computations it is impossible to tell
the difference. In this case, we would say that A has numerical rank n — k. The mul-
tiple of the machine epsilon that we use to determine numerical rank depends on the
dimensions of the matrix and on its largest singular value. The definition of numerical
rank that follows is one that is commonly used.

The numerical rank of an m X n matrix is the number of singular values of the
matrix that are greater than o max(m, n)e, where o is the largest singular value of
A and e is the machine epsilon.

Often in the context of finite precision computations, the term rank will be used
with the understanding that it actually refers to the numerical rank. For example, the
MATLAB command rank (A) will compute the numerical rank of A, rather than the
exact rank.

Suppose that A is a 5 x 5 matrix with singular values

or=40,=1,03=10""2 04, =31 x 107", 65 =2.6 x 1071
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and suppose that the machine epsilon is 5 x 107!°. To determine the numerical rank,
we compare the singular values to

o1 max(m,n)e =4-5-5x 1075 =10""1

Since three of the singular values are greater than 107!3, the matrix has numerical
rank 3. =

Digital Image Processing

A video image or photograph can be digitized by breaking it up into a rectangular
array of cells (or pixels) and measuring the gray level of each cell. This information
can be stored and transmitted as an m x n matrix A. The entries of A are nonnegative
numbers corresponding to the measures of the gray levels. Because the gray levels of
any one cell generally turn out to be close to the gray levels of its neighboring cells,
it is possible to reduce the amount of storage necessary from mn to a relatively small
multiple of m + n + 1. Generally, the matrix A will have many small singular values.
Consequently, A can be approximated by a matrix of much lower rank.

Original 176 by 260 Image Rank 5 Approximation to Image

Rank 15 Approximation to Image Rank 30 Approximation to Image

Figure 6.5.1. Courtesy Oakridge National Laboratory
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If A has singular value decomposition UX V7, then A can be represented by the
outer product expansion

A= alulvlT + o*guzva + -+ anunvf
The closest matrix of rank & is obtained by truncating this sum after the first k terms:
Ay = O‘1U1V{ + 02u2v§ + -4 O'kllkV]Z

The total storage for A is k(m + n + 1). We can choose k to be considerably less than
n and still have the digital image corresponding to Aj very close to the original. For
typical choices of k, the storage required for A; will be less than 20 percent of the
amount of storage necessary for the entire matrix A.

Figure 6.5.1 shows an image corresponding to a 176 x 260 matrix A and three
images corresponding to lower rank approximations of A. The gentlemen in the picture
are (left to right) James H. Wilkinson, Wallace Givens, and George Forsythe (three
pioneers in the field of numerical linear algebra).

Information Retrieval—Latent Semantic Indexing

We return again to the information retrieval application discussed in Sections 1.3 and
5.1. In this application a database of documents is represented by a database matrix Q.
To search the database, we form a unit search vector x and set y = Q7 x. The documents
that best match the search criteria are those corresponding to the entries of y that are
closest to 1.

Because of the problems of polysemy and synonymy, we can think of our data-
base as an approximation. Some of the entries of the database matrix may contain
extraneous components due to multiple meanings of words, and some may miss in-
cluding components because of synonymy. Suppose that it were possible to correct for
these problems and come up with a perfect database matrix P. If we set E = Q — P,
then, since Q = P + E, we can think of E as a matrix representing the errors in our
database matrix Q. Unfortunately, E is unknown, so we cannot determine P exactly.
However, if we can find a simpler approximation Q; for Q, then Q; will also be an
approximation for P. Thus Q; = P + E, for some error matrix E;. In the method of
latent semantic indexing (LS]), the database matrix Q is approximated by a matrix Q;
with lower rank. The idea behind the method is that the lower rank matrix may still
provide a good approximation to P and, because of its simpler structure, may actually
involve less error; that is, ||Eq|| < ||E].

The lower rank approximation can be obtained by truncating the outer product
expansion of the singular value decomposition of Q. This is equivalent to setting

0r+1:Ur+2:"':Gn:0

and then setting Q; = U; X, V!, the compact form of the singular value decomposi-
tion of the rank r matrix. Furthermore, if » < min(m, n)/2, then this factorization is
computationally more efficient to use and the searches will be speeded up. The speed
of computation is proportional to the amount of arithmetic involved. The matrix vector
multiplication Q”x requires a total of mn scalar multiplications (m multiplications for
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each of the n entries of the product). In contrast, QIT = V,2,U7, and the multiplica-
tion QITX = Vi(Z(U;x")) requires a total of r(m + n + 1) scalar multiplications. For
example, if m = n = 1000 and r = 200, then

mn=10° and  r(m+n+ 1) =200-2001 = 400,200

The search with the lower rank matrix should be more than twice as fast.

Psychology—Principal Component Analysis

In Section 1 of Chapter 5, we saw how psychologist Charles Spearman used a correla-
tion matrix to compare scores on a series of aptitude tests. On the basis of the observed
correlations, Spearman concluded that the test results provided evidence of common
basic underlying functions. Further work by psychologists to identify the common
factors that make up intelligence has led to development of an area of study known
as factor analysis.

Predating Spearman’s work by a few years is a 1901 paper by Karl Pearson analyz-
ing a correlation matrix derived from measuring seven physical variables for each of
3000 criminals. This study contains the roots of a method popularized by Harold Ho-
telling in a well-known paper published in 1933. The method is known as principal
component analysis.

To see the basic idea of this method, assume that a series of n aptitude tests is
administered to a group of m individuals and that the deviations from the mean for the
tests form the columns of an m x n matrix X. Although, in practice, column vectors of
X are positively correlated, the hypothetical factors that account for the scores should
be uncorrelated. Thus, we wish to introduce mutually orthogonal vectors y,,y,, .. .,Y,
corresponding to the hypothetical factors. We require that the vectors span R(X), and
hence the number of vectors, r, should be equal to the rank of X. Furthermore, we wish
to number these vectors in decreasing order of variance.

The first principal component vector, y;, should account for the most variance.
Since y, is in the column space of X, we can represent it as a product Xv; for some
v, € R". The covariance matrix is

1

S= X'x
n—1
and the variance of y, is given by
Xv) Xv
var(y,) = (I)Tl = V]S,

The vector v; is chosen to maximize v'Sv over all unit vectors v. This can be
accomplished by choosing v; to be a unit eigenvector of X7 X belonging to its max-
imum eigenvalue A;. (See Exercise 28 of Section 6.4.) The eigenvectors of X7 X are the
right singular vectors of X. Thus v, is the right singular vector of X corresponding to
the largest singular value oy = /A;. If u; is the corresponding left singular vector, then

y, = Xvy =oju

The second principal component vector must be of the form y, = Xv,. It can be
shown that the vector which maximizes v’ Sv over all unit vectors that are orthogonal
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to v is just the second right singular vector v, of X. If we choose v, in this way and
u, is the corresponding left singular vector, then

Yy, = Xvp = ooup
and since
T T
Y1y, =ojoujup =0
it follows that y, and y, are orthogonal. The remaining y,’s are determined in a similar
manner.
In general, the singular value decomposition solves the principal component prob-

lem. If X has rank r and singular value decomposition X = U; Z; V] (in compact form),
then the principal component vectors are given by

Y =ouy, y, =o2up, ..., Yy, =0,

The left singular vectors uy, . .., u, are the normalized principal component vectors. If
we set W = X, V], then

X=Uzx\V] =uw

The columns of the matrix U; correspond to the hypothetical intelligence factors. The
entries in each column measure how well the individual students exhibit that particular
intellectual ability. The matrix W measures to what extent each test depends on the
hypothetical factors.

SECTION 6.5 EXERCISES

1. Show that A and A” have the same nonzero singular
values. How are their singular value decomposi- (©)
tions related?

(d)
0 0 0 0

3. For each of the matrices in Exercise 2:
(a) determine the rank.

_ (b) find the closest (with respect to the Frobenius
@ [ 2 2 ] (b) [ 1 2 ] norm) matrix of rank 1.

-2 820 0 30 0
A= 14 19 10 0 0
1 3

Find the closest (with respect to the Frobenius norm) matrices of rank 1 and rank 2 to A.

S W =
O = W
S O

0
2
1

SN = O

2. Use the method of Example 1 to find the singu-
lar value decomposition of each of the following
matrices:

4. Let

S wile wiw
O wiw w»ik
WY W W=
W W= Wi
W= WY W
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5. The matrix

10.

A =
has singular value decomposition
1 1 1 1
2 2 2 2
o _1 _1 1
2 2 2 2
1 _1 1 _1
2 2 2 2
1 r _1r _1
2 2 2 2

[\S TN e N )

12

W W W W

S O N O

4

0

0

4

0 2 2 1
3 3 3

OHz 12

0 3 3 3
1 2 2

0 3 T3 03

(a) Use the singular value decomposition to find orthonormal bases for R(AT) and N(A).
(b) Use the singular value decomposition to find orthonormal bases for R(A) and N(AT).

. Prove that if A is a symmetric matrix with eigenval-

ues A, Az, ..., A,, then the singular values of A are
(Al 122l ooy (Al

. Let A be an m x n matrix with singular value de-

composition UX VT, and suppose that A has rank
r, where r < n. Show that {vi,...,v,} is an
orthonormal basis for R(AT).

Let A be an n x n matrix. Show that A”A and AA”
are similar.

Let A be an n x n matrix with singular values o7,
02, ..., 0, and eigenvalues Ay, Xy, ..., A,. Show
that

|)"l)‘42 o ')"n| = 01020y

Let A be an n x n matrix with singular value
decomposition UX VT and let

0 AT
B=[A 0]

. i

Show that if
—v;

’ Yy = [ w ,n
i

11.

12.

13.

then the x;’s and y,’s are eigenvectors of B. How
do the eigenvalues of B relate to the singular values
of A?

Show that if o is a singular value of A then there

exists a nonzero vector x such that
llAx],
lIxIl2
Let A be an m x n matrix of rank n with singu-

lar value decomposition UX V. Let = denote the
n X m matrix

and define AT = VETUT. Show that X = Atb
satisfies the normal equations A”Ax = ATb.

Let AT be defined as in Exercise 12 and let P =
AA™T. Show that P> = P and P” = P.

m Quadratic Forms

By this time, the reader should be well aware of the important role that matrices play
in the study of linear equations. In this section, we will see that matrices also play
an important role in the study of quadratic equations. With each quadratic equation,
we can associate a vector function f(x) = x’Ax. Such a vector function is called a
quadratic form. Quadratic forms arise in a wide variety of applied problems. They are
particularly important in the study of optimization theory.
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A quadratic equation in two variables x and y is an equation of the form
ax® 4+ 2bxy +cy* +dx+ey+f=0 (1)

Equation (1) may be rewritten in the form

R T 1 0 RS D B R AU

x=[x] and A=[a b
y b c

Let

The term
XAx = ax® + 2bxy + cy*

is called the quadratic form associated with (1).

Conic Sections

The graph of an equation of the form (1) is called a conic section. [If there are no
ordered pairs (x,y) which satisfy (1), we say that the equation represents an imaginary
conic.] If the graph of (1) consists of a single point, a line, or a pair of lines, we say
that (1) represents a degenerate conic. Of more interest are the nondegenerate conics.
Graphs of nondegenerate conics turn out to be circles, ellipses, parabolas, or hyperbolas
(see Figure 6.6.1). The graph of a conic is particularly easy to sketch when its equation
can be put into one of the following standard forms:

(i 2+y*=r (circle)
2 2
(i) = + % ~1 (ellipse)
2 2 2 2
y y X
(iii) poi E =1 or i ﬁ =1 (hyperbola)
(v) ¥* =ay or y*=ax (parabola)

Here «, §, and r are nonzero real numbers. Note that the circle is a special case of the
ellipse (@ = B = r). A conic section is said to be in standard position if its equation
can be put into one of these four standard forms. The graphs of (i), (ii), and (iii) in
Figure 6.6.1 will all be symmetric to both coordinate axes and the origin. We say that
these curves are centered at the origin. A parabola in standard position will have its
vertex at the origin and will be symmetric to one of the axes.

What about the conics that are not in standard position? Let us consider the
following cases:

Case 1. The conic section has been translated horizontally from the standard position.
This occurs when the x> and x terms in (1) both have nonzero coefficients.

Case 2. The conic section has been translated vertically from the standard position.
This occurs when the y?> and y terms in (1) have nonzero coefficients (i.e., ¢ # 0 and

e # 0).
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N

| VL
NP AR

(i) Circle (ii) Ellipse (iii) Hyperbola (iv) Parabola

Figure 6.6.1.

Case 3. The conic section has been rotated from the standard position by an angle 6
that is not a multiple of 90°. This occurs when the coefficient of the xy term is nonzero

(i.e., b #0).

In general, we may have any one or any combination of these three cases. To graph
a conic section that is not in standard position, we usually find a new set of axes x’ and
y" such that the conic section is in standard position with respect to the new axes. This
is not difficult if the conic has only been translated horizontally or vertically, in which
case the new axes can be found by completing the squares. The following example
illustrates how this is done:

Sketch the graph of the equation
92 —18x+4y* + 16y — 11 =0

Solution

To see how to choose our new axis system, we complete the squares.
9> —2x4+ 1) +40° +4y+4) —11=9+16
This equation can be simplified to the form

12 2
=1 0+2

22 32 !

If we let
X=x-1 and Yy =y+2
the equation becomes

N2 /\2
GO

22 32

which is in standard form with respect to the variables x" and y'. Thus, the graph, as
shown in Figure 6.6.2, will be an ellipse that is in standard position in the x'y’-axis
system. The center of the ellipse will be at the origin of the x'y’-plane [i.e., at the point
(x,y) = (1, —2)]. The equation of the x’-axis is simply y* = 0, which is the equation of
the line y = —2 in the xy-plane. Similarly, the y’-axis coincides with the line x = 1. ®
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-2

N

Figure 6.6.2.

There is little problem if the center or vertex of the conic section has been trans-
lated. If, however, the conic section has also been rotated from the standard position,
it is necessary to change coordinates so that the equation in terms of the new coordin-
ates X’ and y’ involves no x’y’ term. Let x = (x,y)” and X' = (¥,y)”. Since the new
coordinates differ from the old coordinates by a rotation, we have

x = Ox or x =0'x
where
. cos® sinf 7 __ [cosf —sin6
0= [—sin9 cos or Q = [ sinf  cosé

If 0 < 6 < m, then the matrix Q corresponds to a rotation of 6 radians in the clockwise
direction and Q7 corresponds to a rotation of 6 radians in the counterclockwise direc-
tion (see Example 2 in Section 4.2 of Chapter 4). With this change of variables, (2)
becomes

) (00X + [ d ¢ ] X +f=0 3)

where [ d ¢ ] = [ d e ] Q. This equation will involve no x'y" term if and only

if Q’AQ is diagonal. Since A is symmetric, it is possible to find a pair of orthonormal

eigenvectors q; = (x;,—y;)! and q, = (y;,x;)!. Thus, if we set cosf = x; and
sinf = yj, then
— _ X1nN
Q—[‘h (h] [_yl x1]

diagonalizes A and (3) simplifies to
Al(x/)z +)L2(y/)2 +d/x/ +e/y/ +f =0
Consider the conic section
3 +2xy+3y°—8=0

This equation can be written in the form

(o) (13 3] =
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The matrix

B

has eigenvalues A = 2 and A = 4 with corresponding unit eigenvectors

Gd) = (58

Let
1 1
0 V2 V2 _[ cos45° sin45°]
1 1 —sin45° cos45°
V2 2
and set
1 1
o] 7 7|
y 11 b
V2 V2
Thus,

ono= (5 4]
and the equation of the conic becomes

2(X') +4(y)* =8
or

SO

4+2

In the new coordinate system the direction of the x’-axis is determined by the point
x' =1,y = 0. To translate this to the xy coordinate system, we multiply

1

1 1 1
ﬁﬁ[ll_ﬁ_
BRSNS BTN
V2 V2 V2

The x’-axis will be in the direction of q,. Similarly, to find the direction of the y’-axis,
we multiply

Qe =q,

The eigenvectors that form the columns of Q tell us the directions of the new coordinate
axes (see Figure 6.6.3). [ |
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Figure 6.6.3.

Given the quadratic equation

3x2+2xy+3y2+8\/§y—4=0
find a change of coordinates so that the resulting equation represents a conic in standard
position.

Solution

The xy term is eliminated in the same manner as in Example 2. In this case, we use the
rotation matrix

11
V2 V2

to rotate the axis system. The equation with repect to the new axis system is
/
2P +407 + [0 8v2] 0 [;] =4
or
) —4xX +20/) +4y =2
If we complete the square, we get

o =27 4+20/+ 1) =8

If wesetx” = x' —2and y” =y’ 4 1 (see Figure 6.6.4), the equation simplifies to
w0
=1 [
8 + 4

To summarize, a quadratic equation in the variables x and y can be written in the
form

xAX 4+ Bx +f =0
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Figure 6.6.4.

where x = (x,y)”, A is a2 x 2 symmetric matrix, B is a 1 x 2 matrix, and f is a scalar.
If A is nonsingular, then, by rotating and translating the axes, it is possible to rewrite
the equation in the form

MEY + 20+ =0 4)

where 1 and A, are the eigenvalues of A. If (4) represents a real nondegenerate conic,
it will be either an ellipse or a hyperbola, depending on whether A; and X, agree in sign
or differ in sign. If A is singular and exactly one of its eigenvalues is zero, the quadratic
equation can be reduced to either

)»1()6’)2 + e/y/ +f/ — 0 or )\Q(y/)Z + d/x/ +f/ — 0

These equations will represent parabolas, provided that ¢’ and d’ are nonzero.
There is no reason to limit ourselves to two variables. We could just as well
have quadratic equations and quadratic forms in any number of variables. Indeed, a

quadratic equation in n variables x, . . ., x, is one of the form
XAX+Bx+a =0 5)
where x = (xi,...,x,)7, A is an n x n symmetric matrix, B is a 1 x n matrix, and « is

a scalar. The vector function

n n

fx)= xAx = Z a;ix; | xi
1

i=1 \j=

is the quadratic form in n variables associated with the quadratic equation.
In the case of three unknowns, if

X a d e g
x=1]y]|. A=1d b f], B=|h
z e f ¢ i
then (5) becomes
ax® + by* 4 cz* + 2dxy + 2exz + 2fyz + gx + hy + iz +a =0

The graph of a quadratic equation in three variables is called a quadric surface.
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There are four basic types of nondegenerate quadric surfaces:

1. Ellipsoids

2. Hyperboloids (of one or two sheets)

3. Cones

4. Paraboloids (either elliptic or hyperbolic)

As in the two-dimensional case, we can use translations and rotations to transform the
equation into the standard form

MO+ 20 + 2@ +a=0

where A, Ay, A3 are the eigenvalues of A. For the general n-dimensional case, the
quadratic form can always be translated to a simpler diagonal form. More precisely,
we have the following theorem:

Principal Axes Theorem

If A is a real symmetric n x n matrix, then there is a change of variables u = Q"X such
that xTAx = u’ Du, where D is a diagonal matrix.

If A is a real symmetric matrix, then by Corollary 6.4.7 there is an orthogonal matrix
Q that diagonalizes A; that is, QTAQ = D (diagonal). If we set u = Q”x, then x = Qu
and

x’Ax = u’ Q"AQu = u’Du [ |

Optimization: An Application to the Calculus

Let us consider the problem of maximizing and minimizing functions of several vari-
ables. In particular, we would like to determine the nature of the critical points of a
real-valued vector function w = F(x). If the function is a quadratic form, w = x’Ax,
then 0 is a critical point. Whether it is a maximum, minimum, or saddle point depends
on the eigenvalues of A. More generally, if the function to be maximized or minimized
is sufficiently differentiable, it behaves locally like a quadratic form. Thus each critical
point can be tested by determining the signs of the eigenvalues of the matrix of an
associated quadratic form.

Let F(x) be a real-valued vector function on R". A point X, in R” is said to be a
stationary point of F if all the first partial derivatives of F at x( exist and are zero.

If F(x) has either a local maximum or a local minimum at a point Xy and the first
partials of F exist at X, they will all be zero. Thus, if F(x) has first partials everywhere,
its local maxima and minima will occur at stationary points.

Consider the quadratic form

f(x,y) = ax* + 2bxy + ¢y*
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The first partials of f are

fe = 2ax + 2by

fy =2bx 4+ 2cy
Setting these equal to zero, we see that (0,0) is a stationary point. Moreover, if the
matrix

=[5 <]

is nonsingular, this will be the only critical point. Thus, if A is nonsingular, f will have
either a global minimum, a global maximum, or a saddle point at (0, 0).
Let us write f in the form

f(x) = xAx where X = [ ; ]

Since f(0) = 0, it follows that f will have a global minimum at 0 if and only if
xAx > 0 for all x#0

and f will have a global maximum at 0 if and only if
xAx <0  forall x#0

If x’Ax changes sign, then 0 is a saddle point.
In general, if f is a quadratic form in n variables, then, for each x € R”,
fx) = xAx

where A is a symmetric n X n matrix.

A quadratic form f(x) = x’Ax is said to be definite if it takes on only one sign as
X varies over all nonzero vectors in R”. The form is positive definite if xAx > 0
for all nonzero x in R” and negative definite if x’Ax < 0 for all nonzero x in R".
A quadratic form is said to be indefinite if it takes on values that differ in sign. If
f(x) = x’Ax > 0 and assumes the value 0 for some x # 0, then f(x) is said to be
positive semidefinite. If f(x) < 0 and assumes the value O for some x # 0, then
f(x) is said to be negative semidefinite.

Whether the quadratic form is positive definite or negative definite depends on the
matrix A. If the quadratic form is positive definite, we say simply that A is positive
definite. The preceding definition can then be restated as follows.

A real symmetric matrix A is said to be

I. positive definite if x’Ax > 0 for all nonzero x in R”.
II. negative definite if xAx < O for all nonzero x in R".
III. positive semidefinite if x’Ax > 0 for all nonzero x in R".
IV. negative semidefinite if x’Ax < 0 for all nonzero x in R”.
V. indefinite if x’Ax takes on values that differ in sign.
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If A is nonsingular, then 0 will be the only stationary point of f(x) = x/Ax. It will
be a global minimum if A is positive definite and a global maximum if A is negative
definite. If A is indefinite, then 0 is a saddle point. To classify the stationary point, we
must then classify the matrix A. There are a number of ways of determining whether
a matrix is positive definite. We will study some of these methods in the next section.
The following theorem gives perhaps the most important characterization of positive
definite matrices:

Let A be a real symmetric n X n matrix. Then A is positive definite if and only if all its
eigenvalues are positive.

If A is positive definite and A is an eigenvalue of A, then, for any eigenvector x
belonging to A,

xAx = Ax'x = A||x|?

Hence,
_ XAx
= W >
Conversely, suppose that all the eigenvalues of A are positive. Let {u;,...,u,} be an

orthonormal set of eigenvectors of A. If x is any nonzero vector in R”, then x can be
written in the form

X=cu +ow+---+cu,

where
n
co=x"w; for i=1....n and Y G=|[x|*>0
i=1
It follows that

xXAx = x"(cihu; + - - - + cphuy)

n
= Z c%k,»
i=1
> (min A)[x[|* > 0

and hence A is positive definite. ]

If the eigenvalues of A are all negative, then —A must be positive definite and,
consequently, A must be negative definite. If A has eigenvalues that differ in sign, then
A is indefinite. Indeed, if A, is a positive eigenvalue of A and x; is an eigenvector
belonging to A, then

T T 2
X Ax) = Mx X = A1Ixq]|© >0
and if A, is a negative eigenvalue with eigenvector x;, then

T r 2
X A% = X Xo = M%7 < 0
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EXAMPLE 4  The graph of the quadratic form f(x, y) = 2x> — 4xy + 5y? is pictured in Figure 6.6.5.
It is not entirely clear from the graph if the stationary point (0, 0) is a global minimum
or a saddle point. We can use the matrix A of the quadratic form to decide the issue:

2 =2
TR
The eigenvalues of A are A; = 6 and A, = 1. Since both eigenvalues are positive,

it follows that A is positive definite and hence the stationary point (0, 0) is a global
minimum. O

02 0 02 04 0.6 0.8

Figure 6.6.5.

Suppose now that we have a function F(x,y) with a stationary point (xg, yo). If
F has continuous third partials in a neighborhood of (xg, yo), it can be expanded in a
Taylor series about that point.

F(xo 4+ h,yo + k) = F(xo, y0) 4+ [AF(x0. y0) + kFy(x0,0)]
+ 5 [A?Fu(x0, yo) 4 2hkF 4y (x0, o) + k*Fyy(x0,y0)] + R
= F(x0.y0) + 3(ah® + 2bhk + ck®) + R

where

a= Fxx(xm)’O)a b = ny(xo’ yo)a ¢ = Fyy(xo’ YO)

and the remainder R is given by

R = § [P Frx(2) + 3W*kF 11y(2) + 3hK* Foy(2) + k> F )y (2) ]
z = (xo + Oh, yo + 0k), 0<0<1

If 1 and k are sufficiently small, |R| will be less than }|ah® + 2bhk + ck?|, and hence
[F(xo + h,yo + k) — F(xo,0)] will have the same sign as (ah* + 2bhk + ck*). The
expression

f(h, k) = ah® + 2bhk + ck®
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is a quadratic form in the variables /& and k. Thus, F(x,y) will have a local minimum
(maximum) at (xg, yo) if and only if f(h, k) has a minimum (maximum) at (0, 0). Let

(0] = [Fetor) Euun)
b Cc ny(xo’ }’0) Fyy(xo’ yO)
and let A, and X, be the eigenvalues of H. If H is nonsingular, then A; and A, are
nonzero and we can classify the stationary points as follows:
(i) F has a minimum at (xg, yp) if A > 0, A, > 0.
(ii) F has a maximum at (xp, yp) if Ay < 0, A, < 0.
(iii) F has a saddle point at (xo, yo) if 1| and A, differ in sign.

The graph of the function
F(x,y) = %xS +xy? —4xy + 1

is pictured in Figure 6.6.6. Although all the stationary points lie in the region shown, it
is difficult to distinguish them just by looking at the graph. However, we can solve for
the stationary points analytically and then classify each stationary point by examining
the corresponding matrix of second partial derivatives.

Figure 6.6.6.

Solution
The first partials of F are
Fy = x2 + y2 - 4y
Fy=2xy —4x =2x(y — 2)
Setting F, = 0, we get x = 0 or y = 2. Setting F, = 0, we see that if x = 0, then y
must either be 0 or 4, and if y = 2, then x = £2. Thus, (0, 0), (0,4), (2,2), and (-2, 2)

are the stationary points of F. To classify the stationary points, we compute the second
partials:

F,. = 2x, Fo=2y—4, Fy, =2x
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Table | Stationary points of F(x,y)

Stationary Point (x, y,) A A2 Description
0,0) 4 —4  Saddle point
0,4 4 —4  Saddle point
2,2) 4 4 Local minimum
(-2,2) —4 —4  Local maximum

For each stationary point (xg, yo), we determine the eigenvalues of

2)(0 2y0 —4
2y — 4 2x0

These values are summarized in Table 1. [ ]

We can now generalize our method of classifying stationary points to functions
of more than two variables. Let F(x) = F(xi,...,x,) be a real-valued function whose
third partial derivatives are all continuous. Let X, be a stationary point of F' and define
the matrix H = H(x() by

hij = Fx,-xj-(XO)

H(x) is called the Hessian of F at X.
The stationary point can be classified as follows:

(i) xo is a local minimum of F if H(Xy) is positive definite.
(ii) x¢ is a local maximum of F if H(Xy) is negative definite.
(iii) x is a saddle point of F if H(x() is indefinite.

EXAMPLE 6 Find the local minima of the function
F(x,y,7) = x* 4+ xz — 3cosy + 7*

Solution
The first partials of F are

F,=2x+z2
Fy, =3siny
F,=x4+2¢

It follows that (x,y, z) is a stationary point of F if and only if x = z = 0 and y = nm,
where 7 is an integer. Let xo = (0, 2k, 0)”. The Hessian of F at X, is given by

2 01
H(Xo)zIO 3 0]

1 0 2
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The eigenvalues of H(x() are 3, 3, and 1. Since the eigenvalues are all positive, it
follows that H(x() is positive definite and hence F has a local minimum at x,. At a
stationary point of the form x; = (0, (2k — 1)7,0)”, the Hessian will be

H(xp) =

2 0 1
0 -3 0
1 0o 2

The eigenvalues of H(x;) are —3, 3, and 1. It follows that H(x;) is indefinite and hence

x; is a saddle point of F.

SECTION 6.6 EXERCISES

1. Find the matrix associated with each of the follow-

ing quadratic forms:

(a) 3x* — 5xy +y?

(b) 2x* +3y* + 22 +xy — 2xz + 3yz

(© X*+2y°+ 722 +xy—2xz+3yz

. Reorder the eigenvalues in Example 2 so that A; =
4 and X, = 2 and rework the example. In what

quadrants will the positive x’ and y’ axes lie? Sketch
the graph and compare it to Figure 6.6.3.

. In each of the following, (i) find a suitable change
of coordinates (i.e., a rotation and/or a translation)
so that the resulting conic section is in standard
form, (ii) identify the curve, and (iii) sketch the
graph.

(@ ¥ +xy+y*—6=0

(b) 3x* 4 8xy +3y* +28=0

(€) —3x* +6xy+57°—-24=0

(d) > +2xy+y*+3x+y—1=0

. Let A; and X, be the eigenvalues of

a b

=[5 ]

What kind of conic section will the equation
ax* + 2bxy+cy* =1

represent if A;A, < 0?7 Explain.
. Let A be a symmetric 2 x 2 matrix and let « be a
nonzero scalar for which the equation x’Ax = «
is consistent. Show that the corresponding conic

section will be nondegenerate if and only if A is
nonsingular.

. Which of the matrices that follow are positive
definite? Negative definite? Indefinite?

@ (33 o 5 7]

10.

11.

12.

2 0 1
3 V2
(c)l l @l o -1 o
V24 |1 0—2|
121 2.0 0
(e Iz 1 1] ) lo 5 3]
112 03 s

. For each of the following functions, determine

whether the given stationary point corresponds to
a local minimum, local maximum, or saddle point:

(@) fxy) =3 —xy+y" (0,0)
(b) fx,y) =sinx+y* +3xy+2x—3y (0,—1)
(© fxy) =52 =3y +3xy+2x—2y (1,—-1)

@ fey) =5+ +xy (LD
X y

(e f(x,y,2) =x4+xyz4+y*—3x (1,0,0)

® fxy2= _%(x_4+y_4+2_4)+yz—x—2y—
2z (1,1,1)

. Show that if A is symmetric positive definite, then

det(A) > 0. Give an example of a 2 x 2 matrix with
positive determinant that is not positive definite.

. Show that if A is a symmetric positive definite mat-

rix, then A is nonsingular and A~! is also positive
definite.

Let A be a singular n x n matrix. Show that A’A is
positive semidefinite, but not positive definite.

Let A be a symmetric n x n matrix with eigenvalues
M.+ .5 Ay Show that there exists an orthonormal
set of vectors {Xi,...,X,} such that

xAx = Z A (xTx,«)2
i1

for each x € R".

Let A be a symmetric positive definite matrix. Show
that the diagonal elements of A must all be positive.



370 Chapter 6 Eigenvalues

13. Let A be a symmetric positive definite n X n matrix 14. Let A be a symmetric positive definite n X n matrix.
and let S be a nonsingular n x n matrix. Show that Show that A can be factored into a product QQ7,
STAS is positive definite. where Q is an n x n matrix whose columns are

mutually orthogonal. [Hint: See Corollary 6.4.7.]

Positive Definite Matrices

Proof

In Section 6.6, we saw that a symmetric matrix is positive definite if and only if its
eigenvalues are all positive. These types of matrices occur in a wide variety of applic-
ations. They frequently arise in the numerical solution of boundary value problems by
finite difference methods or by finite element methods. Because of their importance in
applied mathematics, we devote this section to studying their properties.

Recall that a symmetric n x n matrix A is positive definite if xXAx > 0 for
all nonzero vectors x in R”. In Theorem 6.6.2, symmetric positive definite matrices
were characterized by the condition that all their eigenvalues are positive. This
characterization can be used to establish the following properties.

Property I 1If A is a symmetric positive definite matrix, then A is nonsingular.
Property II If A is a symmetric positive definite matrix, then det(4) > O.

If A were singular, A = 0 would be an eigenvalue of A. However, since all the
eigenvalues of A are positive, A must be nonsingular. The second property also follows
from Theorem 6.6.2, since

det(A) =A;--- 4, >0

Given an n X n matrix A, let A, denote the matrix formed by deleting the last n — r
rows and columns of A. A, is called the leading principal submatrix of A of order r.
We can now state a third property of positive definite matrices:

Property III If A is a symmetric positive definite matrix, then the leading
principal submatrices A, A,, ..., A, of A are all positive definite.

To show that A, is positive definite, 1 < r < n, let x, = (x,... ,x)7 be any nonzero
vector in R” and set

T
X=(x...,x,0,...,0)
Since
T T
X, AX, =XAx >0

it follows that A, is positive definite. ]

An immediate consequence of properties I, II, and III is that if A, is a leading
principal submatrix of a symmetric positive definite matrix A, then A, is nonsingular
and det(A,) > 0. This has significance in relation to the Gaussian elimination process.
In general, if A is an n x n matrix whose leading principal submatrices are all nonsin-
gular, then A can be reduced to upper triangular form using only row operation III; that
is, the diagonal elements will never be O in the elimination process, so the reduction
can be completed without interchanging rows.
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apy X X X apy X X X ap X X X apy X X X
X an| x| x 1 0 a(zlz) X 2 0 a(zlz) X X 3 0 a(zlz) X X
- o) - ) - )
X X asz| X 0 as X 0 0 a3y x 0 0 a33 «x
X X X ay 0 a5‘14) 0 0 X agﬁf 0 0 0 aﬁ
A AD AQ A® =y
Figure 6.7.1.

Property IV If A is a symmetric positive definite matrix, then A can be reduced
to upper triangular form using only row operation III, and the pivot elements will
all be positive.

Let us illustrate property IV in the case of a 4 x 4 symmetric positive definite
matrix A. Note first that

app = det(A;) >0

so ap1 can be used as a pivot element and row 1 is the first pivot row. Let a(zlz) denote
the entry in the (2,2) position after the last three elements of column 1 have been
eliminated (see Figure 6.7.1). At this step, the submatrix A, has been transformed into

a matrix:
app  ap
0

Since the transformation was accomplished using only row operation III, the value of
the determinant remains unchanged. Thus,

1
det(Ay) = ayal)

and hence

a(l) _ det(A2) _ det(Az)
2 arn det(A)

Since a(zlz) # 0, it can be used as a pivot in the second step of the elimination process.

After step 2, the matrix Az has been transformed into

a dpz ds
0 (1) (1)

ay a3
0 0 daf
Because only row operation III was used,
det(A3) = a4 1a(2]2)a%)
and hence

) _ det(A?,) _ det(A:;)
P ) det(dy)
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EXAMPLE |

Thus, a(323) can be used as a pivot in the last step. After step 3, the remaining diagonal
entry will be

a(3) _ det(A4)
7 det(A3)

>

In general, if an n x n matrix A can be reduced to an upper triangular form U
without any interchanges of rows, then A can be factored into a product LU, where L
is lower triangular with 1’s on the diagonal. The (i,j) entry of L below the diagonal
will be the multiple of the ith row that was subtracted from the jth row during the
elimination process. We illustrate with a 3 x 3 example:

Let

A=
2 5

4 2 =2
2 10 2
=2

The matrix L is determined as follows: At the first step of the elimination process
% times the first row is subtracted from the second row and —% times the first row

is subtracted from the third. Corresponding to these operations, we set [} = % and
I3 = —%. After step 1, we obtain the matrix
4 2 =2
AV=10 9 3
0o 3 4

The final elimination is carried out by subtracting % times the second row from the

third row. Corresponding to this step, we set [z, = % After step 2, we end up with the
upper triangular matrix

4 2 =2
U=A9=1]0 9 3
0 0 3
The matrix L is given by
1 00
L=| 3 10
11
2 3
and we can verify that the product LU = A.
10 0)(4 2 —2 4 2 =2
1 oflflo 9 3= 2 10 2
_% % 1 0 0 3 -2 2 5
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To see why this factorization works, let us view that process in terms of elementary
matrices. Row operation III was applied three times during the process. This is equi-
valent to multiplying A on the left by three elementary matrices E, E,, E3. Thus,

E3E2E1A=U2

1 00)Y(1 0O 1 00 4 2 =2 4 2 =2
0 1 0 01 0 -1 10 2 10 2|=|0 9 3
03 1Jl3; 01 00 1J-2 2 5 0 0 3

Since the elementary matrices are nonsingular, it follows that
A= (E'E;'E;HU

When the inverse elementary matrices are multiplied in this order, the result is a lower
triangular matrix L with 1’s on the diagonal. The entries below the diagonal of L will
just be the multiples that were subtracted during the elimination process.

100 1 00)(1 00
E''Ey'E;' =1 1 0 010][010
00 1)J[-301)]0 3 1
1 00
= 2+ 10 ]
S

Given an LU factorization of a matrix A, it is possible to go one step further and
factor U into a product DU, where D is diagonal and U, is upper triangular with 1’s
on the diagonal:

| M2 s Uin
Ui uyp Uy uy
u u
Uz e AL}
DU, = . U2 U

ul’li‘l

1
It follows, then, that A = LDU,. The matrices L and U, are referred to as unit trian-
gular matrices since they are triangular and their diagonal entries are all equal to 1.
The representation of a square matrix A as a product of the form LDU, where L is a
unit lower triangular matrix, D is diagonal, and U is a unit upper triangular matrix, is
referred to as an LDU factorization of A. In general if A has an LDU factorization, then
it is unique (see Exercise 8 at the end of this section).

If A is a symmetric positive definite matrix, then A can be factored into a product
LU = LDU,. The diagonal elements of D are the entries uy, ..., u,,, which were
the pivot elements in the elimination process. By property IV, these elements are all
positive. Furthermore, since A is symmetric,

LDU, = A = A" = (LDU,)" = UID'L"
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It follows from the uniqueness of the LDU factorization that LT = U;. Thus
A=LDL"

This important factorization is often used in numerical computations. There are effi-
cient algorithms that make use of the LDL” factorization in solving symmetric positive
definite linear systems.

