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Chapter 1

Introduction

Linear Algebra is a branch of Mathematics. Many applied problems from Sci-
ence, Engineering and Finance can be written in terms of Linear Algebra ques-
tions. This is also true of Calculus, which is why these two fields are stressed
in undergraduate Mathematics education at UBC and other universities. By
putting a class of commonly occurring problems into a unified, abstract frame-
work, the problems can be studied in detail and well understood. This under-
standing can then be taken back to problems in many different fields. It is
especially important to realize that very large problems (with potentially mil-
lions of unknowns) can be understood in the same framework as the model
problems we do by hand in these courses. This course has computer labs that
involve the mathematical software, MATLAB, that will allow you to solve larger
problems using numerical computations.

Unlike Calculus, Linear Algebra does not require a lot of background knowl-
edge. Basic operations in Linear Algebra are just arithmetic. However, there
is a powerful connection between these simple arithmetic operations and geo-
metric quantities. Simple ideas in this course start to become abstract when
combined together. Linear Algebra is a subject you can study with very limited
matematical background, but you are advised to keep up with course lectures,
readings, assignments and computer labs so you won’t be left behind at the
transition from concrete ideas to abstract ones.

Details of the course taught in the Spring of 2011 can be found at the common
web page for all sections of the course, which can be found by taking a link at

http://www.math.ubc.ca/ wetton/

On this page, you will find details about the grade breakdown for the course,
test dates and links to the page on computer labs. Weekly assignments for the
course will be posted here. Other useful material such as old tests for practise
can also be found on this page.
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1.1 Course Goals

The goal of the course is to enable students to

1. recognize linear algebra questions (for which there are straight-forward
analytic and numerical solution techniques) as parts of applied problems

2. make the connection between geometric properties and analytic quantities
(determinants, dot and cross products, eigenvalues, etc.)

3. recognize that linear systems of equations can have unique, infinite or no
solutions and know how to determine all solutions or that none exist

4. recognize matrix multiplication as a linear transformation and that such
transformations (to the same dimensional space) can be simplified using
eigen-analysis

5. use complex numbers, which arise naturally in the eigen-analysis of ma-
trices

1.2 About the Subject

The subject of the course is Linear Algebra, focussing on three main topics:
vectors and matrices and connections to geometry, linear systems, and eigen-
analysis of matrices. Several applications are considered including resistor net-
works and random walks.

1.2.1 Connection to Geometry

The first topic considered in the course is vectors, which are quantities with both
magnitude and direction. A typical quantity represented as a vector is a force
F on an object as shown in Figure 1.1. The force F in that figure acts in the
x —y plane as shown. The vector force F can be represented by its components
(Fy, Fy). Some interesting questions you will be able to answer after completing
this course are: what directions are perpendicular to this force?; what are the
coordinates of the force in the rotated coordinate system z’ — 3'?; what are the
coordinates of the force if its direction is rotated? These last two questions are
related.

1.2.2 Linear Systems

Consider the following simple example. You probably saw something like this
in high school.

Example 1.1 Bob and Sue together have 12 dollars. Sue has 2 dollars more
than Bob. How much money do each have? You can probably guess the solution
by trial and error, but let us proceed a bit more formally. Let  be the amount of
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Figure 1.1: Force vector and coordinate systems.

money Sue has and y the amount Bob has. The two statements in the example
can be written mathematically as

r+y = 12
r—y = 2.

The equations above are a linear system for the unknowns x and y. A technique
that can be used to solve the system (that is, determine the values of z and
y that simultaneously solve both equations above) is substitution. The second
equation can be written as

r=9y+2

This can be substituted into the first equation above, eliminating y from the
problem
(y+2)+y=120r2y+2=12 so2y=10 soy=>5

The value of y = 5 determines = 7 from either of the original relationships.
Thus it is determined that Bob has 5 dollars and Sue has 7.

Often (but not always) a linear system of n equations for n unknowns has
a unique solution. The example above was for the case n = 2. However, the
substitution technique used above becomes impractical when n is larger than 3.
In this course you will learn the Gaussian Elimination technique to solve linear
systems. This systematic method can find all solutions when there are any and
also determine if the system has no solutions. This method can be implemented
in numerical software and used to solve very large systems.

1.2.3 Eigen-analysis

The final subject of the course is eigen-analysis of matrices and its applications.
A simple, motivational example comes from the study of discrete dynamical
systems. Consider a sequence of values

x07x17...$n...
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where the index n is a time level. Suppose that z,, is determined by the previous
value z,,_1 in the same way for every n, that is

Xy = f(xp_1) for every n >1 (1.1)

for a given function f. This could describe the population number x, of a
species at year n. The simple model assumes that the population the next year
only depends on the population this year through the function f. If the initial
value xy were given, then the values x1,xs---x, --- could be determined using
(1.1) repeatedly. A linear problem arises when we take the specific example
f(x) = ax where a is a given constant. In this case, it is easy to compute the
entries of the sequence:

1 = f(wo) = awo
ry = f(x1) = flaxe) = a®xg
Tn = f(xn—l)) = anIO

For this example, we can determine how the sequence behaves very well because
we have an expression for x,, above that is easy to understand. There are several
cases:

1. If g = 0 then z,, = 0 for all n.
2. if |a] < 1 then lim, . x, = 0.
3. if a = 1 then z,, = xg for all n.

4. if a = —1 then the values alternate in sign: x, has the value zq is n is
even, —xq if n is odd.