Property V If A is a symmetric positive definite matrix, then A can be factored
into a product LDL”, where L is lower triangular with 1’s along the diagonal and
D is a diagonal matrix whose diagonal entries are all positive.

EXAMPLE 2 We saw in Example 1 that

4 2 2
A=1] 2 10 2

-2 2 5

1 0 0)(4 2 -2
=l 5 1 O0]fo 9 3|=LU
_%%1003

Factoring out the diagonal entries of U, we get

0 4 0 0 1
0 0 9 0 0
1 0 0 3 0

Since the diagonal elements uy, . . ., 4, are positive, it is possible to go one step
further with the factorization. Let

= LDLT ]

S

I
D= D= =
W= = O

S = W=
—_— = =

VUil
A/ U22

D2 —

unn
and set L; = LD'/?. Then
A=LDL" = LD"*(D'*TL" = L,LT

This factorization is known as the Cholesky decomposition of A.

Property VI (Cholesky Decomposition) If A is a symmetric positive definite
matrix, then A can be factored into a product LL”, where L is lower triangular
with positive diagonal elements.



EXAMPLE 3

Theorem 6.7.1

Proof
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The Cholesky decomposition of a symmetric positive definite matrix A can also be
represented in terms of an upper triangular matrix. Indeed, if A has Cholesky decom-
position LLT where L is lower triangular with positive diagonal entries, then the matrix
R = LT is upper triangular with positive diagonal entries and

A=LL" =R"R

Let A be the matrix from Examples 1 and 2. If we set

1 0 0)(2 0 O 2 0 0
L=Ltp»=| 4 1 ol]lo 3 ofl=] 1 3 o0
-1 1 1) lo o v3 -1 1 V3
then
2 0 0)(2 1 -1
L= 1 3 ol]o 3 1
-1 1 3)lo o 3
4 2 -2
= 2 10 2|=a4a "
2 2 5

The Cholesky factorization of the symmetric positive definite matrix A in
Example 3 could also have been written in terms of the upper triangular matrix
R=1LT.

1

A=LL =R"R

More generally, it is not difficult to show that any product of the BB will be positive
definite, provided that B is nonsingular. Putting all these results together, we have the
following theorem:

Let A be a symmetric n x n matrix. The following are equivalent.

(a) A is positive definite.
(b) The leading principal submatrices Ay, . . .,A, all have positive determinants.

(¢) A can be reduced to upper triangular form using only row operation III, and the
pivot elements will all be positive.

(d) A has a Cholesky factorization LLT (where L is lower triangular with positive
diagonal entries).

(€) A can be factored into a product B'B for some nonsingular matrix B.

We have already shown that (a) implies (b), (b) implies (c), and (c) implies (d). To see
that (d) implies (e), assume that A = LL”. If we set B = L’ then B is nonsingular and

A=LL"T =B'B
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Finally, to show that (e) = (a), assume that A = B’B, where B is nonsingular. Let x be
any nonzero vector in R” and set y = Bx. Since B is nonsingular, y # 0 and it follows
that

xAx =x'BBx =y'y = ||y||2 >0
Thus, A is positive definite. ]

Analogous results to Theorem 6.7.1 are not valid for positive semidefiniteness. For
example, consider the matrix

1 1 -3
A= 1 1 -3
-3 -3 5

The leading principal submatrices all have nonnegative determinants:

det(4)) =1, det(A;) =0, det(A3) =0
However, A is not positive semidefinite, since it has a negative eigenvalue A = —1.
Indeed, x = (1, 1, 1)7 is an eigenvector belonging to A = —1 and
x/Ax = -3

SECTION 6.7 EXERCISES

1. For each of the following matrices, compute the de- 4. For each of the following, factor the given matrix

terminants of all the leading principal submatrices
and use them to determine whether the matrix is
positive definite:

@[5 ] o [; 5]
4 =2

6 4 2 1
(c) 4 5 31 @ I 2 3 -2 ]
-2 3 6 1 =2 5

. Let A be a 3 x 3 symmetric positive definite matrix
and suppose that det(A;) = 3, det(4,) = 6, and
det(A;) = 8. What would the pivot elements be
in the reduction of A to triangular form, assuming
that only row operation III is used in the reduction

process?

. Let

2 -1 0 0
-1 2 -1 0
0 -1 2 -1
0 0 -1 2

A=

(a) Compute the LU factorization of A.
(b) Explain why A must be positive definite.

into a product LDLT, where L is lower triangular
with 1’s on the diagonal and D is a diagonal matrix:

4 2 9 -3
(@) [2 10 (b) [—3 2]
16 8 4 9 3 -6
(c)I860| (d)I3 4 1]
4 0 7 6 1 9

. Find the Cholesky decomposition LL” for each of

the matrices in Exercise 4.

. Let A be an nxn symmetric positive definite matrix.

For each x,y € R", define
(x,y) = xAy

Show that (, ) defines an inner product on R”.

. Prove each of the following:

(@) If U is a unit upper triangular matrix, then
U is nonsingular and U~! is also unit upper
triangular.

(b) If U, and U, are both unit upper triangular
matrices, then the product U, U, is also a unit
upper triangular matrix.



10.

11.

12.

13.

14.

15.

Let A be a nonsingular n x n matrix, and suppose
that A = LyD,U, = L,D,U,, where L, and L, are
lower triangular, D and D, are diagonal, U and U,
are upper triangular, and Ly, L,, U, U, all have 1’s
along the diagonal. Show that L; = L,, D; = D,,
and U, = U,. [Hint: L, ! is lower triangular and
U fl is upper triangular. Compare both sides of the
equation D, 'L, 'L,D, = U,U; "]

Let A be a symmetric positive definite matrix with
Cholesky decomposition A = LL" = RTR. Prove
that the lower triangular matrix L (or that the upper
triangular matrix R) in the factorization is unique.

Let A be an m x n matrix with rank n. Show that
the matrix ATA is symmetric positive definite.

Let A be an m x n matrix with rank »n and let OR be
the factorization obtained when the Gram—Schmidt
process is applied to the column vectors of A.
Show that if ATA has Cholesky factorization R] Ry,
then Ry = R. Thus the upper triangular factors in
the Gram—Schmidt QR factorization of A and the
Cholesky decomposition of ATA are identical.

Let A be a symmetric positive definite matrix and
let Q be an orthogonal diagonalizing matrix. Use
the factorization A = QDQT to find a nonsingular
matrix B such that BB = A.

Let A be a symmetric  x n matrix. Show that e is
symmetric and positive definite.

Show that if B is a symmetric nonsingular matrix,
then B? is positive definite.

Let

1
—= 1 —

_ 2 _

A= and B_[O 1]

(a) Show that A is positive definite and that xX’Ax =
x'Bx for all x € R2.

1
1
2

16.

17.

6.8 Nonnegative Matrices 377

(b) Show that B is positive definite, but B? is not
positive definite.

Let A be an n x n symmetric negative definite

matrix.

(a) What will the sign of det(A) be if n is even? If
n is odd?

(b) Show that the leading principal submatrices of
A are negative definite.

(¢) Show that the determinants of the leading prin-
cipal submatrices of A alternate in sign.

Let A be a symmetric positive definite n X n matrix.

(a) Ifk < n, then the leading principal submatrices
Ay and Ay, are both positive definite and, con-
sequently, have Cholesky factorizations L;L]

and Lk+1LZ+,. If Ay is expressed in the form
Ar ¥,
App1 =
Yi B

where y, € RF and B is a scalar, show that
Ly is of the form

L, 0

Lipi=1| ,
X (673

and determine x; and oy in terms of Ly, y,,
and f;.

(b) The leading principal submatrix A; has
Cholesky decomposition L;LT, where L, =
(y/ai1). Explain how part (a) can be used to
compute successively the Cholesky factoriza-
tions of A,,...,A,. Devise an algorithm that
computes L, Ls, ..., L, in a single loop. Since
A = A,, the Cholesky decomposition of A
will be L,,L,f. (This algorithm is efficient in
that it uses approximately half the amount of
arithmetic that would generally be necessary to
compute an LU factorization.)

m Nonnegative Matrices

In many of the types of linear systems that occur in applications, the entries of the
coefficient matrix represent nonnegative quantities. This section deals with the study
of such matrices and some of their properties.

Definition

An n x n matrix A with real entries is said to be nonnegative if a; > 0 for each i

and j and positive if a; > 0 for each i and j.

Similarly, a vector x = (x1,.

and positive if each x; > 0.

..,x,)7 is said to be nonnegative if each x; > 0
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APPLICATION 1|

For an example of one of the applications of nonnegative matrices, we consider
the Leontief input—output models.

The Open Model

Suppose that there are n industries producing n different products. Each industry re-
quires input of the products from the other industries and possibly even of its own
product. In the open model, it is assumed that there is an additional demand for each
of the products from an outside sector. The problem is to determine the output of each
of the industries that is necessary to meet the total demand.

We will show that this problem can be represented by a linear system of equations
and that the system has a unique nonnegative solution. Let a;; denote the amount of
input from the ith industry necessary to produce one unit of output in the jth industry.
By a unit of input or output, we mean one dollar’s worth of the product. Thus, the total
cost of producing one dollar’s worth of the jth product will be

aijtag+ -t ay
Since the entries of A are all nonnegative, this sum is equal to ||a;|| ;. Clearly, production
of the jth product will not be profitable unless ||a;[|; < 1. Let d; denote the demand of
the open sector for the ith product. Finally, let x; represent the amount of output of the
ith product necessary to meet the total demand. If the jth industry is to have an output
of x;, it will need an input of @;x; units from the ith industry. Thus, the total demand
for the ith product will be
anxi +apxz + - + ainxy + d;
and hence we require that
Xi = apnXi + apXy + -+ + AinXn + d;

fori = 1,...,n. This leads to the system

(I—amx+ (—ap)x+---+ (—ax, =d;
(—ax)x1 + (1 —an)x + -+ (—a)x, = d>

(_anl)xl + (_anZ)XZ + -+ (1 - ann)xn = dn
which may be written in the form
I—-Ax=d (1)

The entries of A have two important properties:

(i) a; > 0 foreachiand;.

(ii) [laj|l; = Zaif < 1 for eachj.
i=1



6.8 Nonnegative Matrices 379

The vector x must not only be a solution of (1); it must also be nonnegative. (It would
not make any sense to have a negative output.)

To show that the system has a unique nonnegative solution, we need to make use of
a matrix norm that is related to the 1-norm for vectors that was introduced in Section 4
of Chapter 5. The matrix norm is also referred to as the 1-norm and is denoted by || - ||;.
The definition and properties of the 1-norm for matrices are studied in Section 4 of
Chapter 7. In that section, we will show that, for any m x n matrix B,

1Bl = max (2 |b,»j|) = max(|[bi 1. b2l [Ibs]l1) @
=
It will also be shown that the 1-norm satisfies the following multiplicative properties:
IBCll1 < IBII1IIClI for any matrix C € R™" (3)
I1Bx[li < [IBll:]Ixl forany xeR"

In particular, if A is an n x n matrix satisfying conditions (i) and (ii), then it follows
from (2) that ||A||; < 1. Furthermore, if A is any eigenvalue of A and x is an eigenvector
belonging to A, then

[AlIxl = [[Ax]lr = [|AX][ < [[All (1]
and hence

Al < llAl <1

Thus, 1 is not an eigenvalue of A. It follows that / — A is nonsingular and hence the
system (1) has a unique solution

x=(1—-A)""d
We would like to show that this solution must be nonnegative. To do this, we will
show that (I — A)~! is nonnegative. First note that, as a consequence of multiplicative
property (3), we have

1A™ I < 1AlY
Since ||A||; < 1, it follows that

A", = 0 as m — o0

and hence A™ approaches the zero matrix as m — 0.
Since

I—AT+A+---+A") =1 — A"
it follows that

]+A+...+Am=(]_A)*1_(I_A)flAm+1
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Theorem 6.8.1

Definition

EXAMPLE |

Asm — oo,
I-A"'—q-aA)71A"" 5 1 -A)7!

and hence the series I+A+- - -+A" converges to (—A)~! as m — oo. By condition (i),
I+A+---+A™is nonnegative for each m, and therefore (I —A)~! must be nonnegative.
Since d is nonnegative, it follows that the solution x must be nonnegative. We see, then,
that conditions (i) and (ii) guarantee that the system (1) will have a unique nonnegative
solution x.

As you have probably guessed, there is also a closed version of the Leontief input—
output model. In the closed version, it is assumed that each industry must produce
enough output to meet the input needs of only the other industries and itself. The open
sector is ignored. Thus, in place of the system (1), we have

I—-A)x=0

and we require that x be a positive solution. The existence of such an x in this case
is a much deeper result than in the open version and requires some more advanced
theorems.

Perron’s Theorem
If A is a positive n x n matrix, then A has a positive real eigenvalue r with the following
properties:
(i) ris a simple root of the characteristic equation.
(ii) r has a positive eigenvector X.
(iii) If A is any other eigenvalue of A, then |L| < r.

The Perron theorem may be thought of as a special case of a more general theorem
due to Frobenius. The Frobenius theorem applies to irreducible nonnegative matrices.

A nonnegative matrix A is said to be reducible if there exists a partition of the index
set {1,2,...,n} into nonempty disjoint sets /; and I, such that a;; = 0 whenever
i € I} and j € . Otherwise, A is said to be irreducible.

Let A be a matrix of the form

X X X X X
X X X X X
O X X OO
SO X X ©O
X X X X X

Let/; = {1,2,5} and I, = {3,4}. Then I; UL, = {1,2,3,4,5} and a;; = 0 whenever
i € I and j € I,. Therefore, A is reducible. If P is the permutation matrix formed by
interchanging the third and fifth rows of the identity matrix /, then
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APPLICATION 2
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x x 0 0 x
x x 0 0 x
PA=]x x 0 0 x
X X X X X
X X X X X
and
x x x|0 O
x x x |0 0
PAP =] x x x|0 0
X X X | X X
X X X |x x

In general, it can be shown that an n x n matrix A is reducible if and only if there exists
a permutation matrix P such that PAP” is a matrix of the form

%]

where B and C are square matrices. ]

Frobenius Theorem

If A is an irreducible nonnegative matrix, then A has a positive real eigenvalue r with
the following properties:

(i) r has a positive eigenvector X.

(ii) If A is any other eigenvalue of A, then |A| < r. The eigenvalues with absolute
value equal to r are all simple roots of the characteristic equation. Indeed, if
there are m eigenvalues with absolute value equal to r, they must be of the
form

A = re?kTim k=0,1,...,m—1
The proof of this theorem is beyond the scope of the text. We refer the reader to
Gantmacher [4, Vol. 2]. Perron’s theorem follows as a special case of the Frobenius

theorem.

The Closed Model

In the closed Leontief input—output model, we assume that there is no demand from
the open sector and we wish to find outputs to satisfy the demands of all n industries.
Thus, defining the x;’s and the a;;’s as in the open model, we have

Xj = apX) + apXxy + - -+ AipXy

fori =1,...,n. The resulting system may be written in the form

A—-Dx=0 “4)
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APPLICATION 3

As before, we have the condition
a; >0 (1)

Since there is no open sector, the amount of output from the jth industry should be the
same as the total input for that industry. Thus,

n
Xj = E a;iX;
i=1

and hence we have as our second condition

n
Yay=1  j=1....n (ii)

i=1
Condition (ii) implies that A — [ is singular, because the sum of its row vectors is
0. Therefore, 1 is an eigenvalue of A, and since ||A||; = 1, it follows that all the

eigenvalues of A have moduli less than or equal to 1. Let us assume that enough of the
coefficients of A are nonzero so that A is irreducible. Then, by Theorem 6.8.2, A = 1
has a positive eigenvector X. Thus any positive multiple of x will be a positive solution
of (4).

Markov Chains Revisited

APPLICATION 4

Nonnegative matrices also play an important role in the theory of Markov processes.
Recall that if A is an n x n stochastic matrix, then A; = 1 is an eigenvalue of A and the
remaining eigenvalues satisfy

[Ajl <1 forj=2,...,n

In the case that A is stochastic and all of its entries are positive, it follows from Perron’s
theorem that A; = 1 must be a dominant eigenvalue and this in turn implies that the
Markov chain with transition matrix A will converge to a steady-state vector for any
starting probability vector xo. In fact, if, for some k, the matrix A is positive, then by
Perron’s theorem, A; = 1 must be a dominant eigenvalue of A¥. One can then show
that »; = 1 must also be a dominant eigenvalue of A. (See Exercise 12.) We say that a
Markov process is regular if all of the entries of some power of the transition matrix are
strictly positive. The transition matrix for a regular Markov process will have 1} = 1
as a dominant eigenvalue, and hence the Markov chain is guaranteed to converge to a
steady-state vector.

Analytic Hierarchy Process: Eigenvector Computation of Weights

In Section 5.3, we considered an example involving a search process to fill a full pro-
fessor position at a large university. In order to assign weights to the quality of the
research of the four candidates, the committee did pairwise comparisons of the relative
quality of the research publications of the candidates. After studying the publications
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of all the candidates, the committee agreed upon the following pairwise comparisons
of the weights:

wp = 1.75W2, wp = 1.5W3, wp = 1.25W4, Wy = 0.75W3, Wy = O.50W4, w3 = 0.75W4

Here an equation such as w, = 0.50w, would indicate that the quality of research
from candidate 2 was only half as strong as the quality of research from candidate 4.
Equivalently one could say that the quality of research from candidate 4 is twice as
strong as the quality of research from candidate 2. In Chapter 5 we added the condition
that the weights must all add up to 1. Using this condition we were able to express wy
in terms of wy, w,, and ws. We then found the values of wy, w,, and ws by calculating
the least squares solution to a 6 x 3 linear system. The calculated weight vector was
wi = (0.3289,0.1739,0.2188,0.2784)".

We now consider an alternative method for computing the weight vector based on
an eigenvector calculation. To do this we first form a comparison matrix C. The (i, )
entry of C indicates how the quality of the research of candidate i compares to the
quality of the research of candidate j. Thus if, for example, w, = 0.5wy, then ¢y = 2
and ¢y = % The comparison matrix for judging quality of research is given by

73 5
1 3 3 3
4 1 31
7 )
€= 2 4 1 3
33 g
4 4
5 25 1
The matrix C is called a reciprocal matrix since it has the property that c; = Cl for
ij

all i and j. The matrix C is a positive matrix, so it follows by Perron’s theorem that
C has a dominant eigenvalue with a positive eigenvector. The dominant eigenvalue is
A1 = 4.0106. If we compute the eigenvector belonging to A; and then normalize so
that its entries add up to 1, we end up with a weight vector

w, = (0.3255,0.1646,0.2177,0.2922)T

The eigenvector solution wy is very close to the weight vector w; computed using least
squares. Why does this eigenvector method work so well? To answer this question let
us first consider a simple example where both methods of computing weights give the
exact same answer.

Suppose the mathematics department at a small college is conducting a search for
an assistant professor position. Candidates will be evaluated in the areas of teaching,
research, and professional activities. The committee decides that teaching is twice as
important as research and 8 times as important as professional activities. The commit-
tee also decides that research is 4 times as important as professional activities. In this
case it is easy to find the weight vector since the decisions about the relative importance
of the three areas were done in a consistent way.

If ws is the weight assigned to professional activities, then the weight for research
wy must be 4ws and the weight w; must be 8ws. So w) is automatically equal to 2w;.
The weight vector then must be of the form w = (8ws, 4w3, w3). In order for the
entries of w to add up to 1, the value of ws must be 1% If we use the least squares
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method discussed in Section 5.3, we would set w3 = 1 — w; — w;. The weight vector
would then be computed by finding the least squares solution to a 3 x 2 linear system.
In this case the 3 x 2 system is consistent, so the least squares solution is the exact
solution and our computed weight vector is w = (%, 14—3, %)T.

Let us now compute the weight vector using the eigenvector method. To do this
we first form the comparison matrix

1 2 8
c=|z 1 4
11
§ 1 |
Note that ¢ = 2 since teaching is considered twice as important as professional

activities and c,3 = 4 since research is considered 4 times as important as professional
activiies. Because the judgments of relative importance were made in a consistent man-
ner, the value of c;3, the relative importance of teaching to to professional activities,
should be

c3=2-4=cpen

Indeed, if all decisions on the relative importance of the criteria are made in a con-
sistent manner, then the entries of the comparison matrix will satisfy the property:
cjj = cixcy; for all 4, j, and k. A reciprocal comparison matrix with this property is said
to be consistent. Note that the matrix C in our example has rank 1 since

1 1
cL=-C3 and C=-C
8 4
In general, if C is an n x n consistent reciprocal comparison matrix and ¢; and ¢
are column vectors of C, then

Cij C1kChj
Coj C2kCij
¢ = . = = CjCk

Crj CnkCij

Therefore C must have rank equal to 1. It follows that O must be an eigenvalue of C
and the dimension of its eigenspace must be n — 1, the nullity of C. So 0 must be an
eigenvalue of multiplicity n — 1. The remaining eigenvalue A; must equal the trace of
C. So A} = n is the dominant eigenvalue of C. Furthermore, since C has rank 1, any
column vector of C will be an eigenvector belonging to the dominant eigenvalue. (See
Exercise 17 in Section 6.3.)

For our example, it follows that the dominant eigenvalue of C is A; = 3 and that
c3 is an eigenvector belonging to A;. If we divide ¢3 by the sum of its entries, we end
up with the weight vector w = (%, 14—3, %)T.

In general, if the decisions on the relative importance are made in a consistent
manner, then there is only one way to choose the weights and both the least squares
method and the eigenvector method will produce the same weight vector. Suppose
now that the decisions are not made in a consistent manner. This is not uncommon
when decisions are made based on human judgments. For the least squares method,
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the linear system in the variables wy, w,, ... ,w,_; will not be consistent, but we can
always find a least squares solution. If the eigenvector method is used, the comparison
matrix C; will not be consistent. By Perron’s theorem C; will have a positive dominant
eigenvalue A; and a positive eigenvector X;. The eigenvector can be scaled to form a
vector w; whose entries add to 1. The scaled vector w; is used to assign weights to
the criteria. If the decisions on the relative importance have not been made in a wildly
inconsistent manner, but in a way that is in some sense close to being consistent, then
the eigenvector w; is a reasonable choice for a weight vector. In this case, the matrix C;
should in some sense be close to a consistent reciprocal comparison matrix and A; and
w; should be close to the dominant eigenvalue and eigenvector of a consistent matrix.

Suppose, for example, that the search committee at the college had decided as
before that teaching is twice as important as research and 8 times as important as
professional activities; however, suppose this time they decided that research should
only be 3 times as important as professional activities. In this case, the comparison

matrix is
1 2 8
a=1z 13
N

The matrix C; is not consistent so its dominant eigenvalue X; = 3.0092 is not equal
to 3; however, it is close to 3. The eigenvector belonging to A; (normalized so that its
entries add up to 1) is w; = (0.6282,0.2854,0.0864)". Table 1 summarizes the results
for both the problem with the consistent comparison matrix and for the inconsistent
version of the problem. For each comparison matrix the table includes the dominant
eigenvalue and the computed weights. All computed values are rounded to 4 decimal
places.

Table I A Comparison of Comparison Matrices

Weights
Matrix Eigenvalue Teaching Research Prof. Activities
C 3 0.6154 0.3077 0.0769
C, 3.0092 0.6282 0.2854 0.0864
SECTION 6.8 EXERCISES
1. Find the eigenvalues of each of the following 2. Find the eigenvalues of each of the following
matrices and verify that conditions (i), (ii), and (iii) matrices and verify that conditions (i) and (ii) of
of Theorem 6.8.1 hold: Theorem 6.8.2 hold:
2 3 4 2 2 3 0 2
@ (3 1) w (3 3 @ (7 5] ® (3 5]

1 2 4
(c)[241|

00 8
@ |1 0 o0
1 2 4

0 1 0
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3.

Find the output vector x in the open version of the
Leontief input—output model if

02 04 04 16,000
04 02 02| and d= 8,000

00 02 02 24,000

A=

. Consider the closed version of the Leontief input—

output model with input matrix

05 04 0.1
A=105 00 05
00 06 04

If X = (x1,x,x3)7 is any output vector for this
model, how are the coordinates x;, x,, and x3
related?

. Prove: If A = O for some positive integer m, then

I — A is nonsingular.

0 1 1
A=10 -1 1
0 -1 1

(a) Compute (I —A)~".
(b) Compute A? and A3. Verify that
I—-A)"'"=I1+A+A%

. Let

. Which of the matrices that follow are reducible?

For each reducible matrix, find a permutation mat-
rix P such that PAPT is of the form

%]

where B and C are square matrices.

I 1 10 1 0 1 1
1 1 10 11 1 1
@ {00 L T
I 1 1 1 1 0 1 1
1 01 0 0
o1 1 1 1
@ |1 01 00
I 1 0 1 1
I 1 1 1 1
I 1 1 1 1
1 1 0 0 1
@ |1 1 1 1 1
I 1 0 0 1
1 1 0 0 1
8. Let A be a nonnegative irreducible 3 x 3 matrix
whose eigenvalues satisfy 1, = 2 = L] = [A3].
Determine A, and As.
9. Let

- 542

where B and C are square matrices.

10.

11.

12.

13.

14.

(a) If A is an eigenvalue of B with eigenvector
X = (x1,...,x)7, show that A is also
an eigenvalue of A with eigenvector X =
(Xl,. . .,xk,O,. . .,O)T.

(b) If B and C are positive matrices, show that A
has a positive real eigenvalue r with the prop-
erty that |A| < r for any eigenvalue A # r.
Show also that the multiplicity of 7 is at most 2
and that r has a nonnegative eigenvector.

(¢) If B = C, show that the eigenvalue r in part (b)
has multiplicity 2 and possesses a positive
eigenvector.

Prove that a 2 x 2 matrix A is reducible if and only

if apdy = 0.

Prove the Frobenius theorem in the case where A is

a2 x 2 matrix.

We can show that, for an n x n stochastic mat-

rix, A; = 1 is an eigenvalue and the remaining

eigenvalues must satisfy

Ml<1 j=2,....n
(See Exercise 24 of Chapter 7, Section 4.) Show
that if A is an n x n stochastic matrix with the prop-
erty that A* is a positive matrix for some positive
integer k, then
Al <1 j=2,...,n
Let A be an n x n positive stochastic matrix with
dominant eigenvalue A; = 1 and linearly inde-
pendent eigenvectors X, X, . . ., X,, and let y, be an
initial probability vector for a Markov chain
Yo Y1 = AY¥o, Y2 =AYy, -
(a) Show that A; = 1 has a positive eigenvector X;.
(b) Show that [ly;[l; =1, j=0,1,....
(¢) Show that if
Yo = axy + 2Xp +---+ CnXy
then the component ¢, in the direction of the
positive eigenvector X; must be nonzero.

(d) Show that the state vectors y; of the Markov
chain converge to a steady-state vector.

(e) Show that
1

X111

Cy

and hence the steady-state vector is independ-
ent of the initial probability vector y,.
Would the results of parts (c) and (d) in Exercise 13
be valid if the stochastic matrix A was not a posit-
ive matrix? Answer this same question in the case
when A is a nonnegative stochastic matrix and, for



some positive integer k, the matrix AX is positive.
Explain your answers.

15. A management student received fellowship offers
from four universities and now must choose which
one to accept. The student uses the analytic hier-
archy process to decide among the universities and
bases the decision process on the following four
criteria:

(i) financial matters—tuition and scholarships

(ii) the reputation of the university

(iii) social life at the university

(iv) geography—how desirable is the location
of the university

In order to weigh the criteria the student decides
that finance and reputation are equally important
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and both are 4 times as important as social life and
6 times as important as geography. The student also
rates social life twice as important as geography.

(a) Determine a reciprocal comparison matrix C
based on the given judgments of the relative
importance of the 4 criteria.

(b) Show that the matrix C is not consistent.

(c) Make the problem consistent by changing the
relative importance of one pair of criteria and
determine a new comparison matrix C; for the
consistent problem.

(d) Find an eigenvector belonging to the domin-
ant eigenvalue of C; and use it to determine a
weight vector for the decision criteria.

Chapter Six Exercises

MATLAB EXERCISES

Visualizing Eigenvalues

MATLAB has a utility for visualizing the actions of lin-
ear operators that map the plane into itself. The utility is
invoked using the command eigshow. This command
opens a figure window that shows a unit vector X and
also Ax, the image of X under A. The matrix A can be
specified as an input argument of the eigshow com-
mand or selected from the menu at the top of the figure
window. To see the effect of the operator A on other
unit vectors, point your mouse to the tip of the vector X
and use it to drag the vector X around the unit circle in
a counterclockwise direction. As x moves, you will see
how its image AX changes. In this exercise, we will use
the eigshow utility to investigate the eigenvalues and
eigenvectors of the matrices in the eigshow menu.

1. The top matrix on the menu is the diagonal matrix

3.0
4
[
4

Initially, when you select this matrix, the vectors
x and Ax should both be aligned along the posit-
ive x-axis. What information about an eigenvalue—
eigenvector pair is apparent from the initial figure
positions? Explain. Rotate x counterclockwise un-
til x and Ax are parallel, that is, until they both
lie along the same line through the origin. What
can you conclude about the second eigenvalue—
eigenvector pair? Repeat this experiment with the

second matrix. How can you determine the eigen-
values and eigenvectors of a 2 x 2 diagonal matrix
by inspection without doing any computations?
Does this also work for 3 x 3 diagonal matrices?
Explain.

L

The third matrix on the menu is just the identity
matrix /. How do x and /x compare geometrically
as you rotate x around the unit circle? What can you
conclude about the eigenvalues and eigenvectors in
this case?

3. The fourth matrix has 0’s on the diagonal and 1’s
in the off-diagonal positions. Rotate the vector x
around the unit circle and note when x and Ax
are parallel. On the basis on these observations,
determine the eigenvalues and the corresponding
unit eigenvectors. Check your answers by multiply-
ing the matrix times the eigenvector to verify that
AX = AX.

4. The next matrix in the eigshow menu looks the
same as the previous ones except that the (2, 1)
entry has been changed to —1. Rotate the vector
x completely around the unit circle. Are x and Ax
ever parallel? Does A have any real eigenvectors?
What can you conclude about the nature of the
eigenvalues and eigenvectors of this matrix?

5. Investigate the next three matrices on the menu
(the sixth, seventh and eighth). In each case, try to
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estimate geometrically the eigenvalues and eigen-
vectors and make your guesses for the eigenvalues
consistent with the trace of the matrix. Use MAT-
LAB to compute the eigenvalues and eigenvectors
of the sixth matrix by setting

[X,D] = eig([0.25, 0.75;1, 0.50])

The column vectors of X are the eigenvectors of the
matrix and the diagonal entries of D are the eigen-
values. Check the eigenvalues and eigenvectors of
the other two matrices in the same way.

. Investigate the ninth matrix on the menu. What can
you conclude about the nature of its eigenvalues
and eigenvectors? Check your conclusions by com-
puting the eigenvalues and eigenvectors with the
eig command.

. Investigate the next three matrices on the menu.
You should note that, for the last two of these
matrices, the two eigenvalues are equal. For each
matrix, how are the eigenvectors related? Use
MATLAB to compute the eigenvalues and eigen-
vectors of these matrices.

. The last item on the eigshow menu will generate
arandom 2 x 2 matrix each time that it is invoked.
Try using the random matrix 10 times, and in each
case determine whether the eigenvalues are real.
What percentage of the 10 random matrices had
real eigenvalues? What is the likelihood that two
real eigenvalues of a random matrix will turn out to
be exactly equal? Explain.

Ciritical Loads for a Beam

9. Consider the application relating to critical loads for

a beam from Section 6.1. For simplicity, we will as-
sume that the beam has length 1 and that its flexural
rigidity is also 1. Following the method described
in the application, if the interval [0, 1] is partitioned
into n subintervals, then the problem can be trans-
lated into a matrix equation Ay = Ay. The critical
load for the beam can be approximated by setting
P = sn?, where s is the smallest eigenvalue of A.
For n = 100, 200, 400, form the coefficient matrix
by setting

D diag(ones(n — 1, 1), 1);

A = 2xeye(n)—D —D';

In each case, determine the smallest eigenvalue of A
by setting
s =min(eig(A))

and then compute the corresponding approximation
to the critical load.

Diagonalizable and Defective Matrices

10.

11.

Construct a symmetric matrix A by setting
A = round(5 * rand(6)); A=A+A
Compute the eigenvalues of A by setting

e=-eig(A)

(a) The trace of A can be computed with the MAT-
LAB command trace(A), and the sum of
the eigenvalues of A can be computed with
the command sum(e). Compute both of these
quantities and compare the results. Use the
command prod(e) to compute the product of
the eigenvalues of A and compare the result
with det(A).

(b) Compute the eigenvectors of A by setting
[X,D] = eig(A). Use MATLAB to compute
X~'AX and compare the result with D. Com-
pute also A~! and XD~'X~! and compare the
results.

Set
A = ones(10) + eye(10)

(a) What is the rank of A — [? Why must A = 1
be an eigenvalue of multiplicity 9?7 Compute
the trace of A using the MATLAB function
trace. The remaining eigenvalue 1, must
equal 11. Why? Explain. Compute the eigen-
values of A by setting e = eig(A). Examine
the eigenvalues, using format long. How
many digits of accuracy are there in the com-
puted eigenvalues?

(b) The MATLAB routine for computing eigenval-
ues is based on the QR algorithm described in
Section 6 of Chapter 7. We can also compute
the eigenvalues of A by computing the roots of
its characteristic polynomial. To determine the
coefficients of the characteristic polynomial of
A, set p = poly(A). The characteristic poly-
nomial of A should have integer coefficients.
Why? Explain. If we set p = round(p), we
should end up with the exact coefficients of the
characteristic polynomial of A. Compute the
roots of p by setting

r = roots(p)

and display the results, using format long.
How many digits of accuracy are there in the
computed results? Which method of comput-
ing eigenvalues is more accurate, using the
eig function or computing the roots of the
characteristic polynomial?



12. Consider the matrices

A= [g :g] and B= [g _gl
Note that the two matrices are the same except for
their (2, 2) entries.

(a) Use MATLAB to compute the eigenvalues of
A and B. Do they have the same type of eigen-
values? The eigenvalues of the matrices are the
roots of their characteristic polynomials. Use
the following MATLAB commands to form
the polynomials and plot their graphs on the
same axis system:

p = poly(A);
q = poly(B);
x=-8:0.1:8;

z = zeros(size(Xx));
y = polyval(p,x);
w = polyval(q,X);
plot(x,y,X, W, X, z)
hold on

The hold on command is used so that sub-
sequent plots in part (b) will be added to the
current figure. How can you use the graph
to estimate the eigenvalues of A? What does
the graph tell you about the eigenvalues of B?
Explain.

(b) To see how the eigenvalues change as the (2, 2)
entry changes, let us construct a matrix C with
a variable (2, 2) entry. Set

t = sym('t) C=15-3;3,t—-5]
As t goes from 0 to 10, the (2, 2) entries
of these matrices go from —5 to 5. Use the
following MATLAB commands to plot the
graphs of the characteristic polynomials for
the intermediate matrices corresponding to r =
1,2,...,9:.
p = poly(C)
forj=1:9
s = subs(p, 1,));
ezplot(s,[—10,10])
axis([—10, 10, —20,220])
pause(2)
end
Which of these intermediate matrices
have real eigenvalues and which have complex
eigenvalues? The characteristic polynomial of
the symbolic matrix C is a quadratic poly-
nomial whose coefficients are functions of ¢.
To find exactly where the eigenvalues change
from real to complex, write the discriminant of

13.

14.

15.
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the quadratic as a function of ¢ and then find
its roots. One root should be in the interval
(0, 10). Plug that value of ¢ back into the matrix
C and determine the eigenvalues of the matrix.
Explain how these results correspond to your
graph. Solve for the eigenvectors by hand. Is
the matrix diagonalizable?

Set
B =toeplitz(0:—1:-3,0:3)

The matrix B is not symmetric and hence it is not
guaranteed to be diagonalizable. Use MATLAB to
verify that the rank of B equals 2. Explain why 0
must be an eigenvalue of B and the corresponding
eigenspace must have dimension 2. Set [X,D] =
eig(B). Compute X~'BX and compare the result
with D. Compute also XD°X~' and compare the
result with B,

Set

C = triu(ones(4),1) +diag([1,—1],—2)
and
[X,D] = eig(C)

Compute X~'CX and compare the result with D.
Is C diagonalizable? Compute the rank of X and
the condition number of X. If the condition number
of X is large, the computed values for the eigen-
values may not be accurate. Compute the reduced
row echelon form of C. Explain why 0 must be an
eigenvalue of C and the corresponding eigenspace
must have dimension 1. Use MATLAB to com-
pute C*. It should equal the zero matrix. Given that
C* = 0, what can you conclude about the actual
values of the other three eigenvalues of C? Explain.
Is C defective? Explain.

Construct a defective matrix by setting

A = ones(6); A=A—tril(A)—triu(4,?2)
It is easily seen that A = 0 is the only eigenvalue of
A and that its eigenspace is spanned by e;. Verify
that this is indeed the case by using MATLAB to
compute the eigenvalues and eigenvectors of A. Ex-
amine the eigenvectors using format long. Are
the computed eigenvectors multiples of e;? Now
perform a similarity transformation on A. Set

Q = orth(rand(6)); and B =Q'xAxQ
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16.

If the computations had been done in exact arith-
metic, the matrix B would be similar to A and
hence defective. Use MATLAB to compute the ei-
genvalues of B and a matrix X consisting of the
eigenvectors of B. Determine the rank of X. Is the
computed matrix B defective? Because of rounding
error, a more reasonable question to ask is whether
the computed matrix B is close to being defective
(i.e., are the column vectors of X close to being
linearly dependent?). To answer this question, use
MATLAB to compute reond(X), the reciprocal of
the condition number of X. A value of rcond close
to zero indicates that X is nearly rank deficient.

Generate a matrix A by setting
B=[-1, -1 1, 1],
A = [zeros(2), eye(2); eye(2), B]

(a) The matrix A should have eigenvalues A; = 1
and A, = —1. Use MATLAB to verify that
these are the correct eigenvalues by comput-
ing the reduced row echelon forms of A — I
and A 4+ I. What are the dimensions of the
eigenspaces of A; and 1,?

(b) It is easily seen that trace(A) = 0 and
det(A) = 1. Verify these results in MATLAB.
Use the values of the trace and determinant to
prove that 1 and —1 are actually both double
eigenvalues. Is A defective? Explain.

(¢) Sete = eig(A) and examine the eigenvalues
using format long. How many digits of ac-
curacy are there in the computed eigenvalues?
Set [X, D] = eig(A) and compute the con-
dition number of X. The log of the condition
number gives an estimate of how many digits
of accuracy are lost in the computation of the
eigenvalues of A.

(d) Compute the rank of X. Are the computed
eigenvectors linearly independent? Use MAT-
LAB to compute X~ 'AX. Does the computed
matrix X diagonalize A?

Application: Sex-Linked Genes
17.

Suppose that 10,000 men and 10,000 women settle
on an island in the Pacific that has been opened to
development. Suppose also that a medical study of
the settlers finds that 200 of the men are color blind
and only 9 of the women are color blind. Let x(1)
denote the proportion of genes for color blindness
in the male population and let x(2) be the propor-
tion for the female population. Assume that x(1)
is equal to the proportion of color-blind males and

that x(2) is equal to the proportion of color-blind
females. Determine x(1) and x(2) and enter them
in MATLAB as a column vector x. Enter also the
matrix A from Application 3 of Section 6.3. Set
MATLAB to format long, and use the matrix
A to compute the proportions of genes for color
blindness for each sex in generations 5, 10, 20, and
40. What are the limiting percentages of genes for
color blindness for this population? In the long run,
what percentage of males and what percentage of
females will be color blind?

Similarity
18. Set

S = round(10 * rand(5));
S =triu(S, 1)+ eye(d)
S=8%S

T = inv(S)

(a) The exact inverse of S should have integer
entries. Why? Explain. Check the entries of
T using format long. Round the entries
of T to the nearest integer by setting 7' =
round(7). Compute T * S and compare with
eye(5).

(b) Set

A = triu(ones(5),1) + diag(l:5),

B=SxAxT

The matrices A and B both have the eigenval-
ues 1, 2,3, 4, and 5. Use MATLAB to compute
the eigenvalues of B. How many digits of ac-
curacy are there in the computed eigenvalues?
Use MATLAB to compute and compare each
of the following:

(i) det(A) and det(B)

(ii) trace(A) and trace(B)
(iii) SA’T and B?
(iv) SA~'T and B!

Hermitian Matrices

19. Construct a complex Hermitian matrix by setting

Jj=sart(-1);
A = rand(5) + j * rand(5);
A=A+ A))2

(a) The eigenvalues of A should be real. Why?
Compute the eigenvalues and examine your



results, using format long. Are the com-
puted eigenvalues real? Compute also the ei-
genvectors by setting

[X,D] = eig(A)

What type of matrix would you expect X to
be? Use the MATLAB command X' % X to
compute X*X. Do the results agree with your
expectations?

(b) Set
E =D+jxeye(5) and B=X%xE/X

What type of matrix would you expect B to be?
Use MATLAB to compute BB and BB". How
do these two matrices compare?

Visualizing the Singular Value Decomposition

In some of the earlier exercises we used MATLAB’s
eigshow command to look at geometric interpret-
ations of the eigenvalues and eigenvectors of 2 x 2
matrices. The eigshow facility also has an svdshow
mode that we can use to visualize the singular values
and singular vectors of a nonsingular 2 x 2 matrix. Be-
fore using the svdshow facility, we establish some
basic relations between the right and left singular vec-
tors.

20. Let A be a nonsingular 2 x 2 matrix with singular
value decomposition A = USVT and singular values

Optimization
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sy = sy; and s, = sy. Explain why each of the
following are true.
(a) AV =US

(b) AV] = 51U and AVz = SHUy.

(¢) v; and v, are orthogonal unit vectors and the
images Av; and Av, are also orthogonal.

(d) [[Av]| = s; and [|[AV,]| = s,.

21. Set

A=1]1,1; 0.5,-0.5]

and use MATLAB to verify each of statements (a)-
(d) in Exercise 20. Use the command eigshow(A)
to apply the eigshow utility to the matrix A. Click
on the eig/ (svd) button to switch into the
svdshow mode. The display in the figure window
should show a pair of orthogonal vectors x, y and
their images Ax and Ay. Initially, the images of x
and y should not be orthogonal. Use the mouse to
rotate the x and y vectors counterclockwise until
their images Ax and Ay become orthogonal. When
the images are orthogonal, x and y are right singular
vectors of A. When x and y are right singular vectors,
how are the singular values and left singular vectors
related to the images Ax and Ay? Explain. Note that
when you rotate a full 360° the image of the unit
circle traces out as an ellipse. How do the singular
values and singular vectors relate to the axes of the
ellipse?

22. Use the following MATLAB commands to construct a symbolic function:

syms X y

=0+ D3 +xxy"2+4y"2—dxxsxy—4dxy+1

Compute the first partials of f and the Hessian of f by setting

fx=daiff(f,x),fy =dif£(f,y)

H = [dif£(fx,x),dif£(fx,y); ALE£(fy, x), diEE(fy, y)]

We can use the subs command to evaluate the Hessian for any pair (x, y). For example, to evaluate the Hessian

when x =3 and y = 5, set

H1 = subs(H, [x,y],[3,5])

Use the MATLAB command solve(fx, fy) to determine vectors X and y containing the x and y coordinates of the
stationary points. Evaluate the Hessian at each stationary point and then determine whether the stationary point is

a local maximum, local minimum, or saddle point.
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Positive Definite Matrices 25. For any positive integer n, the MATLAB command

P = pascal(n) will generate an n X n matrix P
23. Set

C = ones(6) + 7 x eye(6)
and
[X,D] = eig(C)

(a) Even though L = 7 is an eigenvalue of mul-
tiplicity 5, the matrix C cannot be defective.
Why? Explain. Check that C is not defective by
computing the rank of X. Compute also XX.
What type of matrix is X? Explain. Compute
also the rank of C — 71. What can you con-
clude about the dimension of the eigenspace
corresponding to A = 7?7 Explain.

(b) The matrix C should be symmetric positive
definite. Why? Explain. Thus, C should have
a Cholesky factorization LLT. The MATLAB
command R = chol(C) will generate an up-
per triangular matrix R that is equal to LT.
Compute R in this manner and set L = R'. Use
MATLAB to verify that

C=LL" =R"R

(c) Alternatively, one can determine the Cholesky
factors from the LU factorization of C. Set

[L U]=1u(C)
and
D = diag(sqrt(diag(l)))

and
W = (L*D)

How do R and W compare? This method of
computing the Cholesky factorization is less
efficient than the method MATLAB uses for its
Chol function.

24. For various values of k, form an k x k matrix A by

setting

D = diag(ones(k—1,1),1);
A =2xeyelk)—D—-D';

In each case, compute the LU factorization of A
and the determinant of A. If A is an n x n matrix of
this form, what will its LU factorization be? What
will its determinant be? Why must the matrix be
positive definite?

whose entries are given by

1 ifi=1 or

Py = { picjtpij ifi>1

The name pascal refers to Pascal’s triangle, a tri-
angular array of numbers that is used to generate
binomial coefficients. The entries of the matrix P
form a section of Pascal’s triangle.
(a) Set

j=1
and j>1

P = pascal(6)

and compute the value of its determinant. Now

subtract 1 from the (6, 6) entry of P by setting
P(6,6) = P(6,6) — 1

and compute the determinant of the new mat-

rix P. What is the overall effect of subtracting

1 from the (6,6) entry of the 6 x 6 Pascal

matrix?

(b) In part (a) we saw that the determinant of the
6 x 6 Pascal matrix is 1, but if we subtract 1
from the (6, 6) entry, the matrix becomes sin-
gular. Will this happen in general for n x n
Pascal matrices? To answer this question, con-
sider the cases n = 4,8, 12. In each case, set
P = pascal(n) and compute its determinant.
Next, subtract 1 from the (n, n) entry and com-
pute the determinant of the resulting matrix.
Does the property that we discovered in part (a)
appear to hold for Pascal matrices in general?

(c) Set
P = pascal(8)

and examine its leading principal submatrices.
Assuming that all Pascal matrices have determ-
inants equal to 1, why must P be positive def-
inite? Compute the upper triangular Cholesky
factor R of P. How can the nonzero entries of
R be generated as a Pascal triangle? In general,
how is the determinant of a positive definite
matrix related to the determinant of one of its
Cholesky factors? Why must det(P) = 1?
(d) Set

R(8,8)=0 and Q=R =x*R
The matrix Q should be singular. Why? Ex-
plain. Why must the matrices P and Q be the
same except for the (8,8) entry? Why must
qss = pss — 1?7 Explain. Verify the relation
between P and Q by computing the difference

P-0.



CHAPTER TEST A True or False

In each of the following answer true if the statement is
always true and false otherwise. In the case of a true
statement, explain or prove your answer. In the case
of a false statement, give an example to show that the
statement is not always true.

1.

If A is an n x n matrix whose eigenvalues are all
nonzero, then A is nonsingular.

. If A is an n x n matrix, then A and A7 have the

same eigenvectors.

. If A and B are similar matrices, then they have the

same eigenvalues.

. If A and B are n x n matrices with the same

eigenvalues, then they are similar.

. If A has eigenvalues of multiplicity greater than 1,

then A must be defective.

. If Ais a 4 x 4 matrix of rank 3 and A = 0 is an

eigenvalue of multiplicity 3, then A is diagonaliz-
able.

. If Ais a4 x 4 matrix of rank 1 and A = 0 is an

eigenvalue of multiplicity 3, then A is defective.

CHAPTER TEST B

1.

2.

Let 1 0 0
A=11 1 -1 ]
1 2 =2

(a) Find the eigenvalues of A.

(b) For each eigenvalue, find a basis for the corres-
ponding eigenspace.

(¢) Factor A into a product XDX~! where D is a
diagonal matrix, and then use the factorization
to compute A”.

Let A be a4 x 4 matrix with real entries that has all

I’s on the main diagonal (i.e., a;; = ayp = az; =
ayy = 1). If A is singular and A, = 3 + 2i is an
eigenvalue of A, then what, if anything, is it pos-
sible to conclude about the values of the remaining
eigenvalues A,, A3, and A4? Explain.

Let A be a nonsingular n x n matrix and let A be an
eigenvalue of A.

(a) Show that A # 0.

1
(b) Show that ; is an eigenvalue of A~!.

Show that if A is a matrix of the form
a 0 0
A=10 a 1 ]
0 0 a

then A must be defective.

10.

11.

12.

13.

14.

15.
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. The rank of an n x n matrix A is equal to the num-

ber of nonzero eigenvalues of A, where eigenvalues
are counted according to multiplicity.

. The rank of an m x n matrix A is equal to the num-

ber of nonzero singular values of A, where singular
values are counted according to multiplicity.

If A is Hermitian and c is a complex scalar, then cA
is Hermitian.

If an n x n matrix A has Schur decomposi-
tion A = UTU", then the eigenvalues of A are
Lty I, .
If A is normal, but not Hermitian, then A must have
at least one complex eigenvalue.

bl tﬂil'

If A is symmetric positive definite, then A is
nonsingular and A~! is also symmetric positive
definite.

If A is symmetric and det(A) > 0, then A is positive
definite.

If A is symmetric, then ¢4 is symmetric positive
definite.

Let

A=

4 2 2
2 10 10
2 10 14

(a) Without computing the eigenvalues of A, show
that A is positive definite.

(b) Factor A into a product LDLT where L is unit
lower triangular and D is diagonal.

(¢) Compute the Cholesky factorization of A.

. The function

fay) =Xy +2+y —2x—y+4
has a stationary point (1,0). Compute the Hes-
sian of f at (1,0), and use it to determine whether
the stationary point is a local maximum, local
minimum or saddle point.

7. Given
Y'(1) = AY(?) Y(0) =Y,
where
1 -2 1
A= [ 3 4 Yo= [ 2 ]

compute ¢” and use it to solve the initial value
problem.
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8.

12.

Let A be a 4 x 4 real symmetric matrix with
eigenvalues

M=1, A=A =i, =0

(a) Explain why the multiple eigenvalue A = 0
must have three linearly independent eigen-
vectors Xp, X3, X4.

(b) Let x; be an eigenvector belonging to A;. How
is x; related to x;, X3, and x4? Explain.

(c) Explain how to use x;, X;, X3, and x4 to con-
struct an orthogonal matrix U that diagonal-
izes A.

(d) What type of matrix is e4? Is it symmetric? Is
it positive definite? Explain your answers.

. Let {u;,u,} be an orthonormal basis for C?> and

suppose that a vector z can be written as a linear
combination

z =5 —"T7u; + cu,

(a) What are the values of uf'z and zu;? If
z"u, = 1 + 5i, determine the value of c,.

10.

11.

(b) Use the results from part (a) to determine the
value of ||z]|,.

Let A be a 5 x 5 nonsymmetric matrix with rank

equal to 3, let B = ATA, and let C = ¢°.

(a) What, if anything, can you conclude about the
nature of the eigenvalues of B? Explain. What
words best describe the type of matrix that
Bis?

(b) What, if anything, can you conclude about the
nature of the eigenvalues of C? Explain. What
words best describe the type of matrix that
Cis?

Let A and B be n x n matrices.

(@) If A is real and nonsymmetric with Schur
decomposition UTUH, then what types of
matrices are U and T? How are the eigenvalues
of A related to U and 7'? Explain your answers.

(b) If B is Hermitian with Schur decomposition
WSWH  then what types of matrices are W and
S? How are the eigenvalues and eigenvectors of
B related to W and S? Explain your answers.

Let A be a matrix whose singular value decomposition is given by

[

QI UL L L L
|
|

QIR U DL N L[

QN LR R LW

DN N LI L LD
QI U LN LD U

coozs o

————————————
———————

—_

S oo oo

(=}

1 1 1 1
0 0 ST S
0 0 11 _1 1
o of |2
0 0 2 2 2 2

1 1 1 1
0 0 2 3 T3 2

Make use of the singular value decomposition to do each of the following:

(a) Determine the rank of A.
(b) Find an orthonormal basis for R(A).
(¢) Find an orthonormal basis for N(A).

(d) Find the matrix B that is the closest matrix of rank 1 to A. (The distance between matrices is measured using

the Frobenius norm.)

(e) Let B be the matrix asked for in part (d). Use the singular values of A to determine the distance between A
and B (i.e., use the singular values of A to determine the value of ||B — Al|r).
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Numerical Linear Algebra

In this chapter, we consider computer methods for solving linear algebra problems.
To understand these methods, you should be familiar with the type of number system
used by the computer. When data are read into the computer, they are translated into
its finite number system. This translation will usually involve some round off error.
Additional rounding errors will occur when the algebraic operations of the algorithm
are carried out. Because of rounding errors, we cannot expect to get the exact solution
to the original problem. The best we can hope for is a good approximation to a slightly
perturbed problem. Suppose, for example, that we wanted to solve Ax = b. When the
entries of A and b are read into the computer, rounding errors will generally occur.
Thus, the program will actually be attempting to compute a good approximation to the
solution of a perturbed system of the form

A+ Ex=Db+e

where the entries of E and e are all very small. An algorithm is said to be stable if it will
produce a good approximation to the exact solution to a slightly perturbed problem.
Algorithms that ordinarily would converge to the solution in exact arithmetic could
very well fail to be stable, owing to the growth of error in the algebraic processes.

Even with a stable algorithm, we may encounter problems that are highly sensitive
to perturbations. For example, if A is “nearly singular,” the exact solutions of Ax = b
and (A + E)x = b may vary greatly, even though all the entries of E are small. The
major part of this chapter is devoted to numerical methods for solving linear systems.
We will pay particular attention to the growth of error and to the sensitivity of systems
to small changes.

Another problem that is very important in numerical applications is the problem of
finding the eigenvalues of a matrix. Two iterative methods for computing eigenvalues
are presented in Section 7.6. The second of these methods is the powerful QR al-
gorithm, which makes use of the special types of orthogonal transformations presented
in Section 7.5.

In Section 7.7, we will look at numerical methods for solving least squares
problems. In the case where the coefficient matrix is rank deficient, we will make use

395
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of the singular value decomposition to find the particular least squares solution that has
the smallest 2-norm. The Golub-Reinsch algorithm for computing the singular value
decomposition will also be presented in this section.

Floating-Point Numbers

Definition

EXAMPLE |

In solving a numerical problem on a computer, we do not usually expect to get the exact
answer. Some amount of error is inevitable. Rounding errors may occur initially when
the data are represented in the finite number system of the computer. Further rounding
errors may occur whenever arithmetic operations are used. In some cases it is possible
to have a catastrophic loss of digits of accuracy or a more subtle growth of error as the
algorithmic proceeds. In either of these cases one could end up with a completely unre-
liable computed solution. To avoid this, we must understand how computational errors
occur. To do that, we must be familiar with the type of numbers used by the computer.

A floating-point number in base § is a number of the form
d d d,>
:t(—+—+---+— x B¢
B B B!
where t,d}, d;, . .., d;, B, and e are all integers and

O<di=p-1 i=1,...,t

The integer ¢ refers to the number of digits and this depends on the word length
of the computer. The exponent e is restricted to be within certain bounds, L < e < U,
which also depend on the particular computer. Commonly computers use a standard
base 2 representation for floating-point numbers. This standard representation was
established by the Institute for Electrical and Electronics Engineers (IEEE). We will
discuss the IEEE 754 standard floating-point representation in more detail at the end of
this section. This representation is used in major software packages such as MATLAB.

The following are five-digit decimal (base 10) floating-point numbers:
0.53216 x 107*

—0.81724 x 10*

0.00112 x 10®

0.11200 x 10°
Note that the numbers 0.00112 x 108 and 0.11200 x 10° are equal. Thus the floating-
point representation of a number need not be unique. [ ]

Floating-point numbers that are written with no leading zeros are said to be nor-
malized. For nonzero base-2 floating-point numbers the lead digit will always be a 1.
Thus if the number is normalized we can represent in the form

l.blbz . -b, x 2°¢

This form allows us to represent a normalized ¢ + 1 digit number while only storing ¢
digits in memory.
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EXAMPLE 3
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(0.236)g x 8% and (1.01011), x 2* are normalized floating-point numbers. Here,
(0.236)g represents

Hence, (0.236)g x 87 is the base 8 floating-point representation of the decimal number
19.75. Similarly,

1 1 1
22 24 25

is a normalized base 2 representation of the decimal number 21.5. ]

To better understand the type of number systems that we are working with, it may
help to look at a very simple example.

Suppose that t = 1, L = —1, U = 1, and B8 = 10. There are altogether 55 one-digit
floating-point numbers in this system. These are

0,4£0.1 x 107", 402 x 1071, ..., 4+0.9 x 107!
+0.1 x 10°,+£0.2 x 10°,...,40.9 x 10°
+0.1 x 10, £0.2 x 10%,...,40.9 x 10"

Although all these numbers lie in the interval [—9, 9], over one-third of the numbers
have absolute value less than 0.1 and over two-thirds have absolute value less than
1. Figure 7.1.1 illustrates how the floating-point numbers in the interval [0, 2] are
distributed. [ |

L |
0 0.1 1 2

Figure 7.1.1.

Most real numbers have to be rounded off in order to be represented as -digit
floating-point numbers. The difference between the floating-point number x" and the
original number x is called the round off error. The size of the round off error is perhaps
more meaningful when it is compared with the size of the original number.

If x is a real number and X’ is its floating-point approximation, then the difference
x' — x is called the absolute error and the quotient (x' — x)/x is called the relative
error.

Modern computers commonly use base 2 floating-point numbers. When a decimal
number is converted to a base 2 floating-point number some rounding may occur.
The following example illustrates how to convert a decimal number into a base 2
floating-point number.
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EXAMPLE 4

EXAMPLE 5

Table | Rounding Errors for 4-digit Decimal Floating-Point Numbers

Real number  4-digit decimal Absolute error Relative error
x representation x’ x —x " —x)/x
-3
62,133 0.6213 x 10° -3 ~ —4.8 x 1073
. 62.133 .
1
0.12658 0.1266 x 10° 2x107° —— ~ 1.6 x107*
6329
—0.003
47.213 0.4721 x 10? —-3.0x 1073 ~ —6.4x 107
47.213
3142 —
/4 03142 x 10" 3142 —nm~4x107* —— — ~13x10™*
T

Consider the problem of representing the decimal number 11.31 as a 10-digit base 2
floating-point number. It is easy to see how to represent the integer part of the number
as a base 2 number. Since 11 = 2% + 2! 4+ 29, it follows that its base 2 representation
is (1011),. Now we need to represent the fractional part m = 0.31 as a base 2 number
(0.b1byb3bsbsbg),. Since m is less than %, the digit b; must be 0. Note that 2m = 2 x
0.31 = 0.62 so that b; equals the integer part of 0.62. To determine b, we double 0.62
and set b, equal the integer part of 1.24. Thus b, = 1. Next we double the fractional
part of the resulting 1.24. Since 2 x 0.24 = 0.48 we set b3 = 0. Continuing in this
manner we get

2x048=096 by =0
2x096=192 bs=1
2x092=184 bs=1

Since 1.84 is not an integer, we cannot represent 0.31 exactly as a 6-digit base 2 num-
ber. If we were to compute one more digit b7, it would be a 1. In the case where the next
digit would be a 1, we round up. Thus instead of (.010011), we end up with (.010100),.
It follows that the 10-digit base 2 representation of 11.31 is (1011.010100),. The
normalized base 2 floating-point representation is (1.011010100), x 2°.

The absolute error in approximating 11.31 by its 10-digit base 2 floating-point
representation is 0.0025 and the relative error is approximately 2.2 x 107, ]

When arithmetic operations are applied to floating-point numbers, additional
round off errors may occur.

Let d = 0.263 x 10* and » = 0.466 x 10! be three-digit decimal floating-point
numbers. If these numbers are added, the exact sum will be

d +b =0.263446 x 10*

However, the floating-point representation of this sum is 0.263 x 10*. This then should
be the computed sum. We will denote the floating-point sum by fI(a’+b"). The absolute
error in the sum is

fld +b)—(d +b)=—4.46



EXAMPLE 6

7.1 Floating-Point Numbers 399

and the relative error is
—4.46
0.26344 x 104
The actual value of a'b’ is 11,729.8; however, fl(a'b’) is 0.117 x 10°. The absolute

error in the product is —29.8 and the relative error is approximately —0.25 x 1072,
Floating-point subtraction and division can be done in a similar manner. ]

~ —0.17 x 1072

The relative error in approximating a number x by its floating-point representation
X' is usually denoted by the symbol §. Thus
X —x

s = , or X =x(1+96) (1)
x

|6] can be bounded by a positive constant €, called the machine precision or the machine
epsilon. The machine epsilon is defined to be the smallest floating-point number € for
which

fl(l14+¢€)>1
For example, if the computer uses three-digit decimal floating-point numbers, then
fI(140.499 x 107%) =1
while
FI(1 +0.500 x 1072) = 1.01

Therefore, the machine epsilon would be 0.500 x 10~2. More generally for ¢-digit base
B floating-point arithmetic the machine epsilon is % B!, In particular for r-digit base
2 arithmetic the machine epsilon is

€ = l X27t+1 =27t
2

It follows from (1) that if @’ and b’ are two floating-point numbers, then

flld +b)=(d +b)1+8)
fl@b') = (@b)(1 + 8)

flld =b)y=(d —b)1+63)

fl(d = b)) = (@ = b)(1 + 8)

The §;’s are relative errors and will all have absolute values less than €. Note in
Example 5 that §; ~ —0.17 x 1072, 8, ~ —0.25 x 1072, and € = 0.5 x 1072,

If the numbers you are working with involve some slight errors, arithmetic oper-
ations may compound these errors. If two numbers agree to k decimal places and one
number is subtracted from the other, there will be a loss of significant digits in your
answer. In this case, the relative error in the difference will be many times as great as
the relative error in either of the numbers.

Let ¢ = 3.4215298 and d = 3.4213851. Calculate ¢ — d using six-digit decimal
floating-point arithmetic.
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EXAMPLE 7

Solution
I. The first step is to represent ¢ and d by six-digit decimal floating-point numbers.
¢’ = 0.342153 x 10’
d' = 0.342139 x 10’

The relative errors in ¢ and d are, respectively,

d—c d —d

~ 0.6 x 1077 and ~1.4x107°

c

IL fl(c' —d') = ¢ —d = 0.140000 x 1073. The actual value of ¢ — d is 0.1447 x
1073, The absolute and relative errors in approximating ¢ — d by fI(c’ — d') are,
respectively,

flic —d)—(c—d) = —047 x 107
and

fl(c —d)—(c—d) N
c—d o

3.2 x 1072

Note that the magnitude of the relative error in the difference is more than 10*
times the relative error in either ¢ or d. ]

Example 6 illustrates the loss of accuracy when subtraction is performed with two
numbers that are close together. The floating-point representations of ¢ and d in the
example were accurate to 6 digits; however, we lost 4 digits of accuracy when the
difference ¢ — d was computed.

The IEEE Standard 754 Floating-Point Representation

The standard IEEE single precision format represents a floating-point number using a
sequence of 32 bits

biby -+ -bobygy - - - b31b3;

where each bit b; is either a O or a 1. The first bit b, is used to determine the sign
of the floating-point number, bits b, through by are used to determine the exponent
of the base § = 2, and the remaining bits are used to determine the fractional part
of the normalized mantissa. The base 2 number (b,b3 - - - by), represents an integer e in
the range 0 < e < 255. This number e is not used as the exponent for the floating-point
number since it is always nonnegative. Instead, to allow for negative powers of 2, the
number k = e — 127 is used. This value yields exponents in the range from —127 to
128. If we set s = b; and let m be the base 2 number b¢b;; - - - b3;, then the normalized
floating number x represented by the bit sequence b b; - - - b3, is given by

x=(=1) x (1.m), x 2*

Determine the IEEE single precision floating-point number represented by the se-
quence of bits 01000001 100011000000000000000000.
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Solution

Since the first bit is 0, the number will have a positive sign. The next 8 bits are used to
determine the exponent. If one sets

e = (100011), =2° +2' +27 =131

then the exponent will be k = e¢ — 127 = 4. It follows that the floating-point number
corresponding to the given bit sequence is (1.0001100...0), x 2* which is equal to

[ B
(It 55+ 55) x 2 =175 n

The standard IEEE double precision format represents a floating-point number
using a sequence of 64 bits

biby - b1oby13 - - - bezbey

As before the sign of the number is determined by the first bit b;. The exponent is
determined by the bits by, b3, ... b1;. In this case if e the integer with base 2 repres-
entation (bybs - - - by3),, then the exponent of the base § = 2 will be the shifted value
k = e — 1023. The remaining 52 bits b3, ..., bgs are used to determine m, the frac-
tional part of the mantissa. Thus for double precision the normalized floating-point
representation is of the form

x = (=1) x (Lm), x 2*
For IEEE arithmetic double precision t = 52 and hence the machine epsilon is
€e=2"7~222x10""

So double precision floating-point representations of decimal numbers should be
accurate to about 16 decimal digits. The software package MATLAB represents
floating-point numbers using either IEEE double-precision or single-precision format.
The default is double precision. When the command eps is entered in MATLAB, a
decimal representation of 272 is returned.

Loss of Accuracy and Instability

In the remaining sections of this chapter we consider numerical algorithms for solving
linear systems, least squares problems, and eigenvalue problems. The previous meth-
ods we have learned in Chapters 1-6 for solving these problems work when exact
arithmetic is used; however, they may not yield accurate answers when the compu-
tations are carried out using finite precision arithmetic (i.e., the algorithms may be
unstable). In designing stable algorithms one should try to avoid losing digits of ac-
curacy. Digits of accuracy may be lost when subtractions are performed using two
numbers that are close together as we saw in Example 6. In this case we say that
the resulting instabilities are due to catastrophic cancellation of digits. Consider for
example the problem of computing the roots to a quadratic equation

ax* +bx+c=0
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EXAMPLE 8

If exact arithmetic is used, the roots are usually computed using the quadratic formula

—b+ Vb? —4ac
X =
2a

2)

If we use equation (2) for floating-point arithmetic and the value of || is far greater
than the value of |4ac|, then for one of the roots we could expect to get cancella-
tion of digits of accuracy. To avoid this we first find the root r; for which there is no
cancellation of significant digits. To do this we set

1 ifb>0
-1 if b<O

and compute

—b — sv/b* — dac
r = 2 3)

If r, is the other root, then we can factor ax? + bx + ¢
ax®> + bx+c = alx —r))(x — ry)

Equating the constant terms in this equation, we see that ¢ = aryr,. We can find the
second root by simply setting

= @)
ary

Ifa=1,b= —(10" 4+ 1077), and ¢ = 1, then the quadratic polynomial ax*> + bx + ¢
factors as

=107 +107)x+1=x—-10")x—1077)

and the exact roots are r; = 10" and r» = 10~". The roots were computed using
MATLAB with standard IEEE double precision arithmetic in two ways. First, we cal-
culated the roots using the quadratic formula from equation (2). MATLAB returned the
following values for the computed roots:

r; = 10000000 and 7, = 9.965151548385620 ¢ — 008

Next, we used equations (3) and (4) to compute the roots. This time MATLAB returned
the correct answers

r; = 10000000 and r, = 1.000000000000000 e — 007 [ |

An algorithm may fail to be numerically stable due to catastrophic cancellation
or to the build-up of round off error in the algebraic processes. As was illustrated
in Example 8, there are often simple precautions one can take to avoid catastrophic
cancellation (see Exercise 10 at the end of this section).

There are also precautions one can take to avoid the build-up of round off error
in an algorithm. The Gaussian elimination method introduced in Chapter 1 for solving
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linear systems could be unstable due to the build-up of round off unless care is taken
in the choice of the row operations that are used. In Section 7.3 we will learn a strategy
for interchanging rows in the elimination process that is commonly used in order to
guarantee numerical stability of the algorithm. In Chapter 6 we learned to compute
the eigenvalues of a matrix by finding the roots of its characteristic polynomial. This
method does not work well when finite precision arithmetic is used. Small errors in
the coefficients or rounding errors in arithmetic computations could result in signific-
ant changes in the computed roots. In Section 7.6 we will learn alternative methods
for computing eigenvalues and eigenvectors that are numerically stable. In Chapter 5
we learned to solve least squares problems using the normal equations and using a
QR factorization derived from the classical Gram—Schmidt process. Neither of these
methods are guaranteed to give accurate solutions when carried out in finite precision
arithmetic. In Section 7.7 we will present some alternative numerically stable methods
for solving least squares problems.

SECTION 7.1 EXERCISES

1.

Find the three-digit decimal floating-point repres- 7. What would the machine epsilon be for a com-
entation of each of the following numbers: puter that uses 36-digit base 2 floating-point
(a) 2312 (b) 32.56 arithmetic?

(¢) 0.01277 (d) 82,431 8. How many floating-point numbers are there in the
Find the absolute error and the relative error when systemift=2,L=—-2,U=2,and g =27

each of the real numbers in Exercise 1 is ap- 9. In each of the following you are given a bit se-

proximated by a three-digit decimal floating-point
number.

Represent each of the following numbers as nor-
malized base 2 floating-point numbers using 4
digits to represent the fractional part of the man-
tissa; that is, represent the numbers in the form
i(l.b1b2b3b4)2 X Zk.

quence corresponding to the IEEE single precision
representation of a floating-point number. In each
case determine the base 2 floating-point represent-
ation of the number and also the base 10 decimal
representation of the number.

(a) 01000001000110100000000000000000
(b) 10111100010110000000000000000000

3
(@) 21 (b) § (¢) 11000100010010000000000000000000
(©) 9.872 @ —0.1
Use four-digit decimal floating-point arithmetic to 10. When the following functions are evaluated at

do each of the following and calculate the absolute
and relative errors in your answers:

(a) 10,4204 0.0018 (b) 10,424 — 10,416
(c) 0.12347 —0.12342 (d) (3626.6) - (22.656)
Let x; = 94,210, x, = 8631, x3 = 1440, x4 = 133,
and xs = 34. Calculate each of the following, using
four-digit decimal floating-point arithmetic:

(@) (((x1+x2) +x3) +x4) + x5

(b) x; + ((x2 +x3) + (x4 + x5))

(© (((xs +x4) +x3) +x2) +x1

What would the machine epsilon be for a com-
puter that uses 16-digit base 10 floating-point
arithmetic?

values of x that are close to O there will be a
loss of significant digits of accuracy. For each
function: (i) use identities or Taylor series ap-
proximations to find an alternative representation
of the function that avoids cancellation of signi-
ficant digits, (ii) use a hand calculator or com-
puter to evaluate the function by plugging in the
value x = 107% and also evaluate the altern-
ative representation of the function at the point
x=1078
COS X

1—
(a) f(x)ZW b) fx)=¢"—1

sin x
(¢) f(x) =secx —cosx (d) f(x) = - 1
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Gaussian Elimination

In this section, we discuss the problem of solving a system of n linear equations in n
unknowns. Gaussian elimination is generally considered to be the most efficient com-
putational method, since it involves the least amount of arithmetic operations. If the
coefficient matrix A is nonsingular, then the reduction to strict triangular form can be
carried out using only row operations I and IIl. The algorithm is much simpler if we
do not have to interchange rows and can do all of the eliminations using only row op-
eration III. For simplicity we will consider this first, although it should be pointed that
in general it is necessary to interchange rows to achieve numerical stability. The more
general elimination algorithm that incorporates row interchanges will be covered in the
next section of the book.

Gaussian Elimination without Interchanges

LetA =AD = (agjl)) be a nonsingular matrix. Then A can be reduced to strict triangular
form using row operations I and III. For simplicity, let us assume that the reduction can
be done by using only row operation III. Initially we have

@ @) (1)

ayp ap oo 4y

(1) (1) (1)

A=A | G2 Ayp ~ dy
MM |

Ay Ay agm)

Step I. Let [y = a,(cll) /a(lll) for k = 2,...,n [by our assumption, a(lll) # 0]. The first
step of the elimination process is to apply row operation III n — 1 times to
eliminate the entries below the diagonal in the first column of A. Note that [y
is the multiple of the first row that is to be subtracted from the kth row. The
new matrix obtained will be

)] 1) (1

ayp Ay s 4y
) 2)
a0 | 0 a - oa
) )
0 7 al(m)
where
ai =ay —lndl]  Q2<k<n2<j<n)

The first step of the elimination process requires n — 1 divisions, (n — 1)?
multiplications, and (n — 1)? additions/subtractions.

Step 2. If a(222) # 0, then it can be used as a pivot element to eliminate afz), ey aflzz).

Fork =3,...,n, set
(2)
L, = akZ
ay
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and subtract /4, times the second row of A®) from the kth row. The new matrix
obtained will be

@ @ 1) o

ayp Gy a4y

(2) (2) 2

0 ay ay -+ ay

A® = 3 3)
0 0 a3 - a

voa 0 3

0 0 a7 - aY)

The second step requires n — 2 divisions, (n — 2)? multiplications, and (n — 2)*
additions/subtractions.

If we continue this process, then after n — 1 steps we will end up with a strictly tri-
angular matrix U = A®. The operation count for the entire process can be determined
as follows:
nn—1)

2

Multiplications: (n — 1)> +(n —2)> +---+ 12 =

Divisions: m— 1)+ n—-2)+---+1=
nn — 1)(n—1)

6
B n2n—1NHn—1)

12
* 6

Additions and/or subtractions: (7 — 1)? + - - -

The elimination process is summarized in the following algorithm.
Gaussian Elimination without Interchanges

— Fori=1,2,...,n—1

— Fork=i+1,...,n
a(i)

Set Iy = &
a“

Forj=i+1,....n

[ provided that a? # 0]

i

G+D) 0] )
Set akj = ay; — luay

End for loop
> End for loop
"> End for loop ]

To solve the system Ax = b, we could augment A by b. Thus, b would be stored
in an extra column of A. The reduction process could then be done by using Al-
gorithm 7.2.1 and letting j run from i 4+ 1 to n 4+ 1 instead of from i + 1 to n. The
triangular system could then be solved by back substitution.
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EXAMPLE |

Using the Triangular Factorization to Solve Ax = b

Most of the work involved in solving a system AXx = b occurs in the reduction of A
to strict triangular form. Suppose that, after having solved Ax = b, we want to solve
another system, Ax = b;. We know the triangular form U from the first system, and
consequently we would like to be able to solve the new system without having to go
through the entire reduction process again. We can do this if we make use of the LU
factorization discussed in Section 5 of Chapter 1. The matrix L is a lower triangular
matrix whose diagonal entries are all equal to 1. The subdiagonal entries of L are the
numbers /i; used in Algorithm 7.2.1. These numbers are referred to as multipliers since
[y; 1s the multiple of the ith row that is subtracted from the kth row during the ith step
of the reduction process. The matrix U is the upper triangular matrix obtained from the
elimination process. To review how the factorization works we consider the following
example.

Let

The elimination can be carried out in two steps:

iR MR N

The multipliers for step 1 were I,y = 2 and I3 = % and the multiplier for step 2 was
I3 = 11—0 Let
1 0 O 1 0 0
L=\ 1 O0Ol=1]2 1 0
L lp 1 2 51
and
2 3 1
u=\10 -5 2
0 0 43
The reader may verify that LU = A. ]

Once A has been reduced to triangular form and the factorization LU has been
determined, the system Ax = b can be solved in two steps.
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Step |. Forward Substitution. The system AX = b can be written in the form
LUx=Db
Lety = Ux. It follows that
Ly=LUx=Db

Thus, we can find y by solving the lower triangular system

Y1 = b]
Ly +y2 =b

iy + y, + 3 =b3

lnly1 + ln2y2 + ln3y3 +otm = bn

It follows from the first equation that y; = b;. This value can be used in the second
equation to solve for y,. The values of y; and y, can be used in the third equation to
solve for y3, and so on. This method of solving a lower triangular system is called
forward substitution.

Step 2. Back Substitution. Oncey has been determined, we need only solve the upper
triangular system Ux = y to find the solution x of the system. The upper triangular
system is solved by back substitution.

Solve the system

2x1 + 30 + x3=—4
4)61 + X2 + 4)63 = 9
3x; +4x, +6x3= 0

Solution

The coefficient matrix for this system is the matrix A in Example 1. Since L and U have
been determined, the system can be solved by forward and back substitution.

I 0 0|4 vy = —4
2 1 0 9 y2=9—2y1=17
25 10 y3=0—2y — Ly, =43

2 3 1 —4 2x1+3x 4+ x3=—4 x1= 2
0 -5 2 17 —S5x%4+2x3=17 x=-3
0 0 43|43 43x3 =43 x3= 1

The solution of the system is x = (2, —3, DT. [ ]
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Algorithm 7.2.2

Forward and Back Substitution

— Fork=1,...,n
k=1

Set yi=be — Y _ miiyi
i=1

> End for loop

— Fork=nn—1,...,1

n
Yk — E Ui Xj
Jj=k+1
Set x; =
Ur

"> End for loop [ ]

Operation Count  Algorithm 7.2.2 requires n divisions, n(n — 1) multiplications, and
n(n — 1) additions/subtractions. The total operation count for solving a system Ax = b
using Algorithms 7.2.1 and 7.2.2 is then

Multiplications/divisions: %n3 +n* — %n

Additions/subtractions: %n3 + % - %n

In both cases, %n3 is the dominant term. We will say that solving a system by

Gaussian elimination involves roughly %n3 multiplications/divisions and %n3 addi-
tions/subtractions.

Algorithm 7.2.1 breaks down if, at any step, ag;) is 0. If this happens, it is neces-
sary to perform row interchanges. In the next section, we will see how to incorporate
interchanges into our elimination algorithm.

SECTION 7.2 EXERCISES

1. Let

Factor A into a product LU, where L is lower tri-
angular with 1’s along the diagonal and U is upper

(a) How many scalar additions and multiplications
are necessary to compute the product Ax?

1 =2 are necessary to compute the product AB?

1 1 1
2 4 1 I (b) How many scalar additions and multiplications
3

(¢) How many scalar additions and multiplications
are necessary to compute (AB)x? To compute
A(Bx)?

triangular.
£ o ) 4. LetA € R™", B € R, and x,y € R". Suppose
2. Let. A pe the matrix in Exercise 1. Use the LU fac- that the product Axy’B is computed in the following
torization of A to solve Ax = b for each of the ways:
following ch01cTes of b: . Q) (Axy")B Gi) (AX)(y'B)
(@) (4,3,—13) () (3,1,-10) Giit) (Ax)y")B

(¢) (7,23,0)7

(a) How many scalar additions and multiplications

3. Let A and B be n x n matrices and let x € R". are necessary for each of these computations?



(b) Compare the number of scalar additions and
multiplications for each of the three methods
when m = 5, n = 4, and r = 3. Which method
is most efficient in this case?

. Let E}; be the elementary matrix formed by sub-
tracting o times the ith row of the identity matrix
from the kth row.

(a) Show that Ey; = I — aege] .
(b) Let E; = I — Beje!. Show that
EjiEki =1—- (aek + ﬁej)eiT.

(¢) Show that E,;' =1+ aee!.

. Let A be an n x n matrix with triangular factoriza-
tion LU. Show that

det(A) = uy Uz - - - Upy

. If Ais a symmetric n x n matrix with triangular fac-
torization LU, then A can be factored further into
a product LDLT (where D is diagonal). Devise an
algorithm, similar to Algorithm 7.2.2, for solving
LDL"x = ).

. Write an algorithm for solving the tridiagonal
system

a; b

. X1 d

c1 . X> d>
., b Xn—1 dnfl

. ap—1 n—1 Xn dn

Cn—1 an

by Gaussian elimination with the diagonal ele-
ments as pivots. How many additions/subtractions
and multiplications/divisions are necessary?

10.

11.

7.3 Pivoting Strategies 409

. Let A = LU, where L is lower triangular with 1’s

on the diagonal and U is upper triangular.

(a) How many scalar additions and multiplications
are necessary to solve Ly = e; by forward
substitution?

(b) How many additions/subtractions and mul-
tiplications/divisions are necessary to solve
Ax = ¢;? The solution x; of Ax = e¢; will be
the jth column of A=,

(c) Given the factorization A = LU, how many
additional multiplications/divisions and addi-
tions/subtractions are needed to compute A~!'?

Suppose that A~! and the LU factorization of A
have already been determined. How many scalar
additions and multiplications are necessary to com-
pute A~'b? Compare this number with the number
of operations required to solve LUx = b using Al-
gorithm 7.2.2. Suppose that we have a number of
systems to solve with the same coefficient matrix
A. Is it worthwhile to compute A~!? Explain.

Let A be a 3 x 3 matrix and assume that A can
be transformed into a lower triangular matrix L by
using only column operations of type III; that is,

AE\ELE; =L

where E|,E, E; are elementary matrices of

type III. Let
U= (EEEy)"
Show that U is upper triangular with 1’s on the di-

agonal and A = LU. (This exercise illustrates a
column version of Gaussian elimination.)

4=} Pivoting Strategies

In this section, we present an algorithm for Gaussian elimination with row inter-
changes. At each step of the algorithm, it will be necessary to choose a pivotal row.
We can often avoid unnecessarily large error accumulations by choosing the pivotal

rows in a reasonable manner.

Gaussian Elimination with Interchanges

Consider the following example.

EXAMPLE | Let

6 -4 2
4 2 1
2 —1 1
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We wish to reduce A to triangular form by using row operations I and III. To keep track
of the interchanges, we will use a row vector p. The coordinates of p will be denoted
by p(1), p(2), and p(3). Initially, we set p = (1,2, 3). Suppose that, at the first step
of the reduction process, the third row is chosen as the pivotal row. Then instead of
interchanging the first and third rows, we will interchange the first and third entries of
p- Setting p(1) = 3 and p(3) = 1, the vector p becomes (3, 2, 1). The vector p is used
to keep track of the reordering of the rows. We can think of p as a renumbering of the
rows. The actual physical reordering of the rows can be deferred until the end of the
reduction process.

ToOW

p(3) =1 6 —4 2 0 —1 -1
p(2) =2 4 2 1|l—=10 4 =1
p(1)=3 2 -1 1 2 —1 1

If, at the second step, row p(3) is chosen as the pivotal row, the entries of p(3)
and p(2) are switched. The final step of the elimination process is then carried out as

follows:
p2)=1 0o -1 -1 0o -1 -1
p3)=2 1|0 4 -1 =110 0 -5

p(h=3 2 -1 1 2 -1 1

If the rows are reordered in the order (p(1), p(2), p(3)) = (3, 1, 2), the resulting matrix
will be in strict triangular form:

p(h=3 (2 -1 1

p2)=1 10 -1 -1

p3=2 |0 0 =5
Had the rows been written in the order (3, 1, 2) to begin with, the reduction would have
been exactly the same, except that there would have been no need for interchanges.

Reordering the rows of A in the order (3, 1,2) is the same as premultiplying A by the
permutation matrix:

0 0 1

1 00

010

P =

Let us perform the reduction on A and PA simultaneously and compare the results. The
multipliers used in the reduction process were 3, 2, and —4. These will be stored in
the places of the terms eliminated and enclosed in boxes to distinguish them from the
other entries of the matrix.
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6 —4 2 3]—1 -1 —1-1

A= 14 2 11 =112 4—-1]| — -5
2 -1 1 2—-1 1 2-1 1

2 -1 1 2—-1 1 2-1 1
PA=|6 —4 2| —->|3-1-1]—> -1 -1

4 2 1 2] 4-1 -5

If the rows of the reduced form of A are reordered, the resulting reduced matrices

will be the same. The reduced form of PA now contains the information necessary to
determine its triangular factorization. Indeed,

PA=LU

0 0 2 -1 1
L=1]3 1 0 and U=IO -1 _1] [ |

2 —4 1 0 0 -5

where

On the computer, it is not necessary to actually interchange the rows of A. We
simply treat row p(k) as the kth row and use a,); in place of ay;.

Gaussian Elimination with Interchanges

— Fori=1,...,n
Setp(i) =i
"> End for loop

— Fori=1,...,n

(1) Choose a pivot element ay;; from the elements

Ap(i)is Ap(i+1)is - - + » Ap(n)i

(Strategies for doing this will be discussed later in this section.)
(2) Switch the ith and jth entries of p.
3) Fork=i+1,...,n

Set Lywi = Apoi/ Apiiyi

Forj=i+ 1,...,n
|: Set apwy = apj — Lpiap(

End for loop
End for loop

"> End for loop [ ]

Remarks
1. The multiplier /,4) is stored in the position of the element a,q) being
eliminated.

2. The vector p can be used to form a permutation matrix P whose ith row is the
p()th row of the identity matrix.
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3. The matrix PA can be factored into a product LU, where

lp(k)i if k>i
lk,' = 1 if k=i and U = {
0 if k<i

Ap(k)i if k<i
0 if k>i

4. Since P is nonsingular, the system Ax = b is equivalent to the system PAX =
Pb. Let ¢ = Pb. Since PA = LU, it follows that the system is equivalent to

LUx =c

5. If PA = LU, then A = P~'LU = PTLU.

It follows from Remarks 4 and 5 that if A = P’LU, then the system Ax = b can be
solved in three steps:

Step |. Reordering. Reorder the entries of b to form ¢ = Pb.

Step 2. Forward substitution. Solve the system Ly = c fory.

Step 3. Back substitution. Solve UX =y.

EXAMPLE 2 Solve the system

6x1 —4xy + 2x3 = =2
dx; +2x + x3= 4
2% — X+ x3=-—1

Solution

The coefficient matrix of this system is the matrix A from Example 1. P, L, and U have
already been determined, and they can be used to solve the system as follows:

Step|. e =Pb=(—1,-2,4)"
Step2. ¥y =—-1 y =-1
3+ » =-2 y=-2+43=1
2y =4y +y3= 4 y3=442+4=10
Step3. 2xi —xo+ x3=—-1 x= 1

Il
—_

— X2 — X3 Xy = 1
—5)63:10 )C3:—2

The solution of the system is x = (1, 1, —2)7. ]

It is possible to do Gaussian elimination without row interchanges if the diagonal
entries ag) are nonzero at each step. However, in finite-precision arithmetic, pivots af-;)
that are near O can cause problems.

EXAMPLE 3 Consider the system

0.0001x; + 2x, =4
X1 + Xy = 3
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The exact solution of the system is

2 3.9997\"
X = ,
1.9999 " 1.9999
Rounded off to four decimal places, the solution is (1.0001, 1.9999)”. Let us solve the
system using three-digit decimal floating-point arithmetic.
0.0001 2 |4 R 0.0001 2
1 1|3 0 —0.200 x 10°

4
—0.400 x 10°

The computed solution is x' = (0, 2)”. There is a 100 percent error in the x; coordinate.
However, if we interchange rows to avoid the small pivot, then three-digit decimal
arithmetic gives

1 1|3 N 1 1 3
0.0001 2|4 0 2.00 | 4.00
In this case, the computed solution is X' = (1,2)”. [ |

()

il

If the pivot a;; is small in absolute value, the multipliers /;; = af(’i) / agf») may be large
in absolute value. If there is an error in the computed value of ai-,’.), it will be multiplied
by [;;. In general, large multipliers contribute to the propagation of error. In contrast,
multipliers that are less than 1 in absolute value generally retard the growth of error. By
careful selection of the pivot elements, we can try to avoid small pivots and at the same
time keep the multipliers less than or equal to 1 in absolute value. The most commonly

used strategy for doing this is called partial pivoting.

Partial Pivoting

At the ith step of the reduction process, there are n — i 4+ 1 candidates for the pivot
element:

Ap(iyi> Ap(i+1)is - + - > Ap(n)i
Choose the candidate a,;; with the maximum absolute value
ap(il max lapoil
and interchange the ith and jth entries of p. The pivot element a,;; has the property
|apil = lapuil
fork =i+ 1,...,n. Thus, the multipliers will all satisfy

Api | _ 4

[yl =

Ap(i)i

We could always carry things one step further and do complete pivoting. In com-
plete pivoting, the pivot element is chosen to be the element of maximum absolute
value among all the elements in the remaining rows and columns. In this case, we must
keep track of both the rows and columns. At the ith step the element apj)4) is chosen
so that

lapgrgto| = Max |apegml
i<s<n

i<t<n
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The ith and jth entries of p are interchanged, and the ith and kth entries of q are inter-
changed. The new pivot element is a,(;q). The major drawback to complete pivoting
is that at each step we must search for a pivot element among (n — i + 1)? elements of
A. Doing this may be too costly in terms of computer time. Although Gaussian elimin-
ation is numerically stable when carried out with either partial or complete pivoting, it
is more efficient to use partial pivoting. As a consequence, the partial pivoting strategy
is the method of choice for all of the standard numerical software packages.

SECTION 7.3 EXERCISES

1. Let
0 3 1 1
1 2 =2 and b= 7
2 5 4 —1

(a) Reorder the rows of (A|b) in the order (2,3, 1)
and then solve the reordered system.

(b) Factor A into a product PTLU, where P is
the permutation matrix corresponding to the
reordering in part (a).

2. Let A be the matrix in Exercise 1. Use the factoriza-
tion PTLU to solve Ax = ¢ for each of the following
choices of ¢:

(a) (8,1,20)7
(© & 1,117

3. Let
1 8 6 8
-1 —4 5 and b=1]1
4

A=

(b) (_9’ _27 _7)T

A=
2 4 -6

Solve the system Ax = b using partial pivoting. If
P is the permutation matrix corresponding to the
pivoting strategy, factor PA into a product LU.

4. Let
3 2 5
A:[2 4 and b:[_z]

Solve the system Ax = b using complete pivot-
ing. Let P be the permutation matrix determined by
the pivot rows and Q the permutation matrix de-
termined by the pivot columns. Factor PAQ into a
product LU.

5. Let A be the matrix in Exercise 4 and let ¢ =
(6, —4)T. Solve the system AX = ¢ in two steps:

(a) Setz = Q"x and solve LUz = Pc for z.
(b) Calculate x = Qz.

6. Let

5 4 7
2 —4 31,

2 8 6

SEIE

(a) Use complete pivoting to solve the system
Ax = b.

(b) Let P be the permutation matrix determined
by the pivot rows, and let O be the permuta-
tion matrix determined by the pivot columns.
Factor PAQ into a product LU.

(¢) Use the LU factorization from part (b) to solve
the system Ax = c.

7. The exact solution of the system

0.6000x; + 2000x, = 2003
0.3076x; — 0.4010x, = 1.137

is x = (5, 1)”. Suppose that the calculated value of
X, is X, = 1 + e. Use this value in the first equation
and solve for x;. What will the error be? Calculate
the relative error in x; if e = 0.001.

8. Solve the system in Exercise 7 using four-digit
decimal floating-point arithmetic and Gaussian
elimination with partial pivoting.

9. Solve the system in Exercise 7 using four-digit
decimal floating-point arithmetic and Gaussian
elimination with complete pivoting.

10. Use four-digit decimal floating-point arithmetic,
and scale the system in Exercise 7 by multiply-
ing the first equation through by 1/2000 and the
second equation through by 1/0.4010. Solve the
scaled system using partial pivoting.
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Matrix Norms and Condition Numbers

In this section, we are concerned with the accuracy of computed solutions of linear
systems. How accurate can we expect the computed solutions to be, and how can we
test their accuracy? The answer to these questions depends largely on how sensitive the
coefficient matrix of the system is to small changes. The sensitivity of the matrix can
be measured in terms of its condition number. The condition number of a nonsingular
matrix is defined in terms of its norm and the norm of its inverse. Before discussing
condition numbers, it is necessary to establish some important results regarding the
standard types of matrix norms.

Matrix Norms

Just as vector norms are used to measure the size of vectors, matrix norms can be used
to measure the size of matrices. In Section 4 of Chapter 5, we introduced a norm on
R™*" that was induced by an inner product on R”*”. This norm was referred to as the
Frobenius norm and was denoted by || - ||r. We showed that the Frobenius norm of a
matrix A could be computed by taking the square root of the sum of the squares of all
its entries:

1/2

Al =YY a; (1

j=1 i=1

Actually, equation (1) defines a family of matrix norms since it defines a norm on R”*"
for any choice of m and n. The Frobenius norm has a number of important properties:

I. If a; represents the jth column vector of A, then

1/2 1/2

n m n

2 2

Al =D a; = > layli3
J=1

j=1 i=1

IL. If a; represents the ith row vector of A, then
1/2

m n m 1/2
=T
Al = D> a; =(Z||al- ||%>
i=1

i=1 j=1

III. If x € R”, then

= i Yas| | - [Z (a,»x)z}l/z

IA

rom 1/2
> ||x||§||af||§} (Cauchy—Schwarz)
Li=1

= [|AllF [IxIl2
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IV. If B = (by,...,b,) is an n x r matrix, it follows from properties I and III
that

IABllF = [[(Aby,Ab,, ..., Ab,)||F

- 1/2
= (Z ||Abi||%)
i=1
- 1/2
<Al (Z ||b,-||%)
i=1

= [lAll7IBlF

There are many other norms that we could use for R”*" in addition to the Frobenius
norm. Any norm used must satisfy the three conditions that define norms in
general:

(i) A > 0and ||A|| = 0 if and only if A = O
(ii) [[aAll = |all|A]l
(iii) 1A+ Bl < Al + 1Bl

The families of matrix norms that turn out to be most useful also satisfy the
additional property

(v) [|AB|| < [A]l Bl

Consequently, we will consider only families of norms that have this additional
property. One important consequence of property (iv) is that

A" < 1Aj"

In particular, if ||A|| < 1, then ||A"|| - 0 as n — oo.
In general, a matrix norm || - || on R”™*" and a vector norm || - ||y on R” are said
to be compatible if

AX[ly < [lAllalIxIlv

for every x € R”". In particular, it follows from property III of the Frobenius norm
that the matrix norm || - || and the vector norm || - ||, are compatible. For each of the
standard vector norms, we can define a compatible matrix norm by using the vector
norm to compute an operator norm for the matrix. The matrix norm defined in this way
is said to be subordinate to the vector norm.

Subordinate Matrix Norms

We can think of each m x n matrix as a linear transformation from R” to R™. For any
family of vector norms, we can define an operator norm by comparing ||Ax|| and ||x||
for each nonzero x and taking

[[AX]]

|A]l = max (2)
x20 [IX]|
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Proof
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It can be shown that there is a particular xy in R” that maximizes ||Ax||/|x]|, but the
proof is beyond the scope of this book. Assuming that ||Ax||/||x|| can always be max-
imized, we will show that (2) actually does define a norm on R"*". To do this, we must
verify that each of the three conditions of the definition is satisfied.

(i) Foreachx # 0,

|AX]|
=
I

and, consequently,

AX
JA] = max 14X
x+0 [IX]|

If |JA]| = 0, then Ax = 0 for every x € R". This implies that
a,=A¢ =0 for j=1,...,n

and hence A must be the zero matrix.

.. | AX|| A ||
(i) [eA] = max = || max ——-= = |o| [|A]l
x20 x| x20 [1Xl
(iii) If x # 0, then
A+ B)x
|A 4+ B|| = max ”(—)”
x£0 Il
|AX]| + || Bx]|
<max ———
x£0 x|
A || Il Bx||
< max
x20 X[l x20 x|
= [|All + ||B]
Thus (2) defines a norm on R™*". For each family of vector norms || - ||, we can then

define a family of matrix norms by (2). The matrix norms defined by (2) are said to be
subordinate to the vector norms || - ||.

If the family of matrix norms || - ||y is subordinate to the family of vector norms || - ||y,
then || - ||y and || - ||y are compatible and the matrix norms || - ||y satisfy property (iv).

If x is any nonzero vector in R”, then

-
< max
Xy~ y20 lyllv

[lA1lae

and hence

AX]ly < llAllmlIxllv
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Since this last inequality is also valid if x = 0, it follows that || - ||y and || - ||y are
compatible. If B is an n X r matrix, then, since || - ||5; and || - ||y are compatible, we have

IABx|ly < [AllmlIBxlly < [AllalIBllalIxIlv

Thus, for all x # 0,

|ABx||y
———— =< ||Allm|IBllm
Ixlv
and hence
|ABX||y
lAB||p = max ———— < ||A|lm|IBllm [
x20 X[y

It is a simple matter to compute the Frobenius norm of a matrix. For example, if

=[5
then
IAllF = @ +0* +22 + 4912 =6
On the other hand, it is not so obvious how to compute ||A| if || - || is a subordinate

matrix norm. It turns out, however, that the matrix norms

lAX ]| lAX ]| o
lA]l; = max and ||A|| = max
x£0 [l x£0 [1X[loo

are simple to calculate.

Theorem 7.4.2 IfA is an m X n matrix, then

m
IA]l; = max (Z |aij|>
1<j<n

i=1

and

1<i<m

n
1Alloo = max | Y |yl
j=1

Proof We will prove that

m

[[All; = max (E |an>
I<j=n \ © 1
=
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and leave the proof of the second statement as an exercise. Let

m

m

o = max E la;j| = E |
1<j<n“ 1
=

i=1

That is, k is the index of the column in which the maximum occurs. Let x be an arbitrary
vector in R"; then

T
n n

n
AX = E ayx;, E AXjy o v s E UmjXj
J=1

j=1 j=1
and it follows that

m

1A =Y | > ayx;

i=1 | j=1

m n
<> layx
i=1 j=1

n m
=3 (Xt
j=1 i=1
n
<a) |yl
J=1

= o|x|
Thus, for any nonzero x in R”",
1AX][1 -
(Il
and hence
ClAxly
lAll1 = max < (3)
x20 Ixl
On the other hand,
lAelly = llakll = «
Since ||ex||; = 1, it follows that
lAx[l1 _ llAexl
1Al = > = 4)
x20 X llexll

Together, (3) and (4) imply that ||A]|; = «. [ |
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EXAMPLE |

Theorem 7.4.3

Proof

Let
-3 2 4 3
S
1 1 1 1
Then
Al = 14+ =3+ |—6l+[1]| =14
and

[Allo = 151+ 1 =2+ =3+ [5] =15 u

The 2-norm of a matrix is more difficult to compute since it depends on the singular
values of the matrix. In fact, the 2-norm of a matrix is its largest singular value.

If A is an m x n matrix with singular value decomposition ULV, then
lA]l>, = o1 (the largest singular value)
Since U and V are orthogonal,

Al = IUZV ], = IIZ]2

(See Exercise 42.) Now,

[R2.4F
1l

n
2
> (oixi)
i=1
= max

— . 12
- (n 2)
>
i=1

<0

212 = max
x0
172

However, if we choose x = e, then

I=x _

[1XI2

and hence it follows that

All2 = 1X]l2 = o u
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IfA = UXVT is a nonsingular n x n matrix, then

1 1
A" 2 = —
On
Proof  The singular values of A~! = VE~!UT, arranged in decreasing order, are
1 1 1
_ 2 Z “e . Z _
On On—1 o1
Therefore,
i 1
A7 2 = — ]

EXAMPLE 2

Definition

n

Condition Numbers

Matrix norms can be used to estimate the sensitivity of linear systems to small changes
in the coefficient matrix. Consider the following example:

Solve the following system:

2.0000x; + 2.0000x, = 6.0000 5)
2.0000x; + 2.0005x, = 6.0010

If we use five-digit decimal floating-point arithmetic, the computed solution will be
the exact solution x = (1,2)7. Suppose, however, that we are forced to use four-digit
decimal floating-point numbers. Thus, in place of (5), we have

2.000x; + 2.000x, = 6.000 ©6)
2.000x; + 2.001x, = 6.001

The computed solution of system (6) is the exact solution x' = (2, 1)”.
The systems (5) and (6) agree except for the coefficient a,,. The relative error in
this coefficient is

B2 792 600025
ann

However, the relative errors in the coordinates of the solutions x and x’ are

/
X —

X1 X, —
=1.0 and
X1 X2

2 _ 05 -

A matrix A is said to be ill conditioned if relatively small changes in the entries of
A can cause relatively large changes in the solutions to Ax = b. A is said to be well
conditioned if relatively small changes in the entries of A result in relatively small
changes in the solutions to Ax = b.
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If the matrix A is ill conditioned, the computed solution of Ax = b generally
will not be accurate. Even if the entries of A can be represented exactly as floating-
point numbers, small rounding errors occurring in the reduction process may have a
drastic effect on the computed solution. If, however, the matrix is well conditioned
and the proper pivoting strategy is used, we should be able to compute solutions quite
accurately. In general, the accuracy of the solution depends on the conditioning of the
matrix. If we could measure the conditioning of A, this measure could be used to derive
a bound for the relative error in the computed solution.

Let A be an n x n nonsingular matrix and consider the system Ax = b. If x is
the exact solution of the system and X’ is the calculated solution, then the error can be
represented by the vector e = x — x'. If || - || is a norm on R”, then ||e|| is a measure of
the absolute error and ||e|| /||x]| is a measure of the relative error. In general, we have no
way of determining the exact values of ||e|| and ||e||/|/x||. One possible way of testing
the accuracy of X' is to put it back into the original system and see how close b’ = Ax’
comes to b. The vector

r:b—b/:b—AX/
is called the residual and can be easily calculated. The quantity

Ib—Axl _ el
bl bl
is called the relative residual. Is the relative residual a good estimate of the relative

error? The answer to this question depends on the conditioning of A. In Example 2, the
residual for the computed solution x' = (2, 1)7 is

r =b — Ax' = (0,0.0005)"

The relative residual in terms of the co-norm is

Irfo  0.0005

= ~ (0.000083
Ibllooc  6.0010

and the relative error is given by

lelo

X[l

The relative error is more than 6000 times the relative residual! In general, we will
show that if A is ill conditioned, then the relative residual may be much smaller than
the relative error. For well-conditioned matrices, however, the relative residual and the
relative error are quite close. To show this, we need to make use of matrix norms.
Recall that if || - || is a compatible matrix norm on R"*", then, for any n x n matrix C
and any vector y € R”, we have

ICyI < ICl Myl (7

Now

r=b — Ax' = Ax — AX' = Ae



EXAMPLE 3

EXAMPLE 4
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and consequently,

e=A"r
It follows from property (7) that
lell < 1A~ x|

and

el = l|Ael < [IA]l lle]|
Therefore,

Bel e < aty e ®)

Al

Now x is the exact solution to Ax = b, and hence x = A~'b. By the same reasoning
used to derive (8), we have

bl .
o < IxI = AT b 9)
Al
It follows from (8) and (9) that
LI el g a2
AL TA=H DI~ NI~ IIbll

The number ||A|| |[A~!|| is called the condition number of A and will be denoted by
cond(A). Thus,
—1 M < M < cond(A)M (10)
cond(A) [Ib]l — [Ix]l [Ibll
Inequality (10) relates the size of the relative error ||e|//|x| to the relative residual
|lx||/|Ib]|. If the condition number is close to 1, the relative error and the relative re-
sidual will be close. If the condition number is large, the relative error could be many
times as large as the relative residual.

3 3
A:[45

(5 —
_1__
A _3[—4 3]

Alloo = 9 and |JA™" ||oo = % (We use || - || because it is easy to calculate.) Thus
condoo(A) =9 - § =24

Theoretically, the relative error in the calculated solution of the system Ax = b could
be as much as 24 times the relative residual. [ |

Let

Then

Suppose that x' = (2.0,0.1)7 is the calculated solution of

3x1 +3x, =6
dxy + 5% =9

Determine the residual r and the relative residual ||1||o0/||b]l0o-
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rLg]l[z JE-17

Il _ 05 _ 1 .
bl — 9 T 18

Solution

We can see by inspection that the actual solution of the system in Example 4 is

X = [ i ] . The error e is given by

—-1.0

The relative error is given by

lelow 1.0
Xlloo 1
The relative error is 18 times the relative residual. This is not surprising, since
cond(A) = 24. The results are similar if we use || - ||1. In this case,
Irly 0.8 4 llell 1.9 19
—_— = — and —_— — = —
bl 15 75 Ixip 2 20

The condition number of a nonsingular matrix actually gives us valuable informa-
tion about the conditioning of A. Let A’ be a new matrix formed by altering the entries
of A slightly. Let E = A’ — A. Thus, A’ = A + E, where the entries of E are small
relative to the entries of A. The matrix A will be ill conditioned if, for some such E, the
solutions to A’x = b and Ax = b vary greatly. Let X’ be the solution of A’x = b and x
be the solution of Ax = b. The condition number allows us to compare the change in
solution relative to X’ to the relative change in the matrix A.

x=A""b=A4A""AX =A"'"A+ ExX =x + A" 'EX
Hence,
x—x =AEX
Using inequality (7), we see that
Ix — x| < IAZ"LIEN [IX]

or

lIx — x| -1 _ IEI
——— = AT IE]| = cond(A)— (1)
X'l Al
Let us return to Example 2 and see how inequality (11) applies. Let A and A" be
the two coefficient matrices in Example 2:

, (00
E=A=A= 14 00005
and
o1 _ [ 20005 —2000

— | —2000 2000
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In terms of the oo-norm, the relative error in A is

IElls _ 0.0005

= ~ 0.0001
Al 4.0005

and the condition number is
cond(A) = [|A]loo 1A lee = (4.0005)(4000.5) ~ 16,004
The bound on the relative error given in (11) is then

E
cond(A)H = A"l |Ell = (4000.5)(0.0005) ~ 2

The actual relative error for the systems in Example 2 is

Ix =Xl 1

X' lloo 2

If A is a nonsingular n x n matrix and we compute its condition number using the
2-norm, then we have

—1 o1
condy(A) = [|A[2IA ]2 = —

n

If 0, is small relative to oy, then cond;(A) will be large. The smallest singular value,
oy, 1s a measure of how close the matrix is to being singular. Thus, the closer the
matrix is to being singular, the more ill conditioned it is. If the coefficient matrix of a
linear system is close to being singular, then small changes in the matrix due to round
off errors could result in drastic changes to the solution of the system. To illustrate
the relation between conditioning and nearness to singularity, let us look again at an
example from Chapter 6.

In Section 5 of Chapter 6, we saw that the nonsingular 100 x 100 matrix

1 =1 =1 - —1 -1
0 1 -1 -+ -1 —1
P K B
0 0 0 -~ 1 -1
0 0 0 -~ 0 1

is actually very close to being singular, and to make it singular, we need only change
the value of the (100, 1) entry of A from O to —2%. It follows from Theorem 6.5.3 that

op= min ||[A—-X|f < —
" X singular ” ”F - 2%
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so condy(A) must be very large. It is even easier to see that A is extremely ill-
conditioned if we use the infinity norm The inverse of A is given by

1
0

[e>ResNeas BRI

1
1

SO O

2 4 ... 2%
12 ... 27
0 0 21
0 0 20
0 0 1

The infinity norms of A and A~! are both determined by the entries in the first row of

the matrix.

conde A = [|Allsol|A™" [0 = 100 x 2% & 6.34 x 10*! (]

SECTION 7.4 EXERCISES

1. Determine || - ||r, || - ll0» @and || - ||; for each of the
following matrices:
1 0 1 4
@ [o 1] o5
11 0 5 1
© [ @ |2 3 1
3 3 1 2 2
5 0 5
e |4 1 O
3 2 1
2. Let
o 2 0 o X1
A_[() _2] and X—[xz]
and set

S, x2) = [|AX]2/[1X]|2

Determine the value of ||A||, by finding the max-
imum value of f for all (x;,x,) # (0,0).

3. Let
1 O
AZ[O 0]

Use the method of Exercise 2 to determine the
value of ||A]|,.

4. Let
3 0 0 0
0 -5 0 0
b=1o0 0o 2 0
0 0 0 4
(a) Compute the singular value decomposition
of D.

(b) Find the value of | D],.

10.

. Show that if D is an n x n diagonal matrix then

IDll2 = max(|d;|)
1<i<n

. If Dis an n x n diagonal matrix, how do the values

of |D||1, |D|l2, and ||D]|» compare? Explain your
answers.

. Let I denote the n x n identity matrix. Determine

the values of ||1||1, [|[]|co, and ||| .

. Let || - ||y denote a matrix norm on R™", || - ||y de-

note a vector norm on R”, and 7 be the n x n identity
matrix. Show that

(a) If || - ||, and || - ||y are compatible, then ||/]|,, >
1.

(b) If || - |5 is subordinate to || - ||y, then |1y = 1.

. A vector x in R” can also be viewed as an n x 1

matrix X:

xl‘l

(a) How do the matrix norm || X||« and the vector
norm ||x||,, compare? Explain.

(b) How do the matrix norm || X||; and the vector
norm ||x||; compare? Explain.

A vector y in R” can also be viewed as an n x 1

matrix ¥ = (y). Show that

@ 1Yl =1yl ®) 1Y) = iyl



11.

12.

13.

14.
15.

16.

17.

18.

19.

LetA = wy” where w € R” and y € R". Show that
lAX]]>

[1Il2

(d) NlAll2 = llyll2llwll2

Let
3 -1 =2
A=1-1 2 -7

4 1 4

(a) < lyll2liwll; for all x # 0 in R".

(a) Determine ||A|| 5.

(b) Find a vector x whose coordinates are each 1
such that ||[AX||s = ||Allc- (Note that ||X||o =
1,50 [|Allec = IAX]loo/ X loc-)

Theorem 7.4.2 states that

n
[Alloc = max E laj
1<i<m P
j=

Prove this in two steps.
(a) Show first that

n

lAlloo < max E ||
1<i<m -
=

(b) Construct a vector X whose coordinates are
each £1 such that

1AX || o -
= [|AX[looc = max E laj|

1<i<m P

j=

1Xllo
Show that ||Al|; = ||AT||f.
Let A be a symmetric n x n matrix. Show that
lAlloe = NlAT.
Let A be a 5 x 4 matrix with singular values oy =
5, 0o = 3, and 03 = 04 = 1. Determine the values
of [|All> and [|A]|r.
Let A be an m x n matrix.
(a) Show that [|A]l; < [|A]lF.
(b) Under what circumstances will ||All, = ||A||r?

Let || - || denote a family of vector norms and let
|l - |l be a subordinate matrix norm. Show that

Al = max [|AX]|
1Xi=1
Let A be an m x n matrix and let || - ||y and || - ||
be vector norms on R” and R”, respectively. Show
that

AXx
1Al = max Xl
x20 Ix|ly

defines a matrix norm on R"™*",

7.4 Matrix Norms and Condition Numbers

20.

21.
22.

23.

24.

25.

26.

27.

28.

427

Let A be an m x n matrix. The (1,2)-norm of A is
given by

lAX ]|
lAll(12) = max
x-0 X[

(See Exercise 19.) Show that

1All(12) = max ([ay [|2, azll2, - - -, |2, ]l2)

Let A be an m x n matrix. Show that [|A]|12) < [|All2

LetA € R™" and B € R"*". Show that
(@) [IAx]l2 < [|[Allq.2lIx]l; for all x in R".

() llABlla2) = lAl21IBlla.2)

(© lABllan = lAlax Bl
Let A be an n x n matrix and let || - ||, be a mat-
rix norm that is compatible with some vector norm

on R”". Show that if A is an eigenvalue of A, then
[A] < [|A]]a-

Use the result from Exercise 23 to show that if A is
an eigenvalue of a stochastic matrix, then |A| < 1.

Sudoku is a popular puzzle involving matrices. In
this puzzle one is given some of the entries of a
9 x 9 matrix A and asked to fill in the missing
entries. The matrix A has block structure

A Ap Ap
A=Ay An An
Az An Az

where each submatrix A; is 3 x 3. The rules of the
puzzle are that each row, each column, and each of
the submatrices of A must be made up of all of the
integers 1 through 9. We will refer to such a mat-
rix as a sudoku matrix. Show that if A is a sudoku
matrix, then A = 45 is its dominant eigenvalue.

Let Aj; be a submatrix of a sudoku matrix A (see
Exercise 25). Show that if A is an eigenvalue of Ay,
then |A| < 22.

Let A be an n x n matrix and x € R”. Prove:
@ NAX[ls < n'2AlL2 )Xo

(b) IAX]l2 < n'||Allsc X112

(©) n'"2|Allz < [|Allo < n'?|All2

Let A be a symmetric n x n matrix with ei-
genvalues Ay, ..., A, and orthonormal eigenvectors
uj,...,u,. Let x € R" and let ¢; = ulx for
i=1,2,...,n Show that
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29.

30.

31.

32.

33.

34.

35.

@ [AX[3 =) ey’
i=1
(b) if x # 0, then
Ax
T

1<l<n || || T 1<i<n

© lAll,= max [ 2]
Let

A:[1

—0.99
-1

Find A~ and cond..(A).

Solve the given two systems and compare the
solutions. Are the coefficient matrices well condi-
tioned? Ill conditioned? Explain.

1.0X| + 2‘0)62 =1.12
1.000x; + 2.011x,=1.120

2.0x; +39x, =2.16
2.000x; + 3.982x,=2.160

1 0 1
A=12 2 3
1 1 2

Calculate conde(A) = [|AllsolA ™" ||eo-

Let A be a nonsingular n x n matrix, and let || - ||»
denote a matrix norm that is compatible with some
vector norm on R”. Show that

condy(A) > 1

1 1
1
1 1—-

n

Let

Let

A, =

for each positive integer n. Calculate

(a) A;' (b) condw(4,) (c) lim condy(4,)
If Ais a5 x 3 matrix with ||A|, = 8, cond,(4) = 2,

and ||Allp =

of A.
3 2 5
A:[1 1] and b:[2]

Given

If two-digit decimal floating-point arithmetic is
used to solve the system Ax = b, the computed
solution will be x = (1.1, 0.88)7.

(a) Determine the residual vector r and the value
of the relative residual ||r||s/||b|lco-

(b) Find the value of cond,.(A).

12, determine the singular values

36.

37.

38.

39.

40.

(c) Without computing the exact solution, use the
results from parts (a) and (b) to obtain bounds
for the relative error in the computed solution.

(d) Compute the exact solution x and determine
the actual relative error. Compare this to the
bounds derived in part (c).

Let
—0.50 0.75 —-0.25
A= -050 0.25 0.25
1.00 -0.50 0.50
Calculate cond;(4) = |A[l: 1A~ ;.

Let A be the matrix in Exercise 36 and let
—-0.5 0.8 —0.3
-0.5 0.3 0.3

1.0 -0.5 0.5

Let x and x' be the solutions of Ax = b and
A’x = b, respectively, for some b € R3. Find a
bound for the relative error (||x — x[|1)/[IX||;-

Let

A =

1 -1 -1 -1 5.00
0 1 -1 -1 1.02
A= 0O 0 1 —11 b=1104
0 0 0 1 1.10

An approximate solution of Ax = b is calculated by
rounding the entries of b to the nearest integer and
then solving the rounded system with integer arith-
metic. The calculated solution is X' = (12, 4,2, 1)".
Let r denote the residual vector.

(a) Determine the values of ||r||,, and cond.(A).

(b) Use your answer to part (a) to find an upper
bound for the relative error in the solution.

(¢) Compute the exact solution x and determine
X — X'|l0o

[1%]l 0o
Let A and B be nonsingular n x n matrices. Show
that

the relative error ———

cond(AB) < cond(A) cond(B)
Let D be a nonsingular n x n diagonal matrix and
let

and  dpin, = mln |d;i|

171

dmax = max |dii|
1<i<n

(a) Show that
dmax

cond; (D) = cond,(D) =

(b) Show that

dmax

cond,(D) =

min
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41. Let Q be an n x n orthogonal matrix. Show that (b) max x" Ayl = o,
@ 10l =1 (b) cond>(Q) = 1 x20.y20 X ]
(c) for any b € R”, the relative error in the solu- 44. Let A be an m x n matrix with singular value
tion of Ox = b is equal to the relative residual, decomposition UX V7. Show that
that is, IAx]
min =
lelz il x20 [l
IIxl2 — [Ibl- 45. Let A be an m xn matrix with singular value decom-

position UX V' Show that, for any vector x € R",
42. Let A be an n x n matrix and let Q and Vben x n

orthogonal matrices. Show that oulXl2 < [AX]l2 < o1]Ix]l2
@ [IQAl = lAll  (b) [IAV]l> = [IA]l2 46, LetAb ol rix and let O b
© [0AVIh = [ . Let A be a nonsingular n x n matrix and let Q be an

n X n orthogonal matrix. Show that

43. Let A be an m x n matrix and let o, be the largest
(a) cond(QA) = cond,(AQ) = cond,(A)

singular value of A. Show that if x and y are

nonzero vectors in R”, then each of the following (b) if B = Q'AQ, then cond,(B) = condy(A).
holds: 47. Let A be a symmetric nonsingular n X n matrix with
Ix" Ay| eigenvalues Ap, . .., A,. Show that
@ ———— <o
IxI12 Iy ll2 max ||
[Hint: Make use of the Cauchy-Schwarz in- cond,(4) = 1;11_11 il
equality.] I<i<n

Orthogonal Transformations

Orthogonal transformations are one of the most important tools in numerical linear
algebra. The types of orthogonal transformations that will be introduced in this section
are easy to work with and do not require much storage. Most important, processes that
involve orthogonal transformations are inherently stable. For example, let x € R" and
x' = X + e be an approximation to x: If Q is an orthogonal matrix, then

0x' = Ox + Qe

The error in Ox’ is Qe. With respect to the 2-norm, the vector Qe is the same size as e;

[Qell2 = llell2
Similarly, if A’ = A + E, then
QA" = QA + O
and
IQEl> = |IEll2

When an orthogonal transformation is applied to a vector or matrix, the error will not
grow with respect to the 2-norm.
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Elementary Orthogonal Transformations
By an elementary orthogonal matrix, we mean a matrix of the form
0=1I-2uu’
where u € R” and |lujj, = 1. To see that Q is orthogonal, note that
o' = —2uu) =7 -2uw’ =0
and

070 = 0% = (I — 2uu’)(I — 2uu’)
=1 — 4uu” + 4uu’u)u’
=1

Thus, if Q is an elementary orthogonal matrix, then
0'=0"=0

The matrix Q = I — 2uu’ is completely determined by the unit vector u. Rather
than store all n* entries of Q, we need store only the vector u. To compute QX, note
that

0x = (I — 2uu’)x = x — 20ru

where o = u’x.
The matrix product QA is computed as

QA =(Qa;,Qa,,...,0a,)
where
Qa,- =a; — ZOtill o = uTa,-

Elementary orthogonal transformations can be used to obtain a QR factorization
of A, and this in turn can be used to solve a linear system Ax = b. As with Gaussian
elimination, the elementary matrices are chosen so as to produce zeros in the coefficient
matrix. To see how this is done, let us consider the problem of finding a unit vector u
such that

(I —2uuD)x = («,0,...,0)" = ae,

for a given vector x € R".

Householder Transformations

Let H =1 — 2uu’. If Hx = «ey, then, since H is orthogonal, it follows that
loe| = [leer|l2 = [|HX|l2 = [Ix]|2

If we take a=||x]||, or « = —||x]|», then since HX = «e;, and H is its own inverse, we
have

X = H(ae)) = a(e; — (2u))u) ey
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Thus
xp=oa(l — 2u%)
Xy = —2auqly
X, = —2au U,

Solving for the u;’s, we get

12
o — X1
m:i<2 )
o

—Xi .
u; = for i=2,...,n
200u

If we let

o —x 172
U = — andset B = a(a —xp)
20

then
—2au; = Ra(a —x)]"? = 28)"?
It follows that

1
u= (— 2au1> (—2au?, x2, ..., x,)T

T
= — —o,x2,...,X,)

V2B

If weset v = (x; —«,x2,...,%,)", then

n
VI3 = (1 —)* + lez = 2a(a — x1)
i=2

and hence

vl = V28
Thus

IR

VBTV
and

1
H=I—2uuT=I—EVVT

431

2)

In theory equation (2) will be valid if &« = =|x|»; however, in finite precision arith-
metic it does matter how the sign is chosen. Since the first entry of vis v = x; — «,
one could possibly lose significant digits of accuracy if x; and « are nearly equal and

have the same sign. To avoid this situation, the scalar « should be defined by

. —|Ix]l» if x; >0
TV Ixl if v <0

3)
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EXAMPLE |

In summation, given a vector x € R”, if we define « as in equation (3) and set

B =ala —xp)
V=( — X0, X)
1 1
U= —V=—V
Ivll2 2B
and
T 1 7
H=I]—-2uu =1— —vv

then

Hx = xe;

The matrix H formed in this way is called a Householder transformation. The matrix
H is determined by the vector v and the scalar 8. For any vector y € R”,

T
- oo ()

Rather than store all n? entries of H, we need store only v and 8.

Given the vector x = (1,2,2)7, find a Householder matrix that will zero out the last
two entries of x.

Solution

Since x; = 1 > 0, set « = —||x|| = —3 and then set

B=ald—x)=12
v=(x —a,x,x) =4,2,2)

The Householder matrix is given by

1

H=1I- EVVT
1 -1 -2 =2
==1-2 2 -1
3
-2 -1 2
The reader may verify that
Hx = —3¢ ||

Suppose now that we wish to zero out only the last n — k components of
a vector X = (X1,..., Xk Xitl,-..,Xn) . To do this, we let XV = (x1,...,x_1)7
and x? = (g, xeq1,...,x)7. Let IV and I® denote the (k — 1) x (k — 1)
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and (n —k+ 1) x (n — k+ 1) identity matrices, respectively. By the methods just
described, we can construct a Householder matrix H” = I®) — (1/B)v,v! such that

H,(cz) x® = ae(lz)

where o = +[x@||, and €' is the first column vector of the (n — k + 1) x (n — k + 1)
identity matrix. Let

M o
Hy = [ 0 Hl(cz)] 4)

It follows that
) e T x(D
H = = =
w={lo o] [3o] = [ihe ] = [

Remarks

1. The Householder matrix H; defined in equation (4) is an elementary orthogonal
matrix. If we let

[ 0 ] and = (1/[v])v

Vi

then

1
Hy=1——vw! =1—2uu’
B

2. H; acts like the identity matrix on the first Xk — 1 coordinates of any vector
yERVIEY = 5o s Yiet: VoY) ¥ = 0=, and y? =
O%» - - -»yn)!, then

. 7 3y y
Ky = 0 H(2) y@ H(2) @

In particular, if y? = 0, then Hy = y.
3. Itis generally not necessary to store the entire matrix Hy. It suffices to store the
vector v, and the scalar fy.

EXAMPLE 2 Find a Householder matrix that zeroes out the last two entries of y = (3, 1,2, 2)7 while
leaving the first entry unchanged.
Solution

The Householder matrix will change only the last three entries of y. These entries
correspond to the vector x = (1,2, 2)T in R3. But this is the vector whose last two
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entries were zeroed out in Example 1. The 3 x 3 Householder matrix from Example 1
can be used to form a 4 x 4 matrix

(=)

W WIN W=
W Wi— W O

o o o =
|
W= W Wi O

which will have the desired effect on y. We leave it to the reader to verify that
Hy = (3,-3,0,0)T. ]

We are now ready to apply Householder transformations to solve linear systems.
If A is a nonsingular n x n matrix, we can use Householder transformations to reduce
A to strict triangular form. To begin with, we can find a Householder transformation
H =1-((/ ,31)V1V{ that, when applied to the first column of A, will give a multiple
of e;. Thus, H;A will be of the form

X X X
0 x X
0 x X
0 X ... X

We can then find a Householder transformation H, that will zero out the last n — 2
elements in the second column of H;A while leaving the first element in that column
unchanged. It follows from remark 2 that H, will have no effect on the first column of
H, A, so multiplication by H; yields a matrix of the form

X X X X
0 x x X
HH A = 0 0 x X
0 0 x -+ x

We can continue to apply Householder transformations in this fashion until we end up
with an upper triangular matrix, which we will denote by R. Thus,

H, ---HHA=R
It follows that
T | —1
A=H 'H, ---H_|R
=HH, ---H, 1R

Let Q = H\H,---H,—;. The matrix Q is orthogonal and A can be factored into the
product of an orthogonal matrix times an upper triangular matrix:

A = OR
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After A has been factored into a product QR, the system Ax = b is easily solved.
Indeed if we multiply through by QT, we end up with the upper triangular system
Rx = ¢, where ¢ = Q"b. Since Q is a product of Householder matrices, it is not
necessary to perform the matrix multiplications to compute Q explicitly. Instead, we
can calculate ¢ directly by performing a sequence of Householder transformations
onb,

C=Hn_1-'-H2H1b (5)

The system Rx = ¢ can then be solved using back substitution.

Operation Count In solving an n x n system by means of Householder transform-
ations, most of the work is done in reducing A to triangular form. The number of
operations required is approximately %n3 multiplications, §n3 additions, and n — 1
square roots.

Rotations and Reflections

Often, it will be desirable to have a transformation that zeros out only a single entry
of a vector. In this case, it is convenient to use either a rotation or a reflection. Let us
consider first the two-dimensional case.

Let

R— cosf —siné d [ cos@ sin 6
~ | sin6  cosé an ~ | sinf —cos6

and let
[ X1 ] [ rcosa ]
X = = .
X2 rsin o
be a vector in R2. Then

rcos(f0 — a)

rsin(f — «)

Rx — rcos(6 + «)
| rsin(6 + a)

and Gx = [

R represents a rotation in the plane by an angle 6. The matrix G has the effect of
reflecting x about the line x, = [tan(6/2)]x; (see Figure 7.5.1). If we set cos @ = x;/r
and sinf = —x,/r, then

Rx — xjcosf —xpsinf ) [ r
"l xisinf +xcos0 )] — | O

If we set cos@ = x;/r and sin6 = x,/r, then

Gx — [x1c059+xzsin9 _ [6]

Xx18in0 — x; cos O

Both R and G are orthogonal matrices. The matrix G is also symmetric. Indeed, G is an
elementary orthogonal matrix. If we letu = (sin6/2, —cos/ 2)7, then G = I —2uu”.
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Gx

0+a

Figure 7.5.1.

EXAMPLE 3  Letx = (—3,4)". To find a rotation matrix R that zeroes out the second coordinate of

X, set
r=m=5
cosf = Ll = —E
X 54
sinf = —72 =3
and set

nls W

R— cosf —sinf )
| siné cosf |

wmlw Uk

The reader may verify that Rx = Se;.
To find a reflection matrix G that zeroes out the second coordinate of x, compute r
and cos 6 in the same way as for the rotation matrix, but set

ino X2 4
siInpg = — = —
r 5
and
[ cost sind | _ —% %
— | sinf —cosf ) 4 3
5 5
The reader may verify that Gx = Se;. ]

Let us now consider the n-dimensional case. Let R and G be n x n matrices with
Fii = rjj = cos gii = cos b, g = —cos0

rji = sin6, rjj = —sin6 gji = g;j = sinf
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and ry; = gy = d, for all other entries of R and G. Thus, R and G resemble the identity
matrix, except for the (i, i), (i, /), (j,j), and (j, i) positions. Let ¢ = cos and s = sin 6.
If x € R”, then

T
RX = (X1, ..., Xi—1,XiC — XjS, Xist1s - + - » Xj— 1, XiS + XjC, Xj 15+« » Xp)
and
T
GX = (X1, .. o, Xim 1, XiC F XjS, Xige 15 -+« s Xj—15 XiS — XjCy Xjg 15 -+ 5 Xp)

The transformations R and G alter only the ith and jth components of a vector; they
have no effect on the other coordinates. We will refer to R as a plane rotation and to G
as a Givens transformation or a Givens reflection. If we set

Xi X
c=— and s=-- <r:,/xl.2+x.2)
r r J

then the jth component of Rx will be 0. If we set
c= i and s =
r r
then the jth component of Gx will be 0.
Let x = (5,8,12)7. Find a rotation matrix R that zeroes out the third entry of x but
leaves the second entry of x unchanged.

Solution
Since R will act only on x; and x3, set

r=,/x+x3=13

X1 5
C= — = —
13
X3 12
S=— = ——
r 13
and set
5 12
c 0 —s 505
R=1]0 1 Ol = 0O 1 0
s 0 c
12 5
-5 0 3
The reader may verify that Rx = (13,8, 0)”. ]

Given a nonsingular n X n matrix A, we can use either plane rotations or Givens
transformations to obtain a QR factorization of A. Let G»; be the Givens transformation
acting on the first and second coordinates, which when applied to A results in a zero in
the (2, 1) position. We can apply another Givens transformation, G31, to G, A to obtain
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a zero in the (3, 1) position. This process can be continued until the last n — 1 entries
in the first column have been eliminated:

X X X
0 x X
G- -GyGyA= |0 x - X
0 x X

At the next step, Givens transformations Gs;, Gyp, . .., G,» are used to eliminate the

last n — 2 entries in the second column. The process is continued until all elements
below the diagonal have been eliminated.

(Gup=1)-- (G- -Gn)(Gy1---G21)A =R (R upper triangular)

If we let Q7 = (Gup—1) -+ (G- --G)(Gyy -+ - Gay), then A = QR and the system
Ax = b is equivalent to the system

Rx =Q0"b
This system can be solved by back substitution.

Operation Count The QR factorization of A by means of Givens transformations
or plane rotations requires roughly 453 multiplications, 2n° additions, and 1 n square
roots.

>3

The QR Factorization for Solving General Linear Systems

Given a linear system Ax = b consisting of n equations in n unknowns, one can use
either Householder matrices, rotations, or Givens transformations to compute a QR
factorization of A. The linear system can then be solved by setting ¢ = Q”b and then
using back substitution to solve Rx = c. If Householder matrices are used to compute
the QR factorization, the operation count is approximately %n3 multiplications and %n3
additions and it is double that amount if either rotations or Givens transformations
are used. However solving the same system using Gaussian elimination would only
involve roughly 3n multiplications and 1 n additions. So solving the system using
Gaussian elimination is twice as fast as solV1ng it using a Householder QR factorization
and 4 times as fast as solving the system using a QR factorization based on either plane
rotations or Givens transformations.

For an overdetermined system Ax = b one needs to find a least squares solution. In
this case one could form the normal equations and then solve using Gaussian elimina-
tion; however, there are problems with this approach when the computations are carried
out in finite precision arithmetic. Alternatively, if the coefficient matrix A is m x n with
rank n, then one can use Householder matrices to obtain a QR factorization of A and
this in turn can be used to solve the least squares problem. The numerical methods for
solving least squares problems will be discussed in greater detail in Section 7.7.



SECTION 7.5 EXERCISES

1. For each of the following vectors X, find a rotation

matrix R such that Rx = ||x||,e;:
(@ x=(1,D" (b) x=(v3, -1
(©) x=(-4,3)"
. Given x € R?, define
= +d)? ij=123
For each of the following, determine a Givens

transformation G such that the ith and jth coordin-
ates of G;x are r; and 0, respectively:

(@ x=0G.1,497,i=1,j=3

(b) x=(1,-1,27,i=1,j=2

(©) x=4,1,V/3),i=2,j=3

@ x=(4,1,V/3),i=3,j=2

. For each of the given vectors x, find a Householder

transformation that zeros out the last two entries of
the vector.

(@) x=(-1,8,—4)"
() x=(0,-3,4"
. For each of the following, find a Householder trans-

formation that zeroes out the last two coordinates of
the vector:

(a) x=(5,1,4,8)"
(b) x=(4,-3,-2,-1,2)7

(b) x=(3,6,2)7

. Let
1 3 =2
1 1 1
A=11 s
1 -1 2

(a) Determine the scalar 8 and vector v for the
Householder matrix H = I — (1/8)vv’ that
zeroes out the last three entries of a;.

(b) Without explicitly forming the matrix H, com-
pute the product HA.

. Let
3 1 11
-5 3 B
A= 2 ] 8 and b= g
-2 -7 1 1

(a) Use Householder transformations to transform
A into an upper triangular matrix R. Also,
transform the vector b; that is, compute ¢ =
H,H/b.

(b) Solve Rx = ¢ for x and check your answer by
computing the residual r = b — Ax.

10.

11.

12.

13.
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. For each of the following systems, use a Givens re-

flection to transform the system to upper triangular
form and then solve the upper triangular system:

(a) 3)(1 + 8X2 = 5

4)6] — X2:—5
(b) X1+4X2=5
x1+2x2=1

© 4x—4dx+ x3=2
X + 3)63 =2
—3X| + 3)62 — 2)63 =1

. Suppose that you wish to eliminate the last coordin-

ate of a vector x and leave the first n —2 coordinates
unchanged. How many operations are necessary if
this is to be done by a Givens transformation G? A
Householder transformation H? If A is an n xn mat-
rix, how many operations are required to compute
GA and HA?

. Let H, = I—2uu’ be a Householder transformation

with

T
ll=(0,...,O,Mk,uk+1,...,l/t,,)

Let b € R" and let A be an n x n matrix. How
many additions and multiplications are necessary
to compute (a) H;b?; (b) H,A?

Let 7 = G,_¢ - - - G»G, where each G; is a Givens
transformation. Let b € R” and let A be an n x n
matrix. How many additions and multiplications
are necessary to compute (a) Q7b; (b) QA?

Let R, and R, be two 2 x 2 rotation matrices and
let G; and G, be two 2 x 2 Givens transforma-
tions. What type of transformations are each of the
following?

(@) RiR, (b) GG,

() RiG; (d) GiR,

Let x and y be distinct vectors in R” with ||x]|, =
llyll2. Define

u= ¥(x—y) and Q=1-—2uu’
Ix =yl
Show that
@ [x—yl3=2x—y'x
(b) Ox=y

Let u be a unit vector in R” and let
Q=1I-2uu’



440 Chapter 7 Numerical Linear Algebra

(a) Show that u is an eigenvector of Q. What is the
corresponding eigenvalue?

(b) Let z be a nonzero vector in R” that is ortho-
gonal to u. Show that z is an eigenvector of Q
belonging to the eigenvalue A = 1.

(c) Show that the eigenvalue A = 1 must have
multiplicity n — 1. What is the value of det(Q)?

14. Let R be an n x n plane rotation. What is the
value of det(R)? Show that R is not an elementary
orthogonal matrix.

15. LetA = Q1R| = Q»R,, where Q and Q, are ortho-
gonal and R; and R, are both upper triangular and
nonsingular.

(a) Show that Q7 Q, is diagonal.

(b) How do R, and R, compare? Explain.

16.

17.

Let A = xy’, where x € R, y € R”, and both x
and y are nonzero vectors. Show that A has a singu-
lar value decomposition of the form H, ¥ H,, where
H, and H, are Householder transformations and

o = [Ix[l Iyll, op=03=---=0,=0
Let
[ cos@® —sind
| sin® cos 6

Show that if 6 is not an integer multiple of , then
R can be factored into a product R = ULU, where

Do 1o
U= and L =
0 1 sind 1

This type of factorization of a rotation matrix arises
in applications involving wavelets and filter bases.

The Eigenvalue Problem

In this section, we are concerned with numerical methods for computing the eigenval-
ues and eigenvectors of an n x n matrix A. The first method we study is called the power
method. The power method is an iterative method for finding the dominant eigenvalue
of a matrix and a corresponding eigenvector. By the dominant eigenvalue, we mean an
eigenvalue A satisfying |A;| > |A;| fori = 2,...,n. If the eigenvalues of A satisfy

A1l > [A2] > - > |

then the power method can be used to compute the eigenvalues one at a time. The
second method, the QR algorithm, is an iterative method involving orthogonal simil-
arity transformations. It has many advantages over the power method. It will converge
whether or not A has a dominant eigenvalue, and it calculates all the eigenvalues at the

same time.

In the examples in Chapter 6, the eigenvalues were determined by forming the
characteristic polynomial and finding its roots. However, this procedure is gener-
ally not recommended for numerical computations. The difficulty is that often a
small change in one or more of the coefficients of the characteristic polynomial
can result in a relatively large change in the computed zeros of the polynomial.
For example, consider the polynomial p(x) = x!°. The lead coefficient is 1 and
the remaining coefficients are all 0. If the constant term is altered by adding
—1071°, we obtain the polynomial g(x) = x'° — 1071°. Although the coefficients
of p(x) and g(x) differ only by 107!°, the roots of g(x) all have absolute value

10°

whereas the roots of p(x) are all 0. Thus, even when the coefficients of the

characteristic polynomial have been determined accurately, the computed eigenval-
ues may involve significant error. For this reason, the methods presented in this
section do not involve the characteristic polynomial. To see that there is some ad-
vantage to working directly with the matrix A, we must determine the effect that
small changes in the entries of A have on the eigenvalues. This is done in the next

theorem.
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Let A be an n x n matrix with n linearly independent eigenvectors, and let X be a matrix
that diagonalizes A. That is,

Al
A2
X 'AX =D =
An
IfA" = A+ E and )\ is an eigenvalue of A’, then
min |2 — A;] < conda(X)||E||2 (D)

1<i<n

We may assume that A’ is unequal to any of the A;’s (otherwise there is nothing to
prove). Thus, if we set D; = D — A/, then D is a nonsingular diagonal matrix. Since
)’ is an eigenvalue of A’, it is also an eigenvalue of X~'A’X. Therefore, X~'A’X — A'I
is singular, and hence Dl_l(X ~1A’X — \'I) is also singular. But

DI'XTIAX — XD =D;'X "A+E - VDX
=D{'X'EX +1

Therefore, —1 is an eigenvalue of Dl_lX —1EX. It follows that
| =11 < IDY'X™EX|l2 < 1Dyl conda (O Ell2
The 2-norm of D1_1 is given by
IDT 12 = max [ — ;™!
I<i<n

The index i that maximizes |\’ — A;| ™! is the same index that minimizes |’ — A;|. Thus,

min [ — A;] < conda(X)|E|l> u

1<i<n

If the matrix A is symmetric, we can choose an orthogonal diagonalizing matrix.
In general, if Q is any orthogonal matrix, then

condy(Q) = QI 10" [l> = 1

Hence (1) simplifies to

min [A" — 4| < [|IE]

1<i<n

Thus, if A is symmetric and ||E||, is small, the eigenvalues of A’ will be close to the
eigenvalues of A.

We are now ready to talk about some of the methods for calculating the eigenvalues
and eigenvectors of an n x n matrix A. The first method we will present computes an
eigenvector x of A by successively applying A to a given vector in R". To see the
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idea behind the method, let us assume that A has n linearly independent eigenvectors
X1, ..., X, and that the corresponding eigenvalues satisfy

Al > (A2 = - = Al 2)
Given an arbitrary vector vy in R”, we can write

Vo = o1X| + - 40Xy
Avy = o A X) + ohoXp + - apAnX,
APy = aAIX] + aaA3X + - -+ dpAlx,
and, in general,

AkV() = alklfxl + 062)»12(X2 + -4 Ol,,)»lr(lX,,

If we define
wi=A,  k=1,2,...
then
! b (22 k bty (2 k 3)
—vVi=o1X;+a | — | x et — ) x
)\,If k 1A1 2 )\‘1 2 n )\1 n
Since
Aj )
— <1 for i=23,...,n
Al
it follows that
1
A_’]‘vk — a1X| as k — o0

Thus, if o} # 0, then the sequence {(1 /)Jl‘)vk} converges to an eigenvector «;X; of A.
There are some obvious difficulties with the method as it has been presented so far.
The main difficulty is that we cannot compute (1/ )J{ )V, since A is unknown. But even
if A; were known, there would be difficulties because of A’{ approaching 0 or +oo.
Fortunately, however, we do not have to scale the sequence {v;} using 1/ )Jf. If the vi’s
are scaled so that we obtain unit vectors at each step, the sequence will converge to a
unit vector in the direction of x;. The eigenvalue 1| can be computed at the same time.
This method of computing the eigenvalue of largest magnitude and the corresponding
eigenvector is called the power method.

The Power Method

In this method, two sequences {v;} and {u;} are defined recursively. To start, uy can be
any nonzero vector in R”. Once u; has been determined, the vectors vy, and uy; are
calculated as follows:

1. Set vy = Auy.

2. Find the coordinate ji | of vi; that has the maximum absolute value.

3. Setuyy = (l/VJ'kJrl Wit1-
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The sequence {u;} has the property that, for k > 1, |wmllee = u;, = 1. 1If
the eigenvalues of A satisfy (2) and uy can be written as a linear combination of
eigenvectors o1X; + --- + o,X, with a; # 0, the sequence {u;} will converge to
an eigenvector y of A;. If k is large, then u; will be a good approximation to y
and viy; = Auw; will be a good approximation to A;y. Since the jith coordinate
of u; is 1, it follows that the jith coordinate of v, will be a good approximation
to Ag.

In view of (3), we can expect that the u;’s will converge to y at the same rate
at which (Ao/A1)F is converging to 0. Thus, if |A,| is nearly as large as ||, the
convergence will be slow.

Let
2 1
=7
It is an easy matter to determine the exact eigenvalues of A. These turn out to be A| = 3
and A, = 1, with corresponding eigenvectors x; = (1,1)” and x, = (1,—1)". To

illustrate how the vectors generated by the power method converge, we will apply the
method with uy = (2, 1)7:

P 1o 10
Vi =Auy = 4| 111—5V1— 0.8
1
Cau — [23 oL [ 1.00
REAT e ) MT g T BT 093
14
1
Aw = L[4 _ 14 [ 1.00
Vi=Am =17 140 ] T T 40 7 o098
41

2.98
Ve = Auy ¥ [ 2.95
If uz = (1.00,0.98)7 is taken as an approximate eigenvector, then 2.98 is the approx-
imate value of X;. Thus, with only a few iterations, the approximation for A; involves
an error of only 0.02. ]

The power method is particularly useful in applications where only a few of the
dominant eigenvalues and eigenvectors are needed. For example, in the analytic hier-
archy process (AHP) only the eigenvectors belonging to the dominant eigenvalues are
needed to determine the weight vectors for the decision process (see Section 6.8).

Computation of AHP Weight Vectors

In Application 4 of Section 6.8 we considered an example where a search committee
at a college makes a hiring choice using AHP. In the example the committee decided
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that teaching was twice as important as research and 8 times as important as profes-
sional activities. They also decided that research should be 3 times as important as
professional activities. The comparison matrix for this problem is

1 2 8
c=|z2 13
1 1
L1

The eigenvector belonging to the dominant eigenvalue can be computed using the
power method. Since the dominant eigenvalue is close to 3 and the remaining eigen-
values are close to 0, the power method should converge rapidly. In this case we use
uy = (1,1, 1)7 as our starting vector and normalize at each step so that the entries of
u; (k > 1) all add up to 1. Using this process we end up with the following sequence
of vectors

0.6486 0.6286 0.6281 0.6282
u = | 02654 |, up = 102854 |, us= | 02854 |, uy = | 0.2854

0.0860 0.0860 0.0864 0.0864

where all entries are displayed to 4 digits of accuracy. For k > 3 the computed vectors
u, will all agree to 3 digits of accuracy. Thus if we take w = w4 as our weight vector,
it should be accurate to 3 digits.

For an n x n comparison matrix C, the power method algorithm for computing
AHP weights can be summarized as follows:

1. Set uy = e where e is a vector in R” whose entries are all equal to 1.

2. Fork=1,2,...
Set v = Auy
n
S:ZVI'
i=1
Wt = %V

The iterations should be terminated when u; and u;; agree to the desired digits
of accuracy. We then use the computed eigenvector ug,; as an AHP weight
vector.

The power method can be used to compute the eigenvalue A, of largest magnitude
and a corresponding eigenvector y,;. What about finding additional eigenvalues and
eigenvectors? If we could reduce the problem of finding additional eigenvalues of
A to that of finding the eigenvalues of some (n — 1) x (n — 1) matrix Aj, then the
power method could be applied to A;. This can actually be done by a process called
deflation.
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Deflation

The idea behind deflation is to find a nonsingular matrix H such that HAH~! is a matrix
of the form

| x e x
0

“4)
: A 1
0

Since A and HAH ™! are similar, they have the same characteristic polynomials. Thus,
if HAH™! is of the form (4), then

det(A — M) = det(HAH ™" — AI) = (A — A) det(A; — AD)

and it follows that the remaining n — 1 eigenvalues of A are the eigenvalues of A;. The
question remains; How do we find such a matrix H? Note that the form (4) requires
that the first column of HAH~! be A e;. The first column of HAH ! is HAH 'e,. Thus,

HAH7161 = A€
or, equivalently,
A(H'e)) = hi(H 'ep)

So H~'e; is in the eigenspace corresponding to A;. Thus, for some eigenvector x;
belonging to A,

H_lel =Xj or HXl = €]

We must find a matrix H such that Hx; = e; for some eigenvector X; belonging to
A1. This can be done by means of a Householder transformation. If y, is the computed
eigenvector belonging to 1y, set

1

X; =7—"Y
lyil2”"!

Since ||x1 || = 1, we can find a Householder transformation H such that
HX] = €]

Because H is a Householder transformation, it follows that H~! = H, and hence HAH
is the desired similarity transformation.

Reduction to Hessenberg Form

The standard methods for finding eigenvalues are all iterative. The amount of work
required in each iteration is often prohibitively high unless, initially, A is in some spe-
cial form that is easier to work with. If this is not the case, the standard procedure
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is to reduce A to a simpler form by means of similarity transformations. Generally,
Householder matrices are used to transform A into a matrix of the form

X X X X X
X X X X X
0 x X X X
0 O X X X
0 0 X X X
0 O 0 x x

A matrix in this form is said to be in upper Hessenberg form. Thus B is in upper
Hessenberg form if and only if b; = 0 whenever i > j + 2.

A matrix A can be transformed into upper Hessenberg form in the following
manner: First, choose a Householder matrix H; so that H;A is of the form

aip dpp - Al
X X P X
0 x -+ X
0 X X

The matrix H; will be of the form

1 0 0
0 x X
0 x X

and hence postmultiplication of H1A by H, will leave the first column unchanged. If
A" = H,AH|, then AV is a matrix of the form

(R C)) (1)

ayp Ay oo 4y,
(1) (1) (1)
dyy Ay -0 dy,
(1) (1)

0 ay - a,
) |
0 Ay - aim)

Since H, is a Householder matrix, it follows that H;' = H), and hence A" is similar
to A. Next, a Householder matrix H, is chosen so that

G| D\T n ( T
Hz(a(lz),azz), - ,agﬂ = (a(12,a(22), x,0,...,0)
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The matrix H, will be of the form

1 0 0 0

01 0 0

0 0 x x:I20
O|X

0 0 x -+ x

Multiplication of A") on the left by H, will leave the first two rows and the first column
unchanged:

(1 (1 (1) (1)

ayp 4 diy o a4y,

(1 (1 (1 (1)

ayp Ay dyy -+ 0 Oy,

HAD = 0 X X .- X
0 0 X .- X

0 0 X .- X

Postmultiplication of H,A") by H, will leave the first two columns unchanged. Thus,
A? = H,ADH, is of the form

X X X X
X X X X
0 x x X
0 0 x X
0 0 x --- X

This process may be continued until we end up with an upper Hessenberg matrix
H=A"?=H, ,---HHiAH\H,---H,_,

which is similar to A.
If, in particular, A is symmetric, then, since

H' =H! ,...HIHTATHTHT ... HT ,
=H, > ---HHiAH\H,---H,
=H

it follows that H is tridiagonal. Thus, any n x n matrix A can be reduced to upper
Hessenberg form by similarity transformations. If A is symmetric, the reduction will
yield a symmetric tridiagonal matrix.

We close this section by outlining one of the best methods available for computing
the eigenvalues of a matrix. The method is called the QR algorithm and was developed
by John G. F. Francis in 1961.
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EXAMPLE 2

QR Algorithm

Given an n x n matrix A, factor it into a product QR;, where Q; is orthogonal and R
is upper triangular. Define

Al =A=0R
and
A> = Q]AQ| = R0,

Factor A, into a product Q»R,, where Q, is orthogonal and R, is upper triangular.
Define

Ay = 00A20) = R0y

Note that A, = QTAQ; and A3 = (010,)"A(Q, Q) are both similar to A. We can
continue in this manner and obtain a sequence of similar matrices. In general, if

A = ORy

then Ay is defined to be R;Qy. It can be shown that, under very general conditions,
the sequence of matrices defined in this way converges to a matrix 7 of the form

B X e X
Bz X
T =
o
By

where the B;’s are either 1 x 1 or 2 x 2 diagonal blocks. The matrix T is the real Schur
form of A. (See Theorem 6.4.6.) Each 2 x 2 diagonal block of T" will correspond to a
pair of complex conjugate eigenvalues of A. The eigenvalues of A will be eigenvalues
of the B;’s. In the case where A is symmetric, each of the A;’s will also be symmetric
and the sequence will converge to a diagonal matrix.

Let A; be the matrix from Example 1. The QR factorization of A| requires only a single
Givens transformation,

I (2 1
6=7 (1 =)
Thus
L2 1 2 1 2 1 28 —0.6
AZ:GIAG1=§[1 — ] [1 2] [1 —2] “l-06 12
The QR factorization of A, can be accomplished with the Givens transformation

1 28 —0.6

Gzzm 0.6 —2.8
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It follows that

298 0.22

A=GA60~ g0 102
The off-diagonal elements are getting closer to 0 after each iteration, and the diagonal
elements are approaching the eigenvalues A} = 3 and A, = 1. ]

Remarks

1. Because of the amount of work required at each iteration of the QR algorithm,
it is important that the starting matrix A be in either Hessenberg or sym-
metric tridiagonal form. If this is not the case, we should perform similarity
transformations on A to obtain a matrix A that is in one of these forms.

2. If Ay is in upper Hessenberg form, the QR factorization can be carried out with
n — 1 Givens transformations.

Gun—1--G3GrAr = Ry

Setting
Of = Gupi1--- GGy
we have
Ax = OkRx
and

Ars1 = QL Ak

To compute Ay 1, it is not necessary to determine Qy explicitly. We need only
keep track of the n — 1 Givens transformations. When R; is postmultiplied
by G»;, the resulting matrix will have the (2,1) entry filled in. The other
entries below the diagonals will all still be zero. Postmultiplying R;G,; by
Gs;, will have the effect of filling in the (3,2) position. Postmultiplication of
R G>1G3; by Ggz will fill in the (4, 3) position, and so on. Thus, the resulting
matrix Agy1 = RyG21G3z - - - Gy 1 Will be in upper Hessenberg form. If A
is a symmetric tridiagonal matrix, then each succeeding A; will be upper
Hessenberg and symmetric. Hence, A;, A3, . .. will all be tridiagonal.

3. As in the power method, convergence may be slow when some of the eigenval-
ues are close together. To speed up convergence, it is customary to introduce
origin shifts. At the kth step, a scalar o is chosen and A, — a4/ (rather than
Ay) is decomposed into a product QyR;. The matrix Ay is defined by

A1 = RO + oyl
Note that

OF AL Ok = OF (OkRx + au) O = ROy + ol = Apy

so Ay and Ay are similar. With the proper choice of shifts oy, the convergence
can be greatly accelerated.

4. In our brief discussion, we have presented only an outline of the method. Many
of the details, such as how to choose the origin shifts, have been omitted. For
a more thorough discussion and a proof of convergence, see Wilkinson [36].
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SECTION 7.6 EXERCISES

1. Let
1 1
AZ[l 1]

(a) Apply one iteration of the power method to A
with any nonzero starting vector.

(b) Apply one iteration of the QR algorithm
to A.

(c) Determine the exact eigenvalues of A by solv-
ing the characteristic equation, and determine
the eigenspace corresponding to the largest ei-
genvalue. Compare your answers with those to
parts (a) and (b).

2 1 0 1
A=1|1 3 1 and uy= |1
0o 1 2 1

(a) Apply the power method to A to compute vy,
u;, Vo, Uy, and v3. (Round off to two decimal
places.)

. Let

(b) Determine an approximation 1) to the largest
eigenvalue of A from the coordinates of v3. De-
termine the exact value of A; and compare it
with A}. What is the relative error?

1 2 1
A=[_1 _1] and u0=[1]

(a) Compute uy, u,, uz, and uy, using the power
method.

(b) Explain why the power method will fail to
converge in this case.

11
A:A‘:[1 3]

Compute A, and A3, using the QR algorithm. Com-
pute the exact eigenvalues of A and compare them
with the diagonal elements of A;. To how many
decimal places do they agree?

. Let

. Let

. Let
5 2 2
A= | =2 1 -2
-3 -4 2
(a) Verify that A; = 4 is an eigenvalue of A and
y; = (2,-2,1)7 is an eigenvector belonging
toAq.

(b) Find a Householder transformation H such that
HAH is of the form

(¢) Compute HAH and find the remaining eigen-
values of A.

. Let A be an n x n matrix with distinct real eigen-

values Ay, Ao, ..., A,. Let A be a scalar that is not
an eigenvalue of A and let B = (A — AI)~!. Show
that

(a) the scalars u; = 1/(Aj —A),j =1,...,nare
the eigenvalues of B.

(b) ifx;is an eigenvector of B belonging to 1, then
X; is an eigenvector of A belonging to A;.

(¢) if the power method is applied to B, then the
sequence of vectors will converge to an eigen-
vector of A belonging to the eigenvalue that is
closest to 1. [The convergence will be rapid if A
is much closer to one A; than to any of the oth-
ers. This method of computing eigenvectors by
using powers of (A —AI)~! is called the inverse
power method.]

. Let x = (x1,...,x,)T be an eigenvector of A

belonging to A. Show that if |x;| = ||X||~, then

(a) Za,‘ij = Axi

j=1

(b) |A—ail < Z |a;|  (Gerschgorin’s theorem)

J=1
J#

. Let A be an eigenvalue of an n x n matrix A. Show

that for some index j,

(column version of
Gerschgorin’s
(theorem)

n
[A —ay| < Z ||
i1

i#j

. Let A be a matrix with eigenvalues Ay, ..., A, and

let A be an eigenvalue of A + E. Let X be a matrix
that diagonalizes A and let C = X~'EX. Prove:

(a) For some i,

A= al <Y Iyl
Jj=1
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[Hint: X is an eigenvalue of X~ (A + E)X. Ap- where Uy is an upper triangular matrix with 1’s on
ply Gerschgorin’s theorem from Exercise 7.] the diagonal and Dj, is a diagonal matrix. Let R;;
(b) min A — ;] < condoo(X)[IElloo be an upper triangular matrix of the form
<jsn
10. Let Ay = QRy, k = 1,2,... be the sequence of [ R; by ]
matrices derived from A = A; by applying the QR 0 A
algorithm. For each positive integer k, define where f is not an eigenvalue of Ry. Determine

k+1) x (k+1) matrices Uy, and Dy of the form
Pi=00,---0 and Ui=R - RR (et Dx et 1) e+t and Dyt

Uk Xk Dk 0
Show that Uit = o 1| Dy = o7 8
PkAk+1 = APk such that
forall k > 1. Rii1Ups1 = Upp1Diyq
11. Let P, and U, be defined as in Exercise 10. Show . )
that 13. Let R be an n x n upper triangular matrix whose

diagonal entries are all distinct. Let R, denote the

(@) Prp1Uppr = PrA Uy = APU leading principal submatrix of R of order k and set

(b) P.U; = A*, and hence U, =(1).

(a) Use the result from Exercise 12 to derive an
R.---R-R
(@10: - QIR 2R1) algorithm for finding the eigenvectors of R.
is the QR factorization of A*. The matrix U of eigenvectors should be upper
12. Let R, be a k x k upper triangular matrix and triangular with 1’s on the diagonal.
suppose that (b) Show that the algorithm requires approx-
imately % floating-point multiplications/
R.U, = UDy divisions.

Least Squares Problems

In this section, we study computational methods for finding least squares solutions of
overdetermined systems. Let A be an m x n matrix with m > n and let b € R”. We
consider some methods for computing a vector X that minimizes ||b — Ax||%.

Normal Equations

We saw in Chapter 5 that if X satisfies the normal equations
A'Ax = A"b

then X is a solution to the least squares problem. If A is of full rank (rank n), then
ATA is nonsingular and hence the system will have a unique solution. Thus, if A7A
is invertible, one possible method for solving the least squares problem is to form the
normal equations and then solve them by Gaussian elimination. An algorithm for doing
this would have two main parts.

1. Compute B = A’A and ¢ = ATb.
2. Solve Bx = c.

Note that forming the normal equations requires roughly mn?/2 multiplications.
Since A’A is nonsingular, the matrix B is positive definite. For positive definite
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matrices, there are reduction algorithms that require only half the usual number of
multiplications. Thus, the solution of Bx = ¢ requires roughly n*/6 multiplications.
Most of the work then occurs in forming the normal equations, rather than solving
them. However, the main difficulty with this method is that, in forming the normal
equations, we may well end up transforming the problem into an ill-conditioned one.
Recall from Section 7.4 that if x’ is the computed solution of Bx = ¢ and x is the exact
solution, then the inequality
Lol lIx =Xl Il
———— < ——— < cond(B) —
cond(B) | c|l I llell
shows how the relative error compares to the relative residual. If A has singular values
oy > o0y > -+ > 0, > 0, then condy(A) = o,/0,. The singular values of B are

012, 022, ... ,an. Thus,
2
o
condy(B) = —5 = [cond,(A)?
Gn

If, for example, condy(A) = 10%, the relative error in the computed solution of the
normal equations could be 10® times as large as the relative residual. By forming the
normal equations one could possibly end up doubling the number of digits of accur-
acy that are lost in computing a least squares solution to the system. For this reason
we should be very careful about using the normal equations to compute least squares
solutions.

Modified Gram—Schmidt Method for Solving Least Squares
Problems

If A is an m x n matrix (m > n) with rank n, we can use the Gram—Schmidt process to
obtain a factorization, A = QR, where Q is an m x n matrix with orthonormal columns
and R is an n x n upper triangular whose diagonal entries are all positive. In theory one
could then find a least squares solution to a system Ax = b in two steps:

(i) Sete = Qb.
(ii) Use back substitution to solve the upper triangular system Rx = ¢ for x.

Unfortunately if the classical Gram—Schmidt method is used, then because of
cancellation of significant digits, the computed column vectors of Q may fail to be
orthogonal and as a result the computed solution x in step (ii) may not be very ac-
curate. Indeed, if the classical Gram—Schmidt process is used, it is possible to have
catastrophic cancellation and to end up with a computed solution x that doesn’t have
any digits of accuracy.

Alternatively, one can use the modified Gram—Schmidt algorithm to compute the
QR factorization of A. There will still be some loss of orthogonality in the computed
column vectors of Q; however, the loss will generally be much less in this case. Even
though there is some loss of orthogonality, it has been shown that if one uses the
modified Gram—Schmidt QR factorization and computes the vector ¢ in step (i) by suc-
cessively modifying the vector b, then the algorithm will be numerically stable. Thus
rather than computing ¢, = qka, we set ¢, = q,{bk, where by, is a modified version of
b. We will not prove numerical stability as the analysis turns out to be quite involved.
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The modified Gram—Schmidt method for computing the least squares solution to an
overdetermined system Ax = b is summarized in the following algorithm.

Algorithm 7.7.1 Modified Gram—Schmidt Process for Least Squares
Given A is a m x n matrix with rank n and b is a vector in R"™.

Use Algorithm 5.6.1 to compute the factors Q and R of the modified Gram—Schmidt

OR factorization of A.
Setb; =b
Fork=1,2,...,nset

cr = qp by
by = bp — ciqy
End for loop

Use back substitution to solve Rx = ¢ for x.

The Householder QR Factorization

For the Gram—Schmidt solution of least squares problems we make use of a QR fac-
torization A = QR where Q is an m X n matrix with orthonormal columns and R is
an n x n upper triangular matrix. Another common method for solving least squares
problems uses a different type of QR factorization. The factorization is obtained by
applying a sequence of Householder transformations to A. In this case, Q will be an
m x m orthogonal matrix and R will be an m x n matrix whose subdiagonal entries are
all 0.

Given an m x n matrix A of full rank, we can apply n Householder transformations
to zero out all the entries below the diagonal. Thus,

H,H, |- -HA=R

where R is of the form

X X X X

X X X

R1 X e X
[0]= S
X

with nonzero diagonal entries. Let
of
o'=H, --H = [
n Qg

where Q7 is an n x m matrix consisting of the first n rows of Q. Since QTA = R it
follows that

a=or= o[y ]=am
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Let
o[-
05b 2
The normal equations can be written in the form
RIQTQiRix =R]Q/b
Since QITQI = [ and RlT is nonsingular, this equation simplifies to
Rix =¢

This system can be solved by back substitution. The solution x = Rl_lc 1 will be the
unique solution to the least squares problem. To compute the residual, note that

e 5)-(5)- 2]
so that

0
r=0 o] wmd rk=lel

In summation, if A is an m x n matrix with full rank, the least squares problem can
be solved as follows:

1. Use Householder transformations to compute
R:Hn-~-H2H1A and C:Hn-~-H2H1b

where R is an m X n upper triangular matrix.
2. Partition R and ¢ into block form:

I o
=[] (2]
where R; and ¢; each have n rows.
3. Use back substitution to solve R;Xx = ¢;.

The Pseudoinverse

Now consider the case where the matrix A has rank r < n. The singular value decom-
position provides the key to solving the least squares problem in this case. It can be
used to construct a generalized inverse of A. In the case where A is a nonsingular n x n
matrix with singular value decomposition UX V7, the inverse is given by

Al =vy T
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More generally, if A = UX V7 is an m x n matrix of rank r, then the matrix ¥ will be
an m x n matrix of the form

o1
(o}
(= ]0) . 0]
x= [%ﬁ] = g
or
0] \0
and we can define
AT =vzty? (1
where 71 is the n x m matrix
1
o
I D> el 0
x _[ o o]~ 1
o
0] 0]

Equation (1) gives a natural generalization of the inverse of a matrix. The matrix A™
defined by (1) is called the pseudoinverse of A.

It is also possible to define A™ by its algebraic properties, given in the following
four conditions.

The Penrose Conditions

1. AXA=A

2. XAX = X

3. (AX)T = AX
4. XA = XA

We claim that if A is an m x n matrix, then there is a unique n x m matrix X that satisfies
these conditions. Indeed, if we choose X = At = VETUT, then it is easily verified
that X satisfies all four conditions. We leave this as an exercise for the reader. To show
uniqueness, suppose that Y also satisfies the Penrose conditions. Then, by successively
applying these conditions, we can argue as follows:

X = XAX 2) Y = YAY (2)
=ATXTX 4) = YYAT 3)
= (AYA)'XTX (1) = YYT(AxA)" (1)
= ATY")ATXT)X = Y(YTAT)(XTAT)
= YAXAX 4) = AAX 3)

= WX (1) = AX (1)
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Theorem 7.7.1

Proof

Therefore, X = Y. Thus, A™ is the unique matrix satisfying the four Penrose conditions.
These conditions are often used to define the pseudoinverse, and A% is often referred
to as the Moore—Penrose pseudoinverse.

To see how the pseudoinverse can be used in solving least squares problems, let us
first consider the case where A is an m x n matrix of rank n. Then X is of the form

_ [ =
>~ %]

where ¥ is a nonsingular n x n diagonal matrix. The matrix A’A is nonsingular and

A =y tvt
The solution of the normal equations is given by

x = (ATA)"'ATb

=VETS)"WVIVvETU™

=VE'y)'sTuT

=VEtuT

=A"b

Thus, if A has full rank, A*b is the solution to the least squares problem. Now, what
about the case where A has rank r < n? In this case there are infinitely many solutions
to the least squares problem. The next theorem shows that not only is ATb a solution,
but it is also the minimal solution with respect to the 2-norm.

If A is an m x n matrix of rank r < n with singular value decomposition ULV, then
the vector

x=Atb=VvZtUu'p

minimizes ||b —AX||%. Moreover, if Z is any other vector that minimizes ||b —AX||%, then
Izll2 > [1x]l2.

Let x be a vector in R” and define
and y:VTX=[Y1]
Yo

where ¢; and y, are vectors in R”. Since U7 is orthogonal, it follows that

b — Ax|l3 = |IU"b — Z(VX)II3

] I 1]
2

_ C _ 21
- C (0]
_ ] &~ 2y

C )

2 2
ller = Xy 3 + llezll;

2
2
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Since ¢, is independent of x, it follows that ||b — Ax||*> will be minimal if and only if

ler — 2y, 1l =0

Thus, x is a solution to the least squares problem if and only if x = Vy, where y is a

vector of the form

%)
\)

X—V Zl_lcl

0
21_1 0] C
0] 0] C
=V=+tUTb
=A"b

In particular,

=V

is a solution. If z is any other solution, z must be of the form
E_lcl ]
z=Vy=V 1
y [ Y2
where y, # 0. It then follows that

2 2 -1 2 2 -1 2 2
IzlI" = [lylI” = 1%, edll” 4+ [ly2 1" > 135 el =[xl

If the singular value decomposition UXV? of A is known, it is a simple mat-

ter to compute the solution to the least squares problem. If U = (uy,..

V = (vq,...,V,), then, defining y = X+ U”b, we have
1

yi=—ulb i=1,...,r (r = rank of A)
lofi
yvi=0 i=r+1,...,n
and hence
viyr + vy + - vy
va1y1 + vaaya + - Vo)
ATb = Vy = .

anyl + Vn2y2 + et + Vnryr
=yivi +y2va + -+ YV,

Thus, the solution x = A*b can be computed in two steps:

1. Sety; = (1/opulbfori=1,...,r.
2. Letx =y;vi+---+ y,V,.

.,u,) and
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We conclude this section by outlining a method for computing the singular values
of a matrix. We saw in the last section that the eigenvalues of a symmetric matrix are
relatively insensitive to perturbations in the matrix. The same is true for the singular
values of an m x n matrix. If two matrices A and B are close, their singular values must
also be close. More precisely, if A has the singular values oy > 0, > --- > 0, and B
has the singular values w; > w, > --- > w,, then

loi —wil < |A—Bl» i=1,...,n

(see Datta [21]). Thus, in computing the singular values of a matrix A, we need not
worry that small changes in the entries of A will cause drastic changes in the computed
singular values.

The problem of computing singular values can be simplified using orthogonal
transformations. If A has singular value decomposition UX VT and B = HAP, where
H is an m x m orthogonal matrix and P is an n x n orthogonal matrix, then B has
singular value decomposition (HU)Z(PV)”. The matrices A and B will have the same
singular values, and if B has a much simpler structure than A, it should be easier to
compute its singular values. Indeed, Gene H. Golub and William Kahan have shown
that A can be reduced to upper bidiagonal form and the reduction can be carried out
using Householder transformations.

Bidiagonalization

Let H; be a Householder transformation that zeros out all the elements below the di-
agonal in the first column of A. Let P; be a Householder transformation such that
postmultiplication of H|A by P; zeros out the last n — 2 entries of the first row of H|A
while leaving the first column unchanged; that is,

x x 0 --- 0

0 x x -+ X
H\AP, =

0 x x -+ X

The next step is to apply a Householder transformation H, that zeros out the elements
below the diagonal in the second column of HAP; while leaving the first row and
column unchanged:

x x 0 0

0 x x X

0 0 x X
H,H AP, =

0 0 x --- X

H>H AP is then postmultiplied by a Householder transformation P, that zeros out the
last n — 3 elements in the second row while leaving the first two columns and the first
row unchanged:
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x x 0 0 0

0 x x 0 0

0 0 x x X
HH AP P> =

0 0 x x -+ x

We continue in this manner until we obtain a matrix
B=H, - -HAP,---P,_»

of the form

Since H = H, ---H; and PT = P, ---P,_, are orthogonal, it follows that B has the
same singular values as A.

The problem has now been simplified to that of finding the singular values of an
upper bidiagonal matrix B. We could at this point form the symmetric tridiagonal mat-
rix B'B and then compute its eigenvalues using the QR algorithm. The problem with
this approach is that, in forming B’B, we would still be squaring the condition number,
and consequently our computed solution would be much less reliable. The method we
outline produces a sequence of bidiagonal matrices By, By, . .. that converges to a di-
agonal matrix X. The method involves applying a sequence of Givens transformations
to B alternately on the right- and left-hand sides.

The Golub—Reinsch Algorithm

Let
Iy 0] 0]
R, = O GO 0]
0 o0 )
and
Iy 0] 0]
L= O Glg) O

0 0 I

The 2 x 2 matrices G(6) and G(gy) are given by

[ cos b sin 6, [ cos ey sin ¢y,
G0 = [ sinf, — cos0O ] and Glow) = [ singy  — cos ¢
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for some angles 6; and ¢;. The matrix B = Bj is first multiplied on the right by R;.
This will have the effect of filling in the (2, 1) position.

BiR| =

X X

Next, L; is chosen so as to zero out the element filled in by R;. It will also have the
effect of filling in the (1, 3) position. Thus

X X X
X X

LiB\R, =

R; is chosen so as to zero out the (1, 3) entry. It will fill in the (3,2) entry of L;BR;.
Next, L, zeros out the (3,2) entry and fills in the (2, 4) entry, and so on.

X X X X
X X X X X
X X X X X
9
X x
x x
LiB1RR, L,LiB1R R,

We continue this process until we end up with a new bidiagonal matrix,
By =L, 1---LiBiR;--- R,

Why should we be any better off with B, than B;? It can be shown that if the first
transformation R; is chosen correctly, BB, will be the matrix obtained from BB,
by applying one iteration of the QR algorithm with shift. The same process can now
be applied to B, to obtain a new bidiagonal matrix Bz such that B3TB3 would be the
matrix obtained by applying two iterations of the QR algorithm with shifts to BIB;.
Even though the B/B;’s are never computed, we know that, with the proper choice of
shifts, these matrices will converge rapidly to a diagonal matrix. The B;’s then must
also converge to a diagonal matrix X. Since each of the B;’s has the same singular
values as B, the diagonal elements of ¥ will be the singular values of B. The matrices
U and V7 can be determined by keeping track of all the orthogonal transformations.

Only a brief sketch of the algorithm has been given. To include more would be
beyond the scope of this book. For complete details of the algorithm see the paper by
Golub and Reinsch in [37], p. 135.



SECTION 7.7 EXERCISES

1. Find the solution x to the least squares problem,
given that A = QR in each of the following:

(@ 0=

b) 0=

() 0=

@ Q=

1 1
V2 V2
1 1,
V22
0 0
11
01]’ b=
1 0 0
1 1
0 — ——
V22
0 1 1
V22
0 0 0
1 10
01 1], b=
0 0 1
1 0 0
1 1
0 — ——
V22
0 1 1
V22
11
0o 1|, b=
00
1 1
S 0
2 2
1 0 1
2 V2
1 0 1
2 V2
1 1 0
2 2
1 1 0
0 1 1
oo 1| P=
0 0 0

—
P

= W =
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2. Let

d,
d

(4]

b

b,
b= .

b2n

Use the normal equations to find the solution x to
the least squares problem.

€

€n

and

. Let
3 g
A=11 3]. b=1| 3
1 0 2
(a) Use Householder transformations to reduce A
to the form

X X

Rl _ |0 x

ol 10 0

0 0
and apply the same transformations to b.

(b) Use the results from part (a) to find the least
squares solution of Ax = b.

1 5 1

1 3 —1

A= 1 11 and b= ‘ 3 l
1 5 5

(a) Use Algorithm 5.6.1 to compute the factors

Q and R of the modified Gram—Schmidt QR
factorization of A.

(b) Use Algorithm 7.7.1 to compute the least
squares solution to the linear system Ax = b.

1 1
p 0
0 »p

. Given

. Let

A=

where p is a small scalar.
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10.

11.

12.

(a) Determine the singular values of A exactly.

(b) Suppose that p is small enough so that

p? is less than the machine epsilon. De-
termine the eigenvalues of the calculated
ATA and compare the square roots of
these eigenvalues with your answers in

part (a).

. Show that the pseudoinverse A* satisfies the four

Penrose conditions.

. Let B be any matrix that satisfies Penrose con-

ditions 1 and 3, and let x = Bb. Show
that x is a solution to the normal equations
ATAx = ATb.

. If x € R™, we can think of x as an m x 1 mat-

rix. If x # 0 we can then define a 1 x m matrix
X by

L

= ——=X
2
lIxIl2

Show that X and x satisfy the four Penrose condi-
tions and, consequently, that
1
xt=X=_—x'
lIx115

. Show that if A is a m x n matrix of rank n, then

At = (ATA)7IAT,
Let A be an m x n matrix and let b € R”. Show that
b € R(A) if and only if
b =AA"Db

Let A be an m x n matrix with singular value
decomposition UX V7, and suppose that A has
rank r, where r < n. Let b € R”. Show that
a vector x € R”" minimizes ||b — Ax||, if and
only if

x=A"%b +Crp1 Vg1 + o0+ CuVy

., c, are scalars.

1 1
A=1]1 1
0 0

Determine A" and verify that A and A" satisfy
the four Penrose conditions (see Example 1 of
Section 6.5).

where ¢,y 1, ..
Let

13.

14.

15.

16.

Let

[ 2] e[ )

(a) Compute the singular value decomposition of
A and use it to determine A™.

(b) Use A" to find a least squares solution to the
system Ax = b.

(¢) Find all solutions to the least squares problem
Ax =b.

Show each of the following:

(a) AH)*=A4A (b) (AA*)* = AA*
(c) (ATAP? =A*A

LetA; = U, VT and A, = UX, V7T, where

(o]

Or—1

P

and

(o]

Or—1

22 = O,

and o, = p > 0. What are the values of ||[A| — A, ||r
and ||A| — AJ||-? What happens to these values as
we let p — 07

Let A = XY7, where X is an m x r matrix, Y7
is an 7 x n matrix, and X”X and Y'Y are both
nonsingular. Show that the matrix

B=YXT'y)y'xTx)'xT

satisfies the Penrose conditions and hence must
equal A*. Thus A" can be determined from any
factorization of this form.
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Chapter Seven Exercises

MATLAB EXERCISES
Sensitivity of Linear Systems

In these exercises, we are concerned with the numerical
solution of linear systems of equations. The entries of
the coefficient matrix A and the right-hand side b may
often contain small errors due to limitations in the ac-
curacy of the data. Even if there are no errors in either A
or b, rounding errors will occur when their entries are
translated into the finite-precision number system of the
computer. Thus, we generally expect that the coefficient
matrix and the right-hand side will involve small errors.
The system that the computer solves is then a slightly
perturbed version of the original system. If the original
system is very sensitive, its solution could differ greatly
from the solution of the perturbed system.

Generally, a problem is well conditioned if the per-
turbations in the solutions are on the same order as the
perturbations in the data. A problem is ill conditioned if
the changes in the solutions are much greater than the
changes in the data. How well or ill conditioned a prob-
lem is depends on how the size of the perturbations in
the solution compares with the size of the perturbations
in the data. For linear systems, this, in turn, depends on
how close the coefficient matrix is to a matrix of lower
rank. The conditioning of a system can be measured us-
ing the condition number of the matrix, which can be
computed with the MATLAB function cond. MATLAB
computations are carried out to 16 significant digits of
accuracy. You will lose digits of accuracy depending on
how sensitive the system is. If the condition number is
expressed using exponential notation, then the greater
the exponent, the more digits of accuracy you may lose.

1. Set
A = round(10 x rand(6))
S ones(6,1)
b = Axs

The solution of the linear system Ax = b is clearly
s. Solve the system using the MATLAB \ operation.
Compute the error X — s. (Since s consists entirely
of 1’s, this is the same as x — 1.) Now perturb the
system slightly. Set

t = 1.0e—12,
E = rand(6) — 0.5,
r = rand(6,1) — 0.5

and set

M=A+1txE, c=b+tx*xr

Solve the perturbed system Mz = ¢ for z. Compare
the solution z to the solution of the original system
by computing z — 1. How does the size of the per-
turbation in the solution compare with the size of
the perturbations in A and b? Repeat the perturba-
tion analysis with # = 1.0e—04 and t = 1.0e—02. Is
the system Ax = b well conditioned? Explain. Use
MATLAB to compute the condition number of A.

2. If a vector y € R” is used to construct an n x n
Vandermonde matrix V, then V will be nonsingular,
provided that y, y,, ..., y, are all distinct.

(a) Construct a Vandermonde system by setting
y = rand(6,1) and V = vander(y)
Generate vectors b and s in R® by setting
b = sum(V’) and s = ones(6, 1)

If V and b had been computed in exact arith-
metic, then the exact solution of Vx = b
would be s. Why? Explain. Solve Vx = b
using the \ operation. Compare the computed
solution x with the exact solution s using the
MATLAB format long. How many signi-
ficant digits were lost? Determine the condition
number of V.

(b) The Vandermonde matrices become increas-
ingly ill conditioned as the dimension n in-
creases. Even for small values of n we can make
the matrix ill conditioned by taking two of the
points close together. Set

x(2) = x(1) + 1.0e—12

and use the new value of x(2) to recompute V.
For the new matrix V, set b = sum(V’)" and

solve the system Vz = b. How many digits
of accuracy were lost? Compute the condition
number of V.

3. Construct a matrix C as follows: Set
A = round(100 x rand(4))
L tril(A,—1) + eye(d)
C =LxL
(a) The matrix C is a nice matrix in that it is a
symmetric matrix with integer entries and its de-
terminant is equal to 1. Use MATLAB to verify
these claims. Why do we know ahead of time

that the determinant will equal 1? In theory,
the entries of the exact inverse should all be
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integers. Why? Explain. Does this happen com-
putationally? Compute D = inv(C) and check
its entries using format long. Compute C *
D and compare it with eye(4).

(b) Set
r = ones(4,1) and b = sum(C')

In exact arithmetic the solution to the system
Cx = b should be r. Compute the solu-
tion by using \ and display the answer in
format long. How many digits of accuracy
were lost? We can perturb the system slightly by
taking e to be a small scalar, such as 1.0e—12,
and then replacing the right-hand side of the
system by

bl=b+ex[l,—1,1,—1]

Solve the perturbed system first for the case
e = 1.0e—12 and then for the case e = 10e—06.
In each case, compare your solution x with the
original solution by displaying x — 1. Compute
cond(C). Is C ill conditioned? Explain.

4. The n x n Hilbert matrix H is defined by

Wi j)=1/G+j—1)  ij=12....n

It can be generated with the MATLAB function
hilb. The Hilbert matrix is notoriously ill con-
ditioned. It is often used in examples to illustrate
the dangers of matrix computations. The MATLAB
function invhilb gives the exact inverse of the
Hilbert matrix. For the cases n = 6,8, 10, 12, con-
struct H and b so that Hx = b is a Hilbert
system whose solution in exact arithmetic should be
ones(n, 1). In each case, determine the solution x of
the system by using invhilb and examine x with
format long. How many digits of accuracy were
lost in each case? Compute the condition number of
each Hilbert matrix. How does the condition number
change as n increases?

Sensitivity of Eigenvalues

If A is an n x n matrix and X is a matrix that diag-
onalizes A, then the sensitivity of the eigenvalues of A
depends on the condition number of X. If A is defective,
the condition number for the eigenvalue problem will
be infinite. For more on the sensitivity of eigenvalues,
see Wilkinson [36], Chapter 2.

5. Use MATLAB to compute the eigenvalues and ei-
genvectors of a random 6 x 6 matrix B. Compute the
condition number of the matrix of eigenvectors. Is

the eigenvalue problem well conditioned? Perturb B
slightly by setting

Bl =B+ 1.0e — 04 x rand(6)

Compute the eigenvalues and compare them with the
eigenvalues of B.

. Set

A

round(10 * rand(5));A = A + A’

[X,D] = eig(A)

Compute cond(X) and X”X. What type of matrix
is X7 Is the eigenvalue problem well conditioned?
Explain. Perturb A by setting

Al = A+ 1.0e—06 * rand(5)

Calculate the eigenvalues of A1 and compare them
with the eigenvalues of A.

. Set A = magic(4) and r = trace(A). The scalar

¢ should be an eigenvalue of A and the remaining ei-
genvalues should add up to zero. Why? Explain. Use
MATLAB to verify that A — ¢/ is singular. Compute
the eigenvalues of A and a matrix X of eigenvectors.
Determine the condition numbers of A and X. Is
the eigenvalue problem well conditioned? Explain.
Perturb A by setting

Al = A+ 1.0e—04 * rand(4)

How do the eigenvalues of A1 compare to those
of A?

. Set

A =diag(10:—1:1)+ 10 xdiag(ones(1,9),1)
[X,D] = eig(A)

Compute the condition number of X. Is the eigen-
value problem well conditioned? Ill conditioned?
Explain. Perturb A by setting

Al=4;  A1(10,1)=0.1

Compute the eigenvalues of A1 and compare them to
the eigenvalues of A.

. Construct a matrix A as follows:

A =diag(ll:—-1:1,—1);

forj=0:11
A=A+diag(12 —j:—1:1,j);
end

(a) Compute the eigenvalues of A and the value
of the determinant of A. Use the MATLAB
function prod to compute the product of the
eigenvalues. How does the value of the product
compare with the determinant?



(b)

(V]

Compute the eigenvectors of A and the con-
dition number for the eigenvalue problem. Is
the problem well-conditioned? Ill-conditioned?
Explain.
Set

Al = A+ 1.0e—04 x rand(size(A))
Compute the eigenvalues of A1. Compare them
to the eigenvalues of A by computing

sort(eig(Al)) — sort(eig(A))

and displaying the result in format long.

Householder Transformations

A Householder matrix is an n x n orthogonal matrix of
the form / — %VVT. For any given nonzero vector x € R”,

it is po

ssible to choose b and v so that Hx will be a

multiple of e;.

10. (a)

(b)

In MATLAB the simplest way to compute a
Householder matrix that zeroes out entries of a
given vector X, is to compute the QR factoriza-
tion of x. Thus, if we are given a vector x € R”,
then the MATLAB command

[H,R] = qr(x)
will compute the desired Householder matrix
H. Compute a Householder matrix H that zer-

oes out the last three entries of e = ones(4, 1).
Set

C = [e,rand(4,3)]

Compute H x e and H * C.

We can also compute the vector v and the
scalar b that determine the Householder trans-
formation that zeroes out entries of a given
vector. To do this for a given vector x, we
would set

a = (x(1) <=0) — (x(1) > 0)) * norm(x);
A4 X; v(l)=v(l) —a
b ax(a—x(1))

Construct v and b in this way for the vector e
from part (a). If K = I — ZI;VVT, then

Ke=e vie
=e—|— vV
b

Compute both of these quantities with MAT-
LAB and verify that they are equal. How does
Ke compare to He from part (a)? Compute also
K % C and C — v * ((v' % C)/b) and verify that
the two are equal.
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11. Set
x1=(1:5); x2=1[1,3,4,5,9]; x=[xI;x2]
Construct a Householder matrix of the form
I O
i=[o ¢
where K is a 5 x 5 Householder matrix that zeroes

out the last four entries of x2. Compute the product
Hx.

Rotations and Reflections

12. To plot y = sin(x), we must define vectors of x and
y values and then use the plot command. This can
be done as follows:

x=0:0.1:6.3; y=sin(x);
plot(x,y)
(a) Let us define a rotation matrix and use it to
rotate the graph of y = sin(x). Set

t =pi/4; ¢ =cos(t); s=sin(t);

R =c,—s;5,c]

To find the rotated coordinates, set
Z=Rx[x;yl; x1 =Z(1,2); yl =Z(2,2);
The vectors x1 and y1 contain the coordinates
for the rotated curve. Set

w =1[0,5]; axis square

and plot x1 and y1, using the MATLAB com-
mand

plot(xl,yl,w,w)

By what angles has the graph been rotated and
in what direction?

(b) Keep all your variables from part (a) and set
G =lc,s;5,—c]
The matrix G represents a Givens reflection. To
determine the reflected coordinates, set
Z=Gx[x;yl;
x2 =Z7(1,:); y2=12(2,);
Plot the reflected curve, using the MATLAB
command
plot(x2,y2, w,w)

The curve y = sin(x) has been reflected about a
line through the origin making an angle of 7 /8
with the x-axis. To see this, set

wl = [O, 6.3 % cos(z/2)];
z1 = [0,6.3 *sin(t/2)];
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(c)

and plot the new axis and both curves with the
MATLAB command

plot(x,y,x2,y2,wl,zl)

Use the rotation matrix R from part (a) to ro-
tate the curve y = — sin(x). Plot the rotated
curve. How does the graph compare to that of
the curve from part (b)? Explain.

Singular Value Decomposition

13. Let

14.

SO B~ B
LW W W
()N 0N NS 2 \S]

Enter the matrix A in MATLAB and compute its
singular values by setting s = svd(A).

(a)

(b)

(c)

Set

How can the entries of s be used to determ-
ine the values ||A||, and ||A||z? Compute these
norms by setting
p =norm(A) and ¢ =norm(A, ‘fro’)
and compare your results with s(1) and
norm(s).
To obtain the full singular value decomposition
of A, set
[U, D, V] =svd(A)

Compute the closest matrix of rank 1 to A by
setting

B=s()x UG, 1)* V(, 1)
How are the row vectors of B related to the two
distinct row vectors of A?

The matrices A and B should have the same
2-norm. Why? Explain. Use MATLAB to com-
pute ||B]l, and ||BJ|r. In general, for a rank
1 matrix the 2-norm and the Frobenius norm
should be equal. Why? Explain.

A = round(10 * rand(10,5)) and s = svd(A)

(a)

(b)

Use MATLAB to compute ||All», ||A|lr, and
cond,(A) and compare your results with s(1),
norm(s), s(1)/s(5), respectively.
Set
[U, D, V] =svdA);
D(5,5) = 0;
B=UxDxV

(c)

15. Set

(a)

(b)

(c)

The matrix B should be the closest matrix
of rank 4 to A (where distance is measured
in terms of the Frobenius norm). Compute
||All> and || B||,. How do these values compare?
Compute and compare the Frobenius norms
of the two matrices. Compute also ||A — B||r
and compare the result with s(5). Set r =
norm(s(1 : 4)) and compare the result to || B|| .
Use MATLAB to construct a matrix C that is
the closest matrix of rank 3 to A with respect to
the Frobenius norm. Compute ||C||, and ||C||f.
How do these values compare with the com-
puted values for ||Al|, and ||A||r, respectively?
Set

p = norm(s(1 : 3))
and
q = norm(s(4 : 5))

Compute ||C||r and ||[A — C||r and compare
your results with p and ¢, respectively.

A = rand(8,4) « rand(4, 6),
[U,D, V] =svd(A)

What is the rank of A? Use the column vec-
tors of V to generate two matrices V1 and
V2 whose columns form orthonormal bases for
R(AT) and N(A), respectively. Set

P=V2 x V2,

r =P x rand(6, 1),

w=A" % rand(8, 1)

If r and w had been computed in exact arith-
metic, they would be orthogonal. Why? Ex-
plain. Use MATLAB to compute r’w.

Use the column vectors of U to generate two
matrices Ul and U2 whose column vectors
form orthonormal bases for R(A) and N(AT),
respectively. Set

Q0=U2%xU2,

y = Q0 xrand(8, 1),

z =A xrand(6, 1)

Explain why y and z would be orthogonal if
all computations were done in exact arithmetic.
Use MATLAB to compute y’z.

Set X = pinv(A). Use MATLAB to verify the
four Penrose conditions:



(i) AXA=A (i) XAX =X
(i) AX)" =AX (iv) XA =XA
(d) Compute and compare AX and U1(U1)”. Had
all computations been done in exact arith-
metic, the two matrices would be equal. Why?
Explain.

Gerschgorin Circles

16. With each A € R we can associate n closed cir-

cular disks in the complex plane. The ith disk is
centered at a;; and has radius

n
=y lal
J=l

J#
Each eigenvalue of A is contained in at least one of
the disks (see Exercise 7 of Section 7.6).

(a) Set
A = round(10 * rand(5))

Compute the radii of the Gerschgorin disks of
A and store them in a vector r. To plot the
disks, we must parameterize the circles. This
can be done by setting

t=1[0:0.1:6.3];
We can then generate two matrices X and Y
whose columns contain the x and y coordinates
of the circles. First we initialize X and Y to zero
by setting
X = zeros(length(?),5); Y=X;
The matrices can then be generated with the
following commands:
fori=1:5
X(:,0) = r(i) * cos(t) + real(A(, ));
Y(:, i) = r(i) x sin(¢) + imag(A(i, ));
end
Set e = eig(A) and plot the eigenvalues
and the disks with the command
plot(X,Y,real(e), imag(e), ‘x’)
If everything is done correctly, all the eigen-
values of A should lie within the union of the
circular disks.

(b) If k of the Gerschgorin disks form a connected
domain in the complex plane that is isolated
from the other disks, then exactly k of the ei-
genvalues of the matrix will lie in that domain.
Set

B=[3 01 2 01 7 2, 2 2 50
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(i) Use the method described in part (a) to
compute and plot the Gerschgorin disks
of B.

(ii) Since B is symmetric, its eigenvalues are
all real and so must all lie on the real
axis. Without computing the eigenvalues,
explain why B must have exactly one ei-
genvalue in the interval [46, 54]. Multiply
the first two rows of B by 0.1 and then
multiply the first two columns by 10. We
can do this in MATLAB by setting

D = diag([0.1,0.1,1])

and
C=D=xB/D

The new matrix C should have the same
eigenvalues as B. Why? Explain. Use
C to find intervals containing the other
two eigenvalues. Compute and plot the
Gerschgorin disks for C.

(iii) How are the eigenvalues of CT related to
the eigenvalues of B and C? Compute and
plot the Gerschgorin disks for CT. Use
one of the rows of CT to find an interval
containing the largest eigenvalue of C”.

Distribution of Condition Numbers and
Eigenvalues of Random Matrices

17. We can generate a random symmetric 10 x 10

matrix by setting
A =rand(10); A=A +A)/2

Since A is symmetric, its eigenvalues are all real.
The number of positive eigenvalues can be calcu-
lated by setting

y = sum(eig(A) > 0)

(a) Forj=1,2,...,100, generate a random sym-
metric 10 x 10 matrix and determine the num-
ber of positive eigenvalues. Denote the number
of positive eigenvalues of the jth matrix by y(j).
Set x = 0 : 10, and determine the distribution
of the y data by setting n = hist(y,x). De-
termine the mean of the y(j) values, using the
MATLAB command mean(y). Use the MAT-
LAB command hist(y, x) to generate a plot
of the histogram.
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(b) We can generate a random symmetric 10 x 10
matrix whose entries are in the interval [—1, 1]
by setting
A =2 % rand(10) — I; A=(A+A)/2
Repeat part (a), using random matrices gener-
ated in this manner. How does the distribution
of the y data compare to the one obtained in
part (a)?

18. A nonsymmetric matrix A may have complex ei-
genvalues. We can determine the number of eigen-
values of A that are both real and positive with the
MATLAB commands

e=-eig(A)
y=sum(e > 0 & imag(e) ==0)

CHAPTER TEST A True or False

In each of the statements that follow, answer frue
if the statement is always true and false otherwise.
In the case of a true statement, explain or prove
your answer. In the case of a false statement, give
an example to show that the statement is not always
true.

1. If a, b, and c are floating-point numbers, then
flflta + b) + ¢) = fl(a + fl(b + ¢))

2. The computation of A(BC) requires the same num-
ber of floating-point operations as the computation
of (AB)C.

3. If A is a nonsingular matrix and a numerically
stable algorithm is used to compute the solution
of a system Ax = b, then the relative error in the
computed solution will always be small.

4. If A is a symmetric matrix and a numerically stable
algorithm is used to compute the eigenvalues of A,
then the relative error in the computed eigenvalues
should always be small.

CHAPTER TEST B

1. LetA and B be n x n matrices and let X be a vector in
R”". How many scalar additions and multiplications
are required to compute (AB)x and how many are
necessary to compute A(Bx)? Which computation is
more efficient?

19.

10.

Generate 100 random nonsymmetric 10 x 10
matrices. For each matrix, determine the number
of positive real eigenvalues and store that num-
ber as an entry of a vector z. Determine the mean
of the z(j) values, and compare it with the mean
computed in part (a) of Exercise 17. Determine the
distribution and plot the histogram.

(a) Generate 100 random 5 x 5 matrices and com-
pute the condition number of each matrix.
Determine the mean of the condition numbers
and plot the histogram of the distribution.

(b) Repeat part (a), using 10 x 10 matrices.
Compare your results with those obtained in
part (a).

. If A is a nonsymmetric matrix and a numerically

stable algorithm is used to compute the eigenval-
ues of A, then the relative error in the computed
eigenvalues should always be small.

. If both A~" and the LU factorization of an n x n mat-

rix A have already been computed, then it is more
efficient to solve a system Ax = b by multiplying
A~!Db, rather than solving LUx = b by forward and
back substitution.

. If A is a symmetric matrix, then ||A]|; = [|A|lco-
. If A is an m X n matrix, then ||All, = ||A]|F.
. If the coefficient matrix A in a least squares prob-

lem has dimensions m X n and rank n, then
the methods of solution discussed in Section 7.7,
namely, the normal equations, the Gram-Schmidt
and Householder QR factorizations, and the singu-
lar value decomposition, will all compute highly
accurate solutions.

If two m x n matrices A and B are close in the sense
that |[A — B||, < e for some small positive num-
ber e, then their pseudoinverses will also be close;
that is, [|[AT — B*|l, < 8, for some small positive
number &.

2 3 6 3 1
4 4 8 b=]0 c=1]8
1 3 4 4 2



(a) Use Gaussian elimination with partial pivoting
to solve Ax = b.

(b) Write the permutation matrix P that corresponds
to the pivoting strategy in part (a) and determine
the LU factorization of PA.

(¢) Use P, L, and U to solve the system Ax = c.

3. Show that if Q is any 4 x 4 orthogonal matrix then

[Qll = T and || Q]|F = 2.

4, Let

NEIRE
1111
2 3 4 5
= 111 o1
3 4 5 6
o111
4 5 6 7
16 —120 240  —140
—120 1200 —2700 1680
H'=
240 —2700 6480 —4200
—140 1680 —4200 2800

and b = (10, —10,20, 10)7.
(a) Determine the values of ||H|, and |H'||;.

(b) When the system Hx = b is solved using MAT-
LAB and the computed solution x’ is used to
compute a residual vector r = b — HX/, it turns
out that |r|l; = 0.36 x 10~'". Use this in-

9. Let

W W L
[©)Je 0N (S I\

The singular value decomposition of A is given by

= = = =

N— = = =

Nl—= = = =

e
—,

N— = = =

SO~ B

—
[\

S OO
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formation to determine a bound on the relative
error

lIx —x'Il;

11l

where x is the exact solution of the system.

. LetAbea 10 x 10 matrix with conds(A) = 5 x 10°.

Suppose that the solution of a system Ax = b is com-
puted in 15-digit decimal arithmetic and the relative
residual, ||r]|«/||b|loo, turns out to be approximately
twice the machine epsilon. How many digits of ac-
curacy would you expect to have in your computed
solution? Explain.

. Letx = (1,2, -2).

(a) Find a Householder matrix H such that Hx is a
vector of the form (r, 0, 0)”.

(b) Find a Givens transformation G such that Gx is
a vector of the form (1, s,0)”.

. Let Q be an n x n orthogonal matrix and let R be

an n X n upper triangular matrix. If A = QR and
B = RQ, how are the eigenvalues and eigenvectors
of A and B related? Explain.

2=[4 3]

Estimate the largest eigenvalue of A and a corres-
ponding eigenvector by doing five iterations of the
power method. You may start with any nonzero
vector ug.

. Let

and b =

SO OO

_—
—
I

W W= W
(.

W= W WIN

W W W—

Use the singular value decomposition to find the least squares solution of the system Ax = b that has the smallest

2-norm.
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10. Let

—_—
[SSIRV, E N )

(a) Use Householder matrices to transform A into
a4 x 2 upper triangular matrix R.

(b) Apply the same Householder transformations
to b, and then compute the least squares solu-
tion of the system Ax = b.



APPENDIX
MATLAB

MATLAB is an interactive program for matrix computations. The original version
of MATLAB, short for matrix laboratory, was developed by Cleve Moler from the
Linpack and Eispack software libraries. Over the years MATLAB has undergone a
series of expansions and revisions. Today it is the leading software for scientific com-
putations. The MATLAB software is distributed by the MathWorks, Inc. of Natick,
Massachusetts.

In addition to widespread use in industrial and engineering settings, MATLAB
has become a standard instructional tool for undergraduate linear algebra courses. A
Student Edition of MATLAB is available at a price affordable to undergraduates.

Another highly recommended resource for teaching linear algebra with MATLAB
is ATLAST Computer Exercises for Linear Algebra, 2nd ed. (see [12]). This manual
contains MATLAB-based exercises and projects for linear algebra and a collection of
MATLARB utilities (M-files) that help students to visualize linear algebra concepts. The
M-files are available for download from the ATLAST Web page:

www.umassd.edu/SpecialPrograms/ATLAST

B The MATLAB Desktop Display

At start-up, MATLAB will display a desktop with three windows. The window on
the right is the command window, in which MATLAB commands are entered and ex-
ecuted. The window on the top left displays either the Current Directory Browser or
the Workspace Browser, depending on which button has been toggled.

The Workspace Browser allows you to view and make changes to the contents of
the workspace. It is also possible to plot a data set using the Workspace window. Just
highlight the data set to be plotted and then select the type of plot desired. MATLAB
will display the graph in a new figure window. The Current Directory Browser allows
you to view MATLAB and other files and to perform file operations such as opening
and editing or searching for files.

The lower window on the left displays the Command History. It allows you view
a log of all the commands that have been entered in the command window. To repeat a
previous command, just click on the command to highlight it and then double-click to
execute it. You can also recall and edit commands directly from the command window
by using the arrow keys. From the command window, you can use the up arrow to

471


www.umassd.edu/SpecialPrograms/ATLAST

472 Appendix

recall previous commands. The commands can then be edited using the left and right
arrow keys. Press the Enter key of your computer to execute the edited command.

Any of the MATLAB windows can be closed by clicking on the x in the upper-
right corner of the window. To detach a window from the MATLAB desktop, click on
the arrow that is next to the x in the upper right corner of the window.

. Basic Data Elements

The basic elements that MATLAB uses are matrices. Once the matrices have been
entered or generated, the user can quickly perform sophisticated computations with a
minimal amount of programming.

Entering matrices in MATLAB is easy. To enter the matrix

1 2 3 4
5 6 7 8
9 10 11 12
13 14 15 16

type
A=[1 2 3 4, 5 6 7 8 9 10 11 12; 13 14 15 16]
or the matrix could be entered one row at a time:

A= [1 2 3
5 6 7 8
9 10 11 12
13 14 15 16]

Once a matrix has been entered, you can edit it in two ways. From the command
window, you can redefine any entry with a MATLAB command. For example, the
command A(1,3) = 5 will change the third entry in the first row of A to 5. You can
also edit the entries of a matrix from the Workspace Browser. To change the (1, 3)
entry of A with the Workspace Browser, we first locate A in the Name column of the
browser and then click on the array icon to the left of A to open an array display of the
matrix. To change the (1, 3) entry to a 5, click on the corresponding cell of the array
and enter 5.

Row vectors of equally spaced points can be generated using MATLAB’s : opera-
tion. The command x = 2: 6 generates a row vector with integer entries going from 2
to 6.

2 3 456

It is not necessary to use integers or to have a step size of 1. For example, the command
x = 1.2:0.2:2 will produce

X =

1.2000 1.4000 1.6000 1.8000 2.0000
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. Submatrices

To refer to a submatrix of the matrix A entered earlier, use the : to specify the rows and
columns. For example, the submatrix consisting of the entries in the second two rows
of columns 2 through 4 is given by A(2: 3,2 :4). Thus, the statement

C=AQ2:3,2:4)
generates
C =
6 7 8
10 11 12

If the colon is used by itself for one of the arguments, either all the rows or all the
columns of the matrix will be included. For example, A(:, 2 : 3) represents the submat-
rix of A consisting of all the elements in the second and third columns, and A(4, :)
denotes the fourth row vector of A. We can generate a submatrix using nonadjacent
rows or columns by using vector arguments to specify which rows and columns are to
be included. For example, to generate a matrix whose entries are those which appear
only in the first and third rows and second and fourth columns of A, set

E = A([1,3],[2,4])

The result will be
E =

10 12

. Generating Matrices

We can also generate by matrices using built-in MATLAB functions. For example, the
command

B = rand(4)

will generate a 4 x 4 matrix whose entries are random numbers between 0 and 1.
Other functions that can be used to generate matrices are eye, zeros, ones, magic,
hilb, pascal, toeplitz, compan, and vander. To build triangular or diagonal
matrices, we can use the MATLAB functions triu, tril, and diag.

The matrix building commands can be used to generate blocks of partitioned
matrices. For example, the MATLAB command

E =[ eye(2), ones(2,3); zeros(2), [1:3; 3:—1:1] ]
will generate the matrix
E =

oS O O =
oS O = O
LW = = =
[ S I S
—_ ) = =
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. Matrix Arithmetic

Addition and Multiplication of Matrices

Matrix arithmetic in MATLAB is straightforward. We can multiply our original matrix
A times B simply by typing A * B. The sum and difference of A and B are given by
A 4 B and A — B, respectively. The transpose of the real matrix A is given by A’. For
a matrix C with complex entries, the ' operation corresponds to conjugate transpose.
Thus, C is given as C' in MATLAB.

Backslash or Matrix Left Division

If Wis an n x n matrix and b represents a vector in R”, the solution of the system
Wx = b can be computed using MATLAB’s backslash operator by setting

x = W\b
For example, if we set
W=I[l 111, 1 2 3 4 3 4 6 2; 2 7 10 5]
andb=1[3; 5; 5; 8], thenthe command
x = W\b

will yield

1.0000
3.0000
—2.0000
1.0000
In the case that the n x n coefficient matrix is singular or has numerical rank less

than n, the backslash operator will still compute a solution, but MATLAB will issue a
warning. For example our original 4 x 4 matrix A is singular and the command

x = A\b
yields

Warning: Matrix is close to singular or badly scaled.
Results may be inaccurate. RCOND = 1.387779e-018.
X =

1.0e + 015

2.2518
—3.0024
—0.7506

1.5012
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The 1.0e 4 015 indicates the exponent for each of the entries of x. Thus each of the
four entries listed is multiplied by 10'>. The value of RCOND is an estimate of the
reciprocal of the condition number of the coefficient matrix. Even if the matrix were
nonsingular, with a condition number on the order of 10'8, one could expect to lose as
much as 18 digits of accuracy in the decimal representation of the computed solution.
Since the computer keeps track of only 16 decimal digits, this means that the computed
solution may not have any digits of accuracy.

If the coefficient matrix for a linear system has more rows than columns, then
MATLAB assumes that a least squares solution of the system is desired. If we set

C=A1:2)
then C is a 4 x 2 matrix and the command
x=C\b
will compute the least squares solution
X =
—2.2500
2.6250
If we now set
C=A(,1:3)

then C will be a 4 x 3 matrix with rank equal to 2. Although the least squares problem
will not have a unique solution, MATLAB will still compute a solution and return a
warning that the matrix is rank deficient. In this case, the command

x=C\b
yields

Warning: Rank deficient, rank = 2, tol = 1.7852e-014.
X =
—0.9375
0
1.3125

Exponentiation

Powers of matrices are easily generated. The matrix A3 is computed in MATLAB by
typing A™5. We can also perform operations elementwise by preceding the operand by
a period. For example, if V. =[1 2; 3 4], then V"2 results in

ans =
7 10
15 22
while V."2 will give
ans =
1 4

9 16
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B MATLAB Functions

To compute the eigenvalues of a square matrix A, we need only type eig(A). The
eigenvectors and eigenvalues can be computed by setting

[X D]=eig(4)

Similarly, we can compute the determinant, inverse, condition number, norm, and rank
of a matrix with simple one-word commands. Matrix factorizations such as the LU, OR,
Cholesky, Schur decomposition, and singular value decomposition can be computed
with a single command. For example, the command

[Q R]=aqx(4)

will produce an orthogonal (or unitary) matrix Q and an upper triangular matrix R, with
the same dimensions as A, such that A = OR.

. Programming Features

MATLAB has all the flow control structures that you would expect in a high-level
language, including for loops, while loops, and if statements. This allows the
user to write his or her own MATLAB programs and to create additional MATLAB
functions. Note that MATLAB prints out automatically the result of each command,
unless the command line ends in a semicolon. When using loops, we recommend end-
ing each command with a semicolon to avoid printing all the results of the intermediate
computations.

B Mefiles

It is possible to extend MATLAB by adding your own programs. MATLAB programs
are all given the extension .m and are referred to as M-files. There are two basic types
of M-files.

Script Files

Script files are files that contain a series of MATLAB commands. All the variables used
in these commands are global, and consequently the values of these variables in your
MATLAB session will change every time you run the script file. For example, if you
wanted to determine the nullity of a matrix, you could create a script file nullity.m
containing the following commands:

[m,n] = size(Ad);
nuldim = n—rank(A)
Entering the command nullity would cause the two lines of code in the script file
to be executed. The disadvantage of determining the nullity this way is that the matrix
must be named A. Additionally, if you have been using the variables m and n, the values

of these variables will be reassigned when you run the script file. An alternative would
be to create a function file.
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Function Files
Function files begin with a function declaration statement of the form
function [oargl,...,oargj| = fname(inargl, ..., inargk)

All the variables used in the function M-file are local. When you call a function file,
only the values of the output variables will change in your MATLAB session. For ex-
ample, we could create a function file nullity.m to compute the nullity of a matrix
as follows:

functionk = nullity(A)

% The command nullity(A) computes the dimension
% of the nullspace of A.

[m,n] = size(A),

k = n—rank(A);

The lines beginning with % are comments that are not executed. These lines will
be displayed whenever you type help nullity in a MATLAB session. Once the
function is saved, it can be used in a MATLAB session in the same way that we use
built-in MATLAB functions. For example, if we set

B=1[123;456;7809];
and then enter the command
n =nullity(B)
MATLAB will return the answer: n = 1.

The MATLAB Path

The M-files that you develop should be kept in a directory that can be added to the
MATLAB path—the list of directories that MATLAB searches for M-files. To have your
directories automatically appended to the MATLAB path at the start of a MATLAB
session, create an M-file startup .m that includes commands to be executed at start-
up. To append a directory to the MATLAB path, include a line in the startup file of
the form

addpath dirlocation

For example, if you are working on a PC and the linear algebra files that you created
are in drive ¢ in a subdirectory 1inalg of the MATLAB directory, then, if you add
the line

addpath c: \MATLAB)\ linalg

to the MATLAB start-up file, MATLAB will automatically preappend the 1inalg
directory to its search path at start-up. On Windows platforms, the startup .m file
should be placed in the tools \ local subdirectory of your root MATLAB directory.

It is also possible to use files that are not in a directory on the MATLAB path.
Simply use the Current Directory Browser to navigate to the directory containing the
M-files. Double-click on the directory to set it as the current directory for the MATLAB
session. MATLAB automatically looks in the current directory when it searches for
M-files.
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. Relational and Logical Operators

MATLAB has six relational operators that are used for comparisons of scalars or
elementwise comparisons of arrays. These operators are:

Relational Operators

< less than

<= less than or equal

> greater than

>=  greater than or equal
== equal

~= not equal

Given two m x n matrices A and B, the command
C=A<B

will generate an m X n matrix consisting of zeros and ones. The (i, j) entry will be equal
to 1 if and only if a;; < b;;. For example, suppose that

-2 0 3

A= 4 2 =5

-1 -3 2

The command A >= 0 will generate
ans =

0 1 1

1 10

0 0 1

There are three logical operators in MATLAB:

Logical Operators

& AND
| OR
~ NOT

These logical operators regard any nonzero scalar as corresponding to TRUE
and 0 as corresponding to FALSE. The operator & corresponds to the logical AND.
If a and b are scalars, the expression a & b will equal 1 if @ and b are both nonzero
(TRUE) and 0 otherwise. The operator | corresponds to the logical OR. The expression
a|b will have the value 0 if both a and b are 0; otherwise it will be equal to 1. The op-
erator ~ corresponds to the logical NOT. For a scalar q, it takes on the value 1 (TRUE)
if a = 0 (FALSE) and the value 0 (FALSE) if a # 0 (TRUE).

For matrices, these operators are applied elementwise. Thus, if A and B are both
m X n matrices, then A & B is a matrix of zeros and ones whose #j th entry is a(i,j) &

b(i,j). For example, if
1 01 -1 2 0
01 1 and B = 1 0 3
0 0

1 01 2

A=
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then
1 0 0 1 1 1 01 0
A&B=10 0 1|, ABB=]|1 1 1|, ~A=1|1 0 O
0 0 1 ’ 0 1 1 1 1 0 ]

The relational and logical operators are often used in i £ statements.

. Columnwise Array Operators

MATLAB has a number of functions that, when applied to either a row or column
vector X, return a single number. For example, the command max(x) will compute the
maximum entry of X, and the command sum(x) will return the value of the sum of the
entries of Xx. Other functions of this form are min, prod, mean, all, and any. When
used with a matrix argument, these functions are applied to each column vector and
the results are returned as a row vector. For example, if

-3 2 5 4
A= 1 3 80
-6 3 13

then
min(A) = (—6,2,1,0)

max(A) = (1,3,8,4)
sum(A) = (-8,8,14,7)
prod(A) = (18,18,40,0)

. Graphics

If x and y are vectors of the same length, the command plot(x,y) will produce a plot
of all the (x;, y;) pairs, and each point will be connected to the next by a line segment. If
the x-coordinates are taken close enough together, the graph should resemble a smooth
curve. The command plot(x,y, ‘x’) will plot the ordered pairs with x’s, but will not
connect the points.

For example, to plot the function f(x) = xsm

xl on the interval [0, 10], set

x=0:0.2:10 and y = sin(x)./(x+ 1)

The command plot(x,y) will generate the graph of the function. To compare the
graph to that of sin x, we could set z = sin(x) and use the command plot(x,y, X, z) to
plot both curves at the same time. We can include additional arguments in the command
to specify the format of each plot. For example the command

plot(x,y, ‘¢’ ,x,z," ——)

will plot the first function using a light blue (cyan) color and the second function using
dashed lines. See Figure A.1.

It is also possible to do more sophisticated types of plots in MATLAB, including
polar coordinates, three-dimensional surfaces, and contour plots.
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Figure A.l.

. Symbolic Toolbox

In addition to doing numeric computations, it is possible to do symbolic calculations
with MATLAB’s symbolic toolbox. The symbolic toolbox allows us to manipulate
symbolic expressions. It can be used to solve equations, differentiate and integrate
functions, and perform symbolic matrix operations.

MATLAB’s sym command can be used to turn any MATLAB data structure into
a symbolic object. For example, the command sym(‘t’) will turn the string ‘t’ into a
symbolic variable t, and the command sym(hilb(3)) will produce the symbolic
version of the 3 x 3 Hilbert matrix written in the form

—

W= NI—= =

Al— W= =

n— Bl= W=
[E—

We can create a number of symbolic variables at once with the syms command. For
example, the command

syms a b ¢
creates three symbolic variables a, b, and c. If we then set

A=1[a, b, ¢;b, ¢, a;c, a, bl
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the result will be the symbolic matrix

A =
[a, b c]
[b, ¢ a]
[c. a b]

The MATLAB command subs can be used to substitute an expression or a value for
a symbolic variable. For example, the command subs (A, ¢, 3) will substitute 3 for
each occurrence of ¢ in the symbolic matrix A. Multiple substitutions are also possible:
The command

subs (AI [albl c] ’ [a_llb+1l 3] )

will substitute a —1, b+1, and 3 for a, b, and ¢, respectively, in the matrix A.

The standard matrix operations *, ", 4+, —, and " all work for symbolic matrices
and also for combinations of symbolic and numeric matrices. If an operation involves
two matrices and one of them is symbolic, the result will be a symbolic matrix. For
example, the command

sym(hilb(3)) +eye(3)

will produce the symbolic matrix

[ 2.
[
[

Standard MATLAB matrix commands such as

[S—

b}

>

W= NI—

D— WA RI—

wly Bl— W=
[E—

det, eig, inv, null, trace, sum, prod, poly
all work for symbolic matrices; however, others such as
rref, orth, rank, norm

do not. Likewise, none of the standard matrix factorizations are possible for symbolic
matrices.

. Help Facility

MATLAB includes a HELP facility that provides help on all MATLAB features. To
access MATLAB'’s help browser, click on the help button in the toolbar (this is the but-
ton with the ? symbol) or type helpbrowser in the command window. You can also
access HELP by selecting it from the View menu. The help facility gives information
on getting started with MATLAB and on using and customizing the desktop. It lists
and describes all the MATLAB functions, operations, and commands.
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You can also obtain help information on any of the MATLAB commands directly
from the command window. Simply enter help followed by the name of the com-
mand. For example, the MATLAB command eig is used to compute eigenvalues. For
information on how to use this command, you could either find the command using the
help browser or simply type help eig in the command window.

From the command window, you also can obtain help on any MATLAB oper-
ator. Simply type help followed by the name of the operator. To do this, you need
to know the name that MATLAB gives to the operator. You can obtain a complete
list of all operator names by entering help followed by any operator symbol. For ex-
ample, to obtain help on the backslash operation, first type help \. MATLAB will
respond by displaying the list of all operator names. The backslash operator is listed as
mldivide (short for “matrix left divide"). To find out how the operator works, simply
type help mldivide.

. Conclusions

MATLAB is a powerful tool for matrix computations that is also user friendly. The
fundamentals can be mastered easily, and consequently students are able to begin nu-
merical experiments with only a minimal amount of preparation. Indeed, the material
in this appendix, together with the MATLAB help facility, should be enough to get you
started.

The MATLAB exercises at the end of each chapter are designed to enhance un-
derstanding of linear algebra. The exercises do not assume familiarity with MATLAB.
Often specific commands are given to guide the reader through the more complicated
MATLAB constructions. Consequently, you should be able to work through all the
exercises without resorting to additional MATLAB books or manuals.

Although this appendix summarizes the features of MATLAB that are relevant to
an undergraduate course in linear algebra, many other advanced capabilities have not
been discussed. References [18] and [26] describe MATLAB in greater detail.
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Answers to Selected Exercises

Chapter |

1.1 1

486

. (@ 2,-D;
8. (a) (—1,2,1);
1.2 1.

(@) (11,3);  (b) (4,1,3);
(d (-2,3,0,3,1)

111
1 -3

(a) b [0 2 1
2] |003]

(c) (=2,0,3,1);

=)

2 1
1 =2
—1 2
0 4

(a) One solution. The two lines intersect at
the point (3, 1).

(©

SO o~
OO W

(b) No solution. The lines are parallel.

(c) Infinitely many solutions. Both equations
represent the same line.

(d) No solution. Each pair of lines intersect
in a point; however, there is no point that
is on all three lines.

O I 4 O B

1 1]1
(d) I 1 -1 1]
3

—1 3
@ (1,-2);  (b) 3,2); (©) (53
(@ (1,1,2); (o) (=3,1,2);
® —1L1L1; (g (1,1,-1);
(h) (4,-3,1,2)
(b) (=2.3)
(b) G.1,-2)

Row echelon form: (a), (c), (d), (g), and (h);
reduced row echelon form: (c), (d), and (g)

. (a) Inconsistent;

(c) consistent, infinitely many solutions;
(d) consistent (4,5,2);
(f) consistent, (5, 3,2)

(e) inconsistent;

1 3).
20 =6 )

3.

10.
11.
12.
15.
19.
20.
21.
22.

- (@ G, 1)

.(a)I

(b) 4;

(©) {2+ 3,0, —2) | «real};

(d {5 —2a—B,a,4—38,B) | a,p real};
(e {3—50+28,a,B,6) | a,preal};

®) {(a,2,—1) | a real}

. (a) x1,x,x3 are lead variables.

(c) x1,x3 are lead variables and x, is a free
variable.

(e) x1,x4 are lead variables and x,, x5 are free
variables.

(©) (0,0
o real} ;

(b) inconsistent;

S—a 14+ 7«
@ {(F5 )
) {8 —2ua,a —5,a)};
(f) inconsistent;

(g) inconsistent;  (h) inconsistent;

@ (0,3, 1

G) {(2 60,4+ a,3 —a,a)};

&) {(§ —ja—B,—F — 3,0, B));

(@ (0,—1);

(b) {G — 2o, —§ — go,,3) | s real};

@ {a(=3,0,5,1)

) 3
La# =2
=2
(@ a=5b=4;, (b)a=5b+#4
(@ (=2,2); () (=7.4)
(@ (=3,2,1); (b) (2,-2,1)

X = 280, Xy = 230, X3 = 350, X4 = 590
12, x4, =6
6 moles N», 18 moles H,, 21 moles O,

XIZZ,XZ:3,X3:

All three should be equal, i.e., x; = x; = x3.
(@ (5,3,-2); (b) (2,4,2);
(¢) (2,0,-2,-2,0,2)
6 2 8 I
-4 0 21

2 4 4
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Answers to Selected Exercises

4 16 (c) 6 walks of length 3 from V, to V3 and 2
® | -5 1 2L walks of length 3 from V, to Vs
3723 01 01 0
3 2 2 1 01 1 0
(c) 5 -3 -1 33.(aA=]0 1 0 0 0f;
—4 16 1 1 1 0 0 1
3 5 —4 00 0 1 0
d |2 -3 16 |; (c) 5 walks of length 3 from V, to V,; and 7
2 -1 1 walks of length 3 or less
5 5 8 1.5 1. (a) typel;
#® | -10 -1 -9 ]; (b) not an elementary matrix;
15 4 6 (© typelll; (d) type II
5 —10 15 1 0 0
m |5 -1 4 3. [ 209 ]; ® o o 1]
8§ -9 6 o1 01 0
19 21 1 0 0
15 19
2@ | 4 (© |17 21|; © |0 1 0
8 10 0 2 1
6 4 8 10 0 0 1 | 3
® | -3 -2 -4 -5 4. (@ |0 1 0O b [0 _1 ];
9 6 12 15 1 00
(b) and (e) are not possible. 1o 0
2
3. (@ 3x3; (b) 1x2 ©lo 1 o
3 2 x) (1
4. (a) 5 —][x2]_ 5] 0 0 1
1 0
1 1 0 X1 5
® [2 1 —1 w| = 6 |; 5'(a)E=I? (1) (l)l
3 =2 7
1 0 0
21 4 b F=|0 1 -1
@© |1 -1 =12 0 0 1
3 =2 —1 0
1 0 0
9. (a) b=2a;+a
@ b =2+ , 6. @ E=]-3 1 ol
10. (a) inconsistent; (b) consistent; 0 0 1
(c) inconsistent 0 0
13. b=(8,-7,—-1,7)7 (b) E, = 0 1 O];
14. W=(2’3’6)T r_(120’120’120)T -2 0
ajndag 1 0 0
18. b=ay — an (c) E5 = 0 1 OI
7.A:A2:A3:An O 1 1
8. A2n =I’A2n+1 =A 3. (a) [ 3 0 ] [ ],

LY B Y

. 4500 married, 5500 single

. (b) 0 walks of length 2 from V, to V3 and 3 9.
walks of length 2 from V; to Vs;

1
(c)l3 Ilozsl
-2 2 00 3

(b) () O,-LD" (i) (=4,-2,5",
(iii) (0,3, =2)7
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0w [f ) o[ 3
—4 3 1
() ()] 3
el
3.0 -5
() 0 1 o}
-1 0 2
2 -3 3
@ -3 5 -1}
-0
-
M 12 -1 -1
SRR
1. (@) _411 g : (b)[ 14 9
12. (a) _52 _gl; (c) [_0 _2]
T T
1.6 1. (b A ] (c) [ A A ]

(d) AAT+1; (o) [I At ]

3. (a) Ab; = [3],Ab2= [_‘1‘];

(b) [1 1]3:[3 4],

[2 —1]13:[3 —1];

34
(C)AB:[3_1
3011 1
321 2
L@ T
1201 1
2 202 2
2 402 2
© N3 1)
3201 2
1 201 1
111 1
O e e
30101 1
02 0]-2
8 5 8| -5
> 3 5 3o
5 3 5|3

3 -3
2 =2
@ |1 -1
5 =5
4 -4

0 B

B O B> O
13.A2=[ ] At =
O BYJ)

14. (a) [0 I] (b) [_é
CHAPTER TEST A
1. False 2. True 3. True 4. True 5. False
6. False 7.False 8. False 9.False 10. True
11. True 12.True 13.True 14. False
15. True
Chapter 2
2.1 1. (a) det(M)) = —8, det(M»,) = —
det(My3) = 5;
(b) Ay =8 Ay =-2A3=-5
2. (a) and (c) are nonsingular.
3. @ 1L, (b4 (© 0, (d) 358
() =39; () 0; (g 8 (h) 20

4 (@2 (b)) -4 (@© 0 (DO
5. x4+ ax* +bx+c
6. L =60r—1
2.2 1. (a) —24; (b) 30; (c) —1
2. (a) 10; (b) 20
3. (a), (e), and (f) are singular while (b), (c),
and (d) are nonsingular.
4. ¢c=50r-3
7. (a) 20; (b) 108; (c) 160; (d) %
9. (@ =6; (¢) 6; (e) 1
13. det(A) = uyuxpus;
2.3 1 (a) det(d) = -7, adjA = :; _f]
1 2
7 7
-3 2
(c) det(A) = 3, adjA = 0 1 1 ]
6 —8 =5
A = jadjA
2. @ G5 b (L, -b;
(© 4,-2,2); (@ 2,-1L2)

(e) (_%’ %7 %’0)

3



4. (4=

5.

9.

14.

(a) det(A) = 0, so A is singular.

-1 2 -1
) adiaA=| 2 -4 2|and
-1 2 -1

0 0 O
AadjA=]0 0 O
0 0 O
(a) det(adj(A)) = 8 and det(A) = 2;
1 0 0 0
0 4 —1 1
0 -6 2 =2
0 1 0 1
DO YOUR HOMEWORK.

(b) A =

CHAPTER TEST A

1. True
6. True

2. False
7. True

3. False 4. True
8. True 9. False

5. False
10. True

Chapter 3

3.1 1.

11.

3.2 1.

@ [xil =10, [x] =17

®) lIxsll =13 < [Ixi ]l + x|l

@ Ixil =5, %l = 35;

(b) lIxsll = 4+/5 = [Ix1]| + [Ix]|

If x +y = x for all x in the vector space, then
0=0+y=Yy.

Ifx+y =x+4+12z then x+ x+Yy =
—X + (x+z) and the conclusion follows using
axioms 1, 2, 3, and 4.

V is not a vector space. Axiom 6 does not
hold.

(a) and (c) are subspaces; (b), (d), and (e) are
not.

2. (b) and (c) are subspaces; (a) and (d) are not.

11.
12.
19.

(a), (c), (e), and (f) are subspaces; (b), (d),
and (g) are not.

@ {0,0)7};

(b) Span((—2,1,0,0)7,(3,0,1,0)7);

(c) Span((1,1, ));

(d) Span((—5,0,-3,1)7,(—1,1,0,0)")
Only the set in part (c) is a subspace of Py.
(a), (b), and (d) are subspaces.

(a), (c), and (e) are spanning sets.

(a) and (b) are spanning sets.

(b) and (¢)

3.3

3.5

11.

13.
14.
15.

A e
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(a) and (e) are linearly independent; (b), (c),
and (d) are linearly dependent.

(a) and (e) are linearly independent; (b), (c),
and (d) are not.

. (a) and (b) are all of 3-space;

(c¢) aplane through (0,0, 0);
(d) aline through (0, 0, 0);
(e) a plane through (0,0, 0)
(a) linearly independent;
(b) linearly independent;
(c) linearly dependent

(a) and (b) are linearly dependent while (c)
and (d) are linearly independent.

When « is an odd multiple of 7z /2. If the graph
of y = cos x is shifted to the left or right by an
odd multiple of 7 /2, we obtain the graph of
either sinx or — sinx.

Only in parts (a) and (e) do they form a basis.
Only in part (a) do they form a basis.

()2

1

© 2

(d) aplane through (0,0, 0) in 3-space

(b) {(1,1, )7}, dimension 1;

(c) {(1,0,1)T,(0,1,1)T}, dimension 2

. basis {(1,1,0,0)7,(1,—1,1,0)7,(0,2,0, DT}
11.
12.

(x> +2,x+3}

@ {En,Enl;  (©) {En,Ea, Enl;
(©) {En, Ear, Exnl;

(0 {En, Exn, Ear + Ern}

2
(@ 3; () 3 ()2 (d)2
@ ') () fx— 1L, =17

(© fx(x—1)}

ON F CN -
o))

(@) _i i] (b) [_; ‘f];
© (7 o]
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5 7
A | 114
3. @) I_l _1], ) [_4 _5],
2 2
2 3
© [3 4]
4. [xle = (1,2, [yle = (5, —8)",
[2]; = (—1.5)"
2 0 -1
5. (a) —1 2 —=11]; (b) (1,—4,3)T;
0 -1 1

© 0,-1LD% @ 2.2, —I)T

1 -1 =2
6. (a) |1 1 0 ; (b
1 0 —2

. =(5,9" and w, = (1,4)7
8. u, =(0,—DH"and u, = (1,57

0. @ [ 1) ® I

1 -1 0
10. [0 1 —1]
0 0 1
@ 3, (b) 3 (o) 2

. (a) uy, uy, us are the column vectors of U
corresponding to the free variables.
u, =2uy, uy=5u; —us, us=—3u; + 2u;

NN

ST SIE
—

N

4. (a) consistent; (b) inconsistent;
(e) consistent

5. (a) infinitely many solutions;
(c) unique solution

8. rank of A = 3; dimN(B) = 1;

18. b)yn—1
32. If xjisasolution to Ax = ¢; forj = 1,...,m
and X = (X1,Xp,...,X,), then AX =1,.

CHAPTER TEST A
1. True 2. False 3. False 4. False 5. True
6. True 7. False 8. True 9. True 10. False
11. True 12.False 13.True 14. False
15. False

Chapter 4

1. (a) reflection about x, axis;
(b) reflection about the origin;

(c) reflection about the line x, = x;

(d) the length of the vector is halved;

(e) projection onto x, axis

4. (7,18)"
5. All except (c) are linear transformations from
R? into R%.
6. (b) and (c) are linear transformations from R>
into R>.
7. (a), (b), and (d) are linear transformations.
9. (a) and (c) are linear transformations from P,
into Ps.
10. L(e*) = e* — 1 and L(x?) = x*/3.
11. (a) and (c) are linear transformations from
C[0, 1] into R'.
17. (a) ker(L) = {0}, L(R?) = R%;
(c) ker(L) = Span(e,. e;),
L(R?) = Span((1, 1, 1)")
18. (a) L(S) = Span(e,, e3);
(b) L(S) = Span(ey, e2)
19. (a) ker(L) = Py, L(P3) = Span(x*, x);
(c) ker(L) = Span(x*> — x), L(P3) = P,
23. The operator in part (a) is one-to-one and
onto.
-1 0 0 1
4.2 1. ( 0 1], (c) [1 0],
;0 0 0
2 .
@l i [ © [0 7]
1 1 0 1 0 0
2@ (g 0 o ®[o 1 o)
-1 1 0
© 1 0 -1 1 ]
0 0 1 1 0 0
3.0 1 O0Of; ® |1 1 0f;
1 0 0 1 1 1
0 0 2
© 13 1 0
2 0 -1
4. (2 (0,0,00; (b) (2,—1,-D)f
(©) (—=15,9,6)
1 1
NGNS 0 1]
s | YO o (] )
V2 V2
V3 o1 0 1
© Y7 Al @ (o o]




4.3

6.

10.

13.

15.

18.

2.

3.

1 0
0 11
1 1

0 0 1
(b) [o 1 —1]
1 -1 0
111
(a) Iz 0 1];
0 -2 -1

(b) (1)7y, + 6y, —8ys,

(ii) y; + 5y, + 3y;
(a) square; (b) (i) contraction by a factor 1 3
(ii) clockwise rotation by 45°, (iii) translation
2 units to the right and 3 units down

(i) 3y, + 3y, —3ys.

3
-3 =% 0
3 .
@ |45 1 ol
0 0 1
1 0 -3 1.0 0
o 1 s @] o1 2
0 0 1 00 1
1
L)
1 ol
1

_; ; l’ (a) I_i] @ (3]

0
2 -2 —4

-1 - 1
@ [ 0 2 0]’ © [—1 33
For the matrix A, see the answers to Exercise 1
of Section 4.2.

— N O

11
0 1
0 0

ws=[] o) we={7 _7):
©s=[y _1) (d)lei ?]
2
o]
2 2
ON I RO B
B=A=

-1 -1 2

2 -1 -1
—1 2 -1
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(Note: in this case the matrices A and U
commute; so B=U"'AU = U"'UA =A))

1 1 0 0 0 O

4. V=11 2 21,B=]10 1 0
1 0 1 0 0 1
0 0 2 0 0 O

5.(@ |0 1 0f; ® |0 1 0f;
0O 0 2 0o 0 2
1 0 1

© [0 1 0 (d) ax+a2"(1+x%)

0 0 1
1 0 0 0 0 O

6. (a) |0 1 1]; ® |0 0 1];
0 1 -1 01 0
0 0 0

© 10 1 0

0 0 -1

CHAPTER TEST A

1. False 2. True 3. True 4. False 5. False

6. True 7.True 8.True 9.True 10. False

Chapter 5
1. (@) 0°; (b) 90°
2. (a) /14 (scalar projection), (2, 1,3)7 (vec-

tor projection)'

(b) 0,0; (c) 4B ", By

13° 13
0 3,85
3. (@ p=G,0",x—p=(0,4),
prx—p)=3-0+0-4=0;
(C) p:(3’3’3)Tsx_p:(_1’ 1’0)T’
pP’x—p=—-1-3+41-340-3=0
5. (1.8,3.6)
6. (1.4,3.8)
7. 04
8 (@ 2x+4y+3z=0; (c) z—4=0
9. 32
8
10. ¢

20. The correlation matrix with entries rounded to
two decimal places is

1.00 —0.04 041
—0.04 1.00 0.87
0.41 0.87 1.00
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5.2

|V}

(=)

10
5.3

L.

(@) {(3,4)7} basis for R(AT),
{(—4,3)7} basis for N(A),
{(1,2)T} basis for R(A),
{(=2, )7} basis for N(AT);

(d) basis for R(AT):
{(1,0,0,0)7,(0,1,0,0)7(0,0, 1, DT},
basis for N(A): {(0,0, —1, 1)7},
basis for R(A):

{(1,0,0, D7,(0,1,0, H7(0,0, 1, )T},
basis for N(AT): {(1,1,1,—1)T}

- @ {1, 1,0)",(=1,0, D7}
. (b) The orthogonal complement is spanned by

A=
. (@) N=(8,-2,1)7;

(-5,1,3)".
1,2,0, D)7, (2,-3,1,0)7} is one basis for S*.
(b) 8x—2y4+z=7

. dimN@A) =n—rdimNAT) =m —r

1.
2.

@ 2,07 (c) (1.6,0.6,1.2)7

(la) p=(3,1,0)",r=(0,0,2)"
(Ie) p=(3.4,0.2,0.6,2.8)7,
r = (0.6,-0.2,0.4,—0.8)7

(a) {(1 =20, )" | areal};

() {2 —-2a,1 —a,a)’ | areal}

(@ p=(1,2,-1)b—p=(2,02);
b p=G LA p-b=(-5-14"

5. (@)y=18+20x

14.

15.

11.
15.

e o

0.55 + 1.65x + 1.25x*

The least squares circle will have center
(0.58, —0.64) and radius 2.73 (answers roun-
ded to two decimal places).

(a) w=(0.1995, 0.2599, 0.3412, 0.1995)T
(b) r = (0.2605, 0.2337, 0.2850, 0.2208)"
IXll> = 2, llyll = 6, I+ yll» = 2J/T0

@ 6="sp=(41 1oy

) x| = 1, flyll = 3

@ 0; (b) 5 (© 7 (d V74
@ 1; (b) L

@@ %; (b) p=3ix

(@) Y0 (b ¢

@ Xl =7, x> =5, X[l = 4

() [Ix]li = 4, [X]l, = V6, [X]lo = 2;
© lIxlh =3, Il = V3, IIxlle = 1

16.
28.
55 1.

. b)x= —gul + %uz,

Ix =yl =5 lx=yll2 =3, X =yl =2
(a) not a norm;

(a) and (d)

(b) norm; (c) norm

i =[(~£)'+ ] =3

23 41 8

T 55 10\T
3. P=(18,§,9),P—X=(ﬁ,ﬁ,—j)

- (@) 15; (b)

. (b) c; =y cosO + y,sin6,

¢y = —y; sinf + y, cos 6
Jull =3, vl =5v2; (©) %

9. ) MO, (i) =7, ()0, @(v)F

21.

22.

23.

29.

5.6 1.

(b) () (2, =2)", (i) (5,2)", (i) 3, D'

L1000
L1 09 0
@p=|" " ;
11
o0 L !
1
o0 L !
bobooo
L1 9 9
2 2
b o= L
0 0 3 =
0 0 -t

®) 11 = V2 |lxll = ;
(8 (s ]

CRCESINCEREY

(©) I(x) = 3x

(a)

W

5 Vv v
(@) o IO 45 |}
V2o V2
2 _ L
o | Iﬁ 43
Lo | lo 3
V5 V5

12 2N\T 1 2N\T 2 2 INT
{ §a§7_§) s 7§’§) s (_g’gag) }
1
) = 5, ) = Lx

SRy

—~
Wi

uz(x) =

. (@ {g(z,l,z)T, %(—1,4,—1)T};



5.7 1

2 =2
3 6 3 5
3
b =1 22 ;. R= ;
®Q=|1 2 oﬁl
2 =2 ’
3 6
ox-[2)
3 _ 4
5 52

[EN

(b)

w

535||(5) 2\1/51;
0

©) (2.1,5.5)

-

T T

_1L 100 VI3

22 B 3030 2076

4 1

3 3 0

2 _2 1

5 5 A

: ,

2 2 L

5 5 7

1 4

5 3 0

(a) Ty = 8x*—8x2+1, Ts5 = 16x° —20x° +5x;

(b) Hy = 16x* — 48x% + 12,
Hs = 32x° — 160x® 4+ 120x

2. p) =x,pp()=x*— 2 +1
4. p(x) = (sinh 1)Py(x) + 2Py (x) +

5(sinh 1 — 2) P(x)
p(x) & 0.9963 + 1.1036x 4 0.5367x

6. (a) Uo = 1, Ul = 2XU2 =4X2 -1
1. px)=x—=2)x—=3)+(x— DH(x—3) +
2x — D(x —2)
1 1

13. 1 -f(—ﬁ)le ~f($)

14. (a) degree 3 or less; (b) the formula gives the
exact answer for the first integral. The ap-
proximate value for the second integral is 1.5,
while the exact answer is %

CHAPTER TEST A

1. False 2. False 3. False 4. False 5. True

6. False 7.True 8.True 9.True 10. False

Chapter 6
6.1 1. (a A, = 5, the eigenspace is spanned by

(1,DT, A, = -1, the eigenspace is
spanned by (1, —2)7;

6.2

10.

14.
24.
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(b) &, = 3, the eigenspace is spanned by
(4,3)T, 1, = 2, the eigenspace is spanned
by (1, D)';

(¢) &1 = A, = 2, the eigenspace is spanned
by (1, 1),

(d) Ay = 3 + 4i, the eigenspace is spanned
by (2i,1)7, A, = 3 — 4i, the eigenspace is
spanned by (—2i, 1)7;

(e) A1 = 2+ i, the eigenspace is spanned by
(1,1 + )T, Ay = 2 — i, the eigenspace is
spanned by (1,1 — i)";

(f) 21 = A&y = A3 = 0, the eigenspace is
spanned by (1,0,0)7;

(g) 1 = 2, the eigenspace is spanned by
(1,1,007, A, = 1, the eigenspace is
spanned by (1,0,0)7, (0, 1, —1)7;

(h) &, = 1, the eigenspace is spanned by
(1,0,0)7, A, = 4, the eigenspace is
spanned by (1, 1, 1)7,

A3 = —2, the eigenspace is spanned by
(-L-1,9%

(i) Ay = 2, the eigenspace is spanned by
(7,3, D7, A, = 1, the eigenspace is
spanned by (3,2, 1)7, A3 = 0, the eigen-
space is spanned by (1, 1, 1)T;

(G) A1 = Xy = A3 = —1, the eigenspace is
spanned by (1,0, 1)T;

(k) Ay = A, = 2, the eigenspace is spanned
by e, and e,, A3 = 3, the eigenspace is
spanned by es, A4 = 4, the eigenspace is
spanned by ey;

(1) A, = 3, the eigenspace is spanned by
(1,2,0,0)7, », = 1, the eigenspace is
spanned by (0, 1,0,0)7,

A3 = Ay = 2, the eigenspace is spanned
by (0,0,1,0)7

B is an eigenvalue of B if and only if

B = A — « for some eigenvalue X of A.

)\1 = 6, )\2 = 2;
Mx'y = (Ax)Ty = xTATy = AxTy

( ) 6‘162[ + 62€3t
. (a ;

c1e? + 2c,e’

b —cre”Y — deye! )

() c —2t t
e+ e

© 2¢; + et
c .
¢y — 2 |
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10.

11.
6.3 8.

21.

—ce'sint + cye’ cost
(d) . . ;
cie' cost + cre' sint
© —c1e¥'sin 2t + cye¥ cos 21 |
c16 cos2t + cre¥sin2r |
—c1 + 28 + czé
® | =31 + 8cre™
c1 + deye™
e 4 2¢!
(a) =3t t ];
—e '+ 2e
) €' cos 2t + 2¢' sin 2t _
e'sin2r — 2¢' cos2t |’
—6e' +2¢7"+6
(€ | -3¢+ e'+4|;
—e'+ e+ 2
—2 — 3¢' + 6e*
(d) 1 + 3¢' — 3e*
1 + 3¢e*
. yl(t) — 15670,241 + 2567008&
yz(t) — —306‘_0‘24t + Soe—0.0SI
—2cie! — 2c2e™" + e3¢V + cpeV
(@)
cie' + cret — qeﬂ’ - c4e’ﬁ’
) 1€ + cre™ — c3¢' — cqe”!
c1e¥ — cre™ + czet — cqe!
i) = =¥ e+ o
Vo(t) = —e¥ — e 4 2¢!
. x1(f) = cost+3sint + % sin /3t
Xo(f) = cost + 3sint — % sin /3¢
(@) mx|(1) = —kxi + k(xo — x1)
myxy (1) = —k(xz — x1) + k(xz — x2)
maxs (1) = —k(xs — x2) — kxs
0.1 cos 2+/31 + 0.9 cos +/2¢
(b) | —0.2cos2+/31 4 1.2 cos /2t
0.1 cos 2+/31 + 0.9 cos +/2¢
P = (=D)"\'—a, A" = —ayh —ap)
b)) a=2; (¢c) a=3o0ora=—1;
d a=1; (¢) a=0; (g allvaluesof«
The transition matrix and steady-state vector

for the Markov chain are
0.80 0.30 <= 0.60
0.20 0.70 — 1040

6.4

22.

26.

30.

31.

32.

- (@) lzl = o, [Iw]| = 3, (z,w) =

In the long run we would expect 60 percent of
the employees to be enrolled.

0.70 0.20 0.10
(a) A=1020 070 0.10

0.10 0.10 0.80

(c) The membership of all three groups will
approach 100,000 as n gets large.

The transition matrix is

0 1 0 1
L9 o {1
A=085]7 | N
32 0 3
1 1
3 01 g
11 1 1
i1 1 1
1 1 1
+0151 ¢ ¢ 1 4
4 4 4 1z
11 1 1
i1 1 7
e e
O
@ 3—2e I— e |
—64+6¢ —2+3e |
e —1+e —1+4+e
(c) 1—e 2—e 1—e
—14+e —1+e e
e! —3e' —e!
W [&]ow [0
3¢ —2
() | 2—¢"
e*l

—4 + 4i,
(w,z) = —4 — 4i;

() llzl = 4. IIwll =7, (z,w) = —4 + 10;
(w,z) = —4 —10i

2. (b)z = 4z, + 2322,
3. (a) uf'z =4 +2i,7z"a; = 4 - 2i,

14.

15.

wfz =6 —5i,z"a, = 6 + 5i;
(b) llzl =9

. (b) and (f) are Hermitian while (b), (c), (e),

and (f) are normal.

) |Ux|? = (Ux)Ux = x"UHUx =

xx = |x|?

U is unitary, since U"U = (I — 2uu”)?> =
[ — 4uu’” + 4u(uu)u? = 1.



24.

6.5 2

6.6 1.

6.7 1.

AM=1,0=—1,
o) RN
u = (ﬁ»ﬁ > Uy = (—ﬁ,ﬁ) >
11 o _1
2 2 2 2
A=t ¢ l)l_l ll
2 2 2 2
(a) 01 =+/10,0, =0;
(b) 01 =3,0,=2;
(©) o=40=2
(d) oy = 3, 0o = 2, 03 = 1. The matrices
U and V are not unique. The reader may
check his or her answers by multiplying
out UX VT,
;L 1.2 —-24
. (b)rankof A =2,A" = 06 12
. The closest matrix of rank 2 is
-2 8 20
14 19 10
o 0 O
The closest matrix of rank 1 is
6 12 12
8 16 16
o 0 0
. (a) basis for R(AT)
vi=G3)w=0-349")
basis for N(A): {vs = (3,—3,%)}
3 s 2 5 -1
@@| ;. | ]| o3 2
2 IR
- 2
1 1 )2 2
@o=%[) )=
ellipse;
g 11
@o=%[_ 1}
2
(r+9) =-Lw-vDa
11\2 2 /"
o) = -5 parabola
. (a) positive definite; (b) indefinite;
(d) negative definite; (e) indefinite
. (a) minimum; (b) saddle point;
(c) saddle point; (f) local maximum
(a) det(A;) = 2, det(A,) = 3, positive

definite;

6.8

2.

4.

N

W

o
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(b) det(A,) = 3, det(A,) = —10, not positive
definite;

(c) det(A;) = 6, det(Ay) = 14,
det(A3;) = —38, not positive definite;

(d) det(A,) = 4, det(A,) = 8, det(43) = 13,
positive definite

an =3,dy) =2.a5) =

1 1
L]l o
b 1 9 0 g
Sl s P

I o 16 0 0 1
(0)510 020 01 -1}
L 00 4 00 1

00 900 1
1

1
@/ stopfoszol]o
-2 11 00 2 00 1
2 0)(2 1)
@ | 3] 0 3]’
30)(3 -1
O 1] 0 1];
4 0 0) (4 2 1
© |2 V2 o0 |0 V2 —ﬁl;
1 —v2 2]1l0 o 2
30 0)(3 1 -2
@] 1 v3 ol]lo V3 V3
-2 3 V2] |l0 o0 V2
@ M=4 =1, x,=3,27;

b) A =8, A =3, x, =(1,2)T;

(C) )\.1 = 7, )\2 = 2, )\.3 = 0, X) = (1, 1, I)T

(@ A =32=-Lx=0G1D"

(b) Ay =2 =2exp(0),

Ay = —2 =2exp(mi), x; = (1, DT;

(¢) A =2 =2exp(0),
do=—14++/3i= Zexp(%),
A3 =—1-43i= 2exp(%),

=42, DT

X = 70,000, Xy = 56,000, x3 = 44,000
X =X = X3
I-A)"'"=I4+A+ - +A"!

1 -1 3
@ JI-A"=]0 o0 1];
0 -1 2
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® A2=]0 0 0
0 0 0

OOOI

0 -2 2'

Al=10 0 0

0 0 O
7. (b) and (c) are reducible.

15. (d)w—(g %350 %)

~ (0.4138,0.4138,0.1034,0.0690)"

CHAPTER TEST A
1. True 2. False 3. True 4. False 5. False
6. False 7.False 8.False 9.True 10. False
11. True 12.True 13.True 14. False
15. True
Chapter 7
7.1 1. (a) 0231 x 10%  (b) 0.326 x 10%
(c) 0.128 x 107";  (d) 0.824 x 10°
2. (@) e =—2;8~ —87x107%
(b) €e=0.04;6~12x107%;
() e=30x107;8~23x 1073
(d) e =-31;8~ -38x107*
3. (a) (1.0101), x 2% (b) (1.1000), x 27%;
(c) (1.0100); x 2% (d) —(1.1010), x 274
4. (a) 10,420, € = —0.0018,8 ~ —1.7 x 1077;
(b) 0,e =-8,6 =—1;
() 1x10™*,e=5x%x107,8 =1;
(d) 82,190, ¢ = 25.7504, 8 ~ 3.1 x 10~*
5. (a) 0.1043 x 10%  (b) 0.1045 x 10°;
(c) 0.1045 x 10°
8. 23
9. (a) (1.00111000000000000000000), x 2* or
9.75
7.2

1 0 0 1 1 1
1. A= 2 1 0 0 2 -1
-3 2 1 0 0 3

2. (@ 2,-1,3)" (b (1,-1,3);
(©) (1,5, 1)

3. (a) n® multiplications and n(n — 1) additions;
(b) »* multiplications and n*(n— 1) additions;

(c) (AB)x requires n* + n? multiplications
and n’ — n additions; A(Bx) requires 2n>
multiplications and 2n(n — 1) additions.

7.3

. 5n — 4 multiplications/divisions,

. (b) (i) 156 multiplications and 105 additions,

(ii) 47 multiplications and 24 additions,
(iii) 100 multiplications and 60 additions
3n — 3
additions/subtractions

. (@ [(m — jH(n —j + D]/2 multiplications;

[(n —j — 1)(n —j)]/2 additions;
(c) It requires on the order of %n3 additional

multiplications/divisions to compute A~!
given the LU factorization.

. (@ (1,1, -

001)(100
(b)|1ool|21oll I
ot1o0fjlo31)lo o -23

. (@) (1,2,2); (b) (4,-3,0);
(©) (I,1,1)
00 1 100
P=|1 00| =] 53 1 O
01 0
I
2 4 —6 6
v=|0 6 9f x=|-4
00 5 1
po- 0 1
ot o)
PAQ = LU S N
g=Lu= I 1)lo 2
3
)
. (@) ¢ =Pc=(—4,6),
y=L"¢=(-43)"
z=U""y= (=347
(b) x=Qz= (4,3
0 0 1 0 0 1
. P=|o 1 0o, o=|1 0 0
1 0 0 01 0
1 0 0 8 6 2
L=|-3 1 0]l,Uu=]|0 6 3
12 0O 0 2
305 1
~2000
. Brror — ¢ ~ —3333¢.If e = 0.001, then
§=-2.
3

. (1.667,1.001)



7.4

7.5

10.

(5.002, 1.000)
(5.001, 1.001)

@ Al =2, [Alo = 1, Al = 1
(b) [IAllF =3, Allcc = 3, Al = 65
© lAllr = Al = Al = 1;

) [Allr =7, |Allec = 6, Al = 10;
@ lAllr =9, Al = 10, [A]l; = 12
2

4l = Moo = 1, llF = /n;

6. (a) 10;
217.

29.
30.
31.

33.

34.
35.

36.
37.
38.

(®) (=1,1,-17

(a) Since for any vector y in R” we have

I¥lloe < lI¥ll2 < V7 ll¥lloo

it follows that

[AX[loo = [|AX]|

Al 012 < V/r A2 lIX] oo

=
=

cond,, A = 400

—2.902

. —0.48
The solutions are[ 08 ] and[ 20

condy,(A) = 28
l1—n n
-1 _ .
wa' =" )
(b) condy A, = 4n;
(¢) lim,_, o condy, A, = 00;

0128,0'2:8,(73:4

(@A r = (—0.06,0.02)" and the relative
residual is 0.012;

(b) 20;

@ x= (1, D7, x =Xl = 0.12;
cond;(A) =6

0.3

(@) |Irfloc = 0.10, conde(A) = 32;
(b) 0.64;

(c) x =(12.50,4.26,2.14,1.10)", § = 0.04
V3

2

() ;o () ;

Sl-
Sl-

)

oS
3

i Q“._
3

(©)

wiw

wls

2. (a)

(@G =
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3 4
5 0 3
o 1 of
4 3
5 0 -3
1 1
n w0
1 1
® | -5 v 0
0 0 1
1 0 0
1 V3
©|° = T
V3 1
0 5 =
10 0
_ V3 1
(d) 0 2 2
1 V3
0 3 5

.H=1- %VVT for the given B and v.

(a) p=90,v=(-10,8, _4)T;
(b) B=70,v=(10,6,2)";
(c) B=15v=(=5-3,4T

. (@) B=90,v=(0,10,4,8)";

(b) B=15v=1(0,0,-5—1,2)"

1
. (@) HbHiA = R, where H; = [ — —vv!,

i=1,2,and B = 12, B, = 45.

—4 0
vV = 2 9 5
-3

, V2=
-2
N
R=10 -5 -3/,
0 0 6
_3
2
C:H2H1b: -5 5
0
(b) x = (—4,1,0)7

| &~

3| X:[_i]

5

| B~ | W

. It takes three multiplications, two additions,

and one square root to determine H. It takes
four multiplications/divisions, one addition,
and one square root to determine G. The cal-
culation of GA requires 4n multiplications
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10.

11.

7.6 1.

3.
4.4, =

5.

and 2n additions, while the calculation of HA
requires 3n multiplications/divisions and 3n
additions.

(a) n — k+ 1 multiplications/divisions,
2n — 2k + 1 additions;

(b) n(n — k + 1) multiplications/divisions,
n(2n — 2k + 1) additions
(a) 4(n — k) multiplications/divisions,
2(n — k) additions;
(b) 4n(n — k) multiplications,
2n(n — k) additions
(a) rotation; (b) rotation;
(c) Givens transformation;

(d) Givens transformation

1 2
S ERCES

(¢) A1 = 2 X, = 0; the eigenspace corres-
ponding to A; is spanned by u;.

3 0.6
(@ vi=1|51, u1:|1.0],

3 0.6

2.2 0.52
4.2 ], w = I 1.00 ]
2.2 0.52
2.05
4.05 ];
2.05

(b) A{ =4.05 (c) » =4,8§=0.0125
(b) A has no dominant eigenvalue.
34 02

-1

—1 ] 4 =102 06

A1_2+f~3414xz_2 V2 2 0.586
1

(b) H=1-— EVVT, where B = 1 and v =

1
(_5 3’ 3)T

(@) u =

V3 =

7.7

4 0 3
€ M=3,=1HAH=|0 5 -4
0o 2 -1
L (@ (V2.00": (b)) (1-3v2,3v2,—V2)";
© (1,0)"; @ (1-+2,v2,-v2)"
dibi ibn i .
2. x; = %,l: 1,...,n
d: + e
1 _1
2 6
SR 2 12
2 2
Lwo=|’ ! ,R=[0 6]
2 6
1 _1
2 6
T
(b) x = [o ! ]
5. (@) o1 =2+ p% 0y =p;
b) A =22, =00=+20;=0
L1 9
2.4t =|* °
1 1
4 4 0
1 _ 1
13, @at=|" " l;
2 _2
10 10
(b) ATb = 1.
2 |
1 -2
(© {y‘y= [2]+a[ 1”
15. |A1—=As|lr = p, |AT —ASllF=1/p. As p —
Q |A; — Asllp — Oand |[AT — AT ||F — oo.
CHAPTER TEST A
1. False 2. False 3. False 4. True 5. False
6. False 7.True 8.False 9.False 10. False



INDEX

A
Absolute error, 397
Addition
of matrices, 29
inR", 114
of vectors, 115
Adjacency matrix, 57
Adjoint of a matrix, 101
Aerospace, 188, 294
Analytic hierarchy process, 38,
234,382, 443
Angle
between vectors in 2-space,
202
Angle between vectors, 44,
106, 208
Approximation of functions,
256-259
Astronomy
Ceres orbit of Gauss, 226
ATLAST, xiv, 471
Augmented matrix, 7
Automobile leasing, 316
Aviation, 188

B
Backslash operator, 474
Back substitution, 5, 407, 408
Basis, 141
change of, 147-157
orthonormal, 249
Bidiagonalization, 458
Binormal vector, 108
Block multiplication, 72-76

C

Cla,b], 116

Catastrophic cancellation, 401

Cauchy—Schwarz inequality,
204, 243

Characteristic equation, 291

Characteristic polynomial, 291

Characteristic value(s), 290

Characteristic vector, 290

Chebyshev polynomials, 279
of the second kind, 282
Chemical equations, 20
Cholesky decomposition, 374
Closure properties, 115
C", 330
Coded messages, 104-105
Coefficient matrix, 7
Cofactor, 90
Cofactor expansion, 90
Column space, 157, 219
Column vector notation, 28
Column vector(s), 27, 157
Communication networks, 56
Companion matrix, 300
Comparison matrix, 383
Compatible matrix norms, 416
Complete pivoting, 413
Complex
eigenvalues, 296, 305-306
matrix, 331
Computer graphics, 185
Condition number, 421-426
formula for, 423
Conic sections, 357-363
Consistency Theorem, 34, 158
Consistent comparison matrix,
384
Consistent linear system, 2
Contraction, 185
Cooley, James W., 262
Coordinate metrology, 232
Coordinate vector, 147, 153
Coordinates, 153
Correlation matrix, 213
Correlations, 211
Covariance, 213
Covariance matrix, 214
Cramer’s rule, 103
Cross product, 105
Cryptography, 104-105

D
Dangling Web page, 320
Data fitting, least squares,
229-232
Defective matrix, 315
Definite quadratic form, 364
Deflation, 445
Determinant(s), 87-111
cofactor expansion, 90
definition, 92
and eigenvalues, 291
of elementary matrices, 97
and linear independence, 135
of a product, 99
of a singular matrix, 97
of the transpose, 92
of a triangular matrix, 93
DFT, 261
Diagonal matrix, 66
Diagonalizable matrix, 312
Diagonalizing matrix, 312
Digital imaging, 352
Dilation, 185
Dimension, 143
of row space and column
space, 160
Dimension Theorem, 275
Direct sum, 221
Discrete Fourier transform,
259-261
Distance
in 2-space, 202
in n-space, 208, 246
in a normed linear space, 245
Dominant eigenvalue, 319

E

Economic models, 21-23

Edges of a graph, 56

Eigenspace, 291

Eigenvalue(s), 290
complex, 296
definition, 290

499
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and determinants, 291
numerical computation,
440451
product of, 297
sensitivity of, 464
of similar matrices, 298
and structures, 293, 388
sum of, 297
of a symmetric positive
definite matrix, 365
Eigenvector, 290
Electrical networks, 19
Elementary matrix, 61
determinant of, 97
inverse of, 63
Equivalent systems, 3-5, 61
Euclidean length, 202
Euclidean n-space, 27

F

Factor analysis, 214

Fast Fourier Transform,
262-263

Filter bases, 440

Finite dimensional, 143

Floating point number, 396

FLT axis system, 189

Forward substitution, 407, 408

Fourier coefficients, 258

complex, 259

Fourier matrix, 261

Francis, John G. F., 447

Free variables, 13

Frobenius norm, 241, 415

Frobenius theorem, 381

Full rank, 165

Fundamental subspaces,
218-219

Fundamental Subspaces
Theorem, 219

G
Gauss, Carl Friedrich, 225
Gauss—Jordan reduction, 17
Gaussian elimination, 13
algorithm, 405
algorithm with interchanges,
411

complete pivoting, 413
with interchanges, 409—414
without interchanges,
404-409
partial pivoting, 413
Gaussian quadrature, 281
Gerschgorin disks, 467
Gerschgorin’s theorem, 450
Givens transformation, 465
Golub, Gene H., 458
Golub-Reinsch Algorithm, 459
Google PageRank algorithm,
320
Gram—Schmidt process,
266-275
modified version, 273
Graph(s), 56

H
Harmonic motion, 308
Hermite polynomials, 279
Hermitian matrix, 332
eigenvalues of, 332
Hessian, 368
Hilbert matrix, 464
Homogeneous coordinates,
187
Homogeneous system, 20
nontrivial solution, 20
Hotelling, H., 354
Householder QR factorization,
453
Householder transformation,
430-435, 465

|

Idempotent, 59, 299

Identity matrix, 52

IEEE floating point standard,
400

111 conditioned, 421

Image space, 175

Inconsistent, 2

Indefinite

quadratic form, 364

Infinite dimensional, 143

Information retrieval, 41, 209,
320, 353

Initial value problems, 302,
307
Inner product, 77, 238
complex inner product, 330
for C", 331
of functions, 239
of matrices, 239
of polynomials, 239
of vectors in R", 238
Inner product space, 238
complex, 330
norm for, 244
Interpolating polynomial, 229
Lagrange, 280
Invariant subspace, 300, 336
Inverse
computation of, 65
of an elementary matrix, 63
of a product, 54
Inverse matrix, 53
Inverse power method, 450
Invertible matrix, 53
Involution, 59
Irreducible matrix, 380
Isomorphism
between row space and
column space, 223
between vector spaces, 119

J
Jacobi polynomials, 279

Jordan canonical form, 319

K

Kahan, William, 458
Kernel, 175
Kirchhoft’s laws, 19

L

Lagrange’s interpolating
formula, 280

Laguerre polynomials, 279

Latent semantic indexing, 211

LDLT factorization, 374

LDU factorization, 373

Lead variables, 13

Leading principal submatrix,
370



Least squares problem(s),
225-238, 253, 451-462
Ceres orbit of Gauss, 226
fitting circles to data, 232
Least squares problem(s),
solution of, 226
by Householder
transformations, 453-454
from Gram-Schmidt QR,
271, 452-453
from normal equations, 228,
451
from singular value
decomposition, 454-457
Left inverse, 164
Left singular vectors, 345
Legendre polynomials, 278
Legendre, Adrien-Marie, 225
Length
of a complex scalar, 330
in inner product spaces, 240
of a vector in C", 330
of a vector in RZ, 106, 113,
202
of a vector in R”, 208
Length of a walk, 57
Leontief input-output models
closed model, 23, 381-382
open model, 378-380
Leslie matrix, 51
Leslie population model, 51
Linear combination, 34, 123
Linear differential equations
first order systems, 301-306
higher order systems,
306-310
Linear equation, 1
Linear operator, 170
Linear system(s), 1
equivalent, 61
homogeneous, 20
inconsistent, 2
matrix representation, 32
overdetermined, 14
underdetermined, 15
Linear transformation(s),
169-198
contraction, 185

definition, 169

dilation, 185

image space, 175

inverse image, 178

kernel, 175

one-to-one, 178

onto, 178

on R2, 170

range, 175

reflection, 185

from R” to R™, 173

standard matrix

representation, 179

Linearly dependent, 132
Linearly independent, 132

in C"V[a, b], 138-140

in P,, 137-138
Loggerhead sea turtle, 50, 83
Lower triangular, 66
LU factorization, 67, 406

M
Machine epsilon, 351, 399,
401
Management Science, 38
Markov chain(s), 45, 149,
316-319, 382
Markov process, 45, 149, 316
MATLAB, 471-482
array operators, 479
built in functions, 476
entering matrices, 472
function files, 477
graphics, 479
help facility, 81, 481
M-files, 476
programming features, 476
relational and logical
operators, 478
script files, 476
submatrices, 473
symbolic toolbox, 480
MATLAB path, 477
Matrices
addition of, 29
equality of, 29
multiplication of, 35
row equivalent, 64
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scalar multiplication, 29
similar, 195
Matrix
coefficient matrix, 7
column space of, 157
condition number of, 423
correlation, 213
defective, 315
definition of, 7
determinant of, 92
diagonal, 66
diagonalizable, 312
diagonalizing, 312
elementary, 61
Fourier, 261
Hermitian, 332
identity, 52
inverse of, 53
invertible, 53
irreducible, 380
lower triangular, 66
negative definite, 364
negative semidefinite, 364
nonnegative, 377
nonsingular, 53
normal, 339
null space of, 122
orthogonal, 251
positive, 377
positive definite, 364
positive semidefinite, 364
powers of, 49
projection, 228, 255
rank of, 158
reducible, 380
row space of, 157
singular, 54
sudoku matrix, 427
symmetric, 41
transpose of, 41
triangular, 66
unitary, 333
upper Hessenberg, 446
upper triangular, 66
Matrix algebra, 46-58
algebraic rules, 47
notational rules, 40
Matrix arithmetic, 27-45
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Matrix exponential, 323
Matrix factorizations
Cholesky decomposition, 374
Gram—Schmidt QR, 269
LDL", 374
LDU, 373
LU factorization, 67, 406
QR factorization, 434, 437,
453
Schur decomposition, 334
singular value decomposition,
342
Matrix generating functions,
473
Matrix multiplication, 35
definition, 35
Matrix norms, 415-421
1-norm, 379, 418
2-norm, 420
compatible, 416
Frobenius, 241, 415
infinity norm, 418
subordinate, 416
Matrix notation, 27
Matrix representation theorem,
182
Matrix, adjoint of, 101
Maximum
local, 368
of a quadratic form, 365
Minimum
local, 368
of a quadratic form, 365
Minor, 90
Mixtures, 303
Modified Gram—Schmidt
process, 273, 452
Moore—Penrose pseudoinverse,
456
Multipliers, 406

N
Negative correlation, 213
Negative definite
matrix, 364
quadratic form, 364
Negative semidefinite
matrix, 364

quadratic form, 364
Networks

communication, 56

electrical, 19
Newtonian mechanics, 106
Nilpotent, 299
Nonnegative matrices,

377-387

Nonnegative matrix, 377
Nonnegative vector, 377
Nonsingular matrix, 53, 64
Norm

1-norm, 244

in C", 331

infinity, 244

from an inner product, 240,

244

of a matrix, 416

of a vector, 244
Normal equations, 228, 451
Normal matrices, 338-339
Normal vector, 206
Normed linear space, 244
Nth root of unity, 265
Null space, 122

dimension of, 159
Nullity, 159
Numerical integration, 280
Numerical rank, 350-351

o
Ohm’s law, 19
Operation count
evaluation of determinant,
98-99, 101
forward and back
substitution, 408
Gaussian elimination, 405
QR factorization, 435, 438
Ordered basis, 147
Origin shifts, 449
Orthogonal complement, 218

Orthogonal matrices, 251-253

definition, 251
elementary, 430
Givens reflection, 435, 437

Householder transformation,

430-435

permutation matrices, 252
plane rotation, 435, 437
properties of, 252
Orthogonal polynomials,
275-282
Chebyshev polynomials, 279
definition, 276
Hermite, 279
Jacobi polynomials, 279
Laguerre polynomials, 279
Legendre polynomials, 278
recursion relation, 277
roots of, 281
Orthogonal set(s), 247
Orthogonal subspaces, 217
Orthogonality
in n-space, 208

in an inner product space, 240

in R? or R?, 204
Orthonormal basis, 249
Orthonormal set(s), 247-266
Outer product, 77
Outer product expansion, 77

from singular value

decomposition, 349,
353
Overdetermined, 14

P
PageRank algorithm, 320
Parseval’s formula, 250
Partial pivoting, 413
Partitioned matrices, 70-76
Pascal matrix, 392
Pearson, Karl, 354
Penrose conditions, 455
Permutation matrix, 252
Perron’s theorem, 380
Perturbations, 395
Pitch, 188
Pivot, 8
Plane

equation of, 206
Plane rotation, 435, 437
P, 117
Population migration, 148
Positive correlation, 213



Positive definite matrix,
370-377
Cholesky decomposition, 374
definition, 364
determinant of, 370
eigenvalues of, 365
LDLT factorization, 374
leading principal submatrices
of, 370
Positive definite quadratic
form, 364
Positive matrix, 377
Positive semidefinite
matrix, 364
quadratic form, 364
Positive vector, 377
Power method, 442
Principal Axes Theorem, 363
Principal component analysis,
214,215, 354
Probability vector, 317
Projection
onto column space, 227
onto a subspace, 255
Projection matrix, 228, 255
Pseudoinverse, 455
Psychology, 214
Pythagorean law, 208, 240

Q
QR algorithm, 448-449
QR factorization, 269, 434,
437,453
Quadratic equation
in n variables, 362
in two variables, 357
Quadratic form
in n variables, 362
negative definite, 364
negative semidefinite, 364
positive definite, 364
positive semidefinite, 364
in two variables, 357

R

Rmxn’ 115
R", 27
Range, 175

of a matrix, 219

Rank deficient, 165

Rank of a matrix, 158

Rank-Nullity Theorem, 159

Rayleigh quotient, 341

Real Schur decomposition, 336

Real Schur form, 336

Reciprocal matrix, 383

Reduced row echelon form, 16

Reducible matrix, 380

Reflection, 185

Reflection matrix, 435, 437

Regular Markov process, 319,
382

Relative error, 397

Relative residual, 422

Residual vector, 226

Right inverse, 164

Right singular vectors, 345

Roll, 188

Rotation matrix, 180, 435, 437,
465

Round off error, 397

Row echelon form, 13

Row equivalent, 64

Row operations, 5, 7

Row space, 157

Row vector notation, 28

Row vector(s), 27, 157

S
Saddle point, 365, 368
Scalar multiplication
for matrices, 29
inR”, 114
in a vector space, 115
Scalar product, 31, 77, 202
in R? or R3, 202-205
Scalar projection, 205, 242
Scalars, 27
Schur decomposition, 334
Schur’s theorem, 334
Sex-linked genes, 321, 390
Signal processing , 259-262
Similarity, 192-198, 298
definition, 195
eigenvalues of similar
matrices, 298
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Singular matrix, 54
Singular value decomposition,
44,211, 215, 342, 466
compact form, 345
and fundamental subspaces,
345
and least squares, 454
and rank, 345
Singular values, 342
and 2-norm, 420
and condition number, 421
and the Frobenius norm, 347
Skew Hermitian, 338, 341
Skew symmetric, 101, 338
Solution set of linear system, 2
Space shuttle, 294
Span, 123
Spanning set, 125
Spearman, Charles, 214
Spectral Theorem, 335
Square matrix, 7
Stable algorithm, 395
Standard basis, 145-146
for P, 146
for R2%2, 145
for R3, 141
for R”, 145
State vectors, 317
Stationary point, 363
Steady-state vector, 289
Stochastic matrix, 149, 317
Stochastic process, 316
Strict triangular form, 5
Subordinate matrix norms, 416
Subspace(s), 119-130
definition, 120
Sudoku, 427
Sudoku matrix, 427
Svd, 342
Sylvester’s equation, 341
Symmetric matrix, 41

T

Trace, 198, 247, 297

Traffic flow, 17

Transition matrix, 150, 154
for a Markov process, 317

Translations, 186
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Unit vector, 106
Unitary matrix, 333

Transpose
of a matrix, 41

Vertices of a graph, 56
Vibrations of a structure, 310

of a product, 55
Triangle inequality, 244
Triangular factorization,

67-68, 406

Triangular matrix, 66
Trigonometric polynomial, 258
Trivial solution, 20
Tukey, John W., 262

U

Uncorrelated, 213
Underdetermined, 15
Uniform norm, 244

Unit lower triangular, 373
Unit round off, 351

Unit triangular, 373

Unit upper triangular, 373

Upper Hessenberg matrix, 446
Upper triangular, 66

\'
Vandermonde matrix, 70, 100
in MATLAB, 100, 463
Vector projection, 205, 242
Vector space
axioms of , 115
closure properties, 115
of continuous functions, 116
definition, 115
of m x n matrices, 115
of polynomials, 117
subspace of, 120
Vector(s), 27
Vectors in R”, 27

A"\

Walk in a graph, 57
Wavelets, 440

Web searches, 44, 320
Weight function, 239
Weights, 238

Well conditioned, 421
Wronskian, 139

Y
Yaw, 188

y4

Zero
matrix, 30
subspace, 120
vector, 115
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