5. if Ja] > 1 and z¢ # 0 then the values of the sequence grow in absolute
value as n — 0o.

Linear discrete dynamical systems for vectors are also of interest. In these
cases, multiplication by the number a in the example above is replaced by
multiplication by a matrix A. Eigen-analysis of the matrix A allows one to
understand how the system behaves as n — oo in a similar way to the simple
example above.

1.3 About These Notes

The first version of these notes was written by Richard Froese for Math 152
taught in the Spring of 2004. There are many text books on elementary linear
algebra material, but none have the material in the order we want for Math
152 for Applied Science students. These notes stress geometric concepts in
two and three dimensional space. They also treat applications and numerical
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approximation using MATLAB in more detail than most texts. For this reason,
the authors have felt it was worthwhile to maintain and improve these notes for
Math 152. Additionally, we believe it is a social benefit for students to have
access to this material without having to purchase an expensive, commercial
text.

An update to the notes was made by Richard Froese for the course in 2007,
including solutions to the exercises. The version written for the 2009 course
had some updates by Brian Wetton: this introductory chapter, some additional
comments on MATLAB commands, a reworked section on linear systems arising
from electrical networks, and additional problems and solutions. In addition, the
notes were converted to standard KTEXformat to make them easier to maintain.

Substantial revisions for the notes for 2010 were done by Ignacio Rozada,
who was supported by a UBC Skylight grant over the Summer of 2009 to add the
problems and solutions used in weekly assignments the previous year. He also
added additional MATLAB material. Brian Wetton also added additional notes
to Chapter 4 on the use of matrix multiplication and inverses in the derivation
of solutions to the “fundamental problem” of resistor networks.

These notes for 2011 had minor revisions revisions done by Brian Wetton.
Further revisions are planned. There will be additional MATLAB material
added to the notes and additional problems and solutions. We have considered
having the notes printed and available at cost at the UBC bookstore but are not
yet sure of the demand from students. If you have any suggestions for additional
material or ways to improve the presentation, please send your ideas to Brian
Wetton (wetton@math.ubc.ca).

1.4 About The Computer Labs

The course includes six one-hour computer labs. These are given to small groups
of students every other week starting in the second week of the term. Locations
and times for the lab sections can be found following a link from the course web
page. The labs are being updated slightly for the 2010 course and will be posted
during the term as they are finalized. The labs are designed to be done during
the lab hour, and must be handed in at the end of the lab period. It is a good
idea to read through the lab notes before going to the lab so you are ready to
begin in the lab. After your first lab, you will be able to go to the lab rooms in
open hours to improve your MATLAB skills and to prepare for upcoming labs
if you find you are not able to complete the labs in the lab hour. Computer
lab material including your knowledge of MATLAB commands will be tested
on midterms and the final exam.

There are two main goals for the labs. The first is to gain familiarity with
the computational tool, MATLAB, that is commonly used in later courses and
Engineering careers. The second is to be able to solve larger, more interesting
applied problems that would otherwise be inaccessible using analytic methods.
Seeing the algorithms of MATLAB in action may also help you understand the
underlying mathematical concepts you see in the lectures.



Chapter 2

Vectors and Geometry

2.1 Chapter Introduction

This chapter contains an introduction to vectors, which correspond to points in
two, three and higher dimensional spaces. In this chapter, you will become famil-
iar with basic vector operations such as addition, scalar multiplication, length,
the dot product, and the cross product (for three dimensional vectors). Vector
representation of lines in 2D and 3D and planes in 3D is presented. Criteria for
when such objects intersect at unique points is given in terms of determinants.
This geometric presentation motivates our study of these kind of problems in
higher dimensional settings in later chapters. Throughout this chapter, MAT-
LAB commands are introduced that perform the operations described in the
text. For 2D and 3D problems, using MATLAB is only a convenience. For
higher dimensions, doing the computations by hand (even with a calculator) is
impractical, and a computational framework like MATLAB is essential to be
able to solve linear problems.

2.2 Vectors

Vectors are used to describe quantities that have both a magnitude and a di-
rection. You are probably familiar with vector quantities in two and three
dimensions, such as forces and velocities.

Later in this course we will see that vectors can also describe the configura-
tion of a mechanical system of weights and springs, or the collections of voltages
and currents in an electrical circuit. These more abstract vector quantities are
not so easily visualized since they take values in higher dimensional spaces.

We begin this course by discussing the geometry of vectors in two and three
dimensions. In two and three dimensions, vectors can be visualized as arrows.
Before we can draw a vector, we have to decide where to place the tail of the
vector. If we are drawing forces, we usually put the tail of the vector at the

10
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Figure 2.1: Forces acting on a pendulum (left) and position and velocity of a
particle (right)

Figure 2.2: Scalar multiplication.

place where the force is applied. For example, in Figure 2.1 (left) the forces
acting on a pendulum bob are gravity and the restraining force along the shaft.

If we are drawing the velocity of a particle at a given time, we would place
the tail of the velocity vector v(t) at the position of the particle at that time
as shown in Figure 2.1 (right). Once we have chosen a starting point for the
tails of our vectors (i.e., an origin for space), every point in space corresponds
to exactly one vector, namely the vector whose tail is at the origin and whose
head is at the given point. For example, in Figure 2.1 (right) we have chosen an
arbitrary point as the origin (marked with a circle) and identified the position
of the particle with the vector r(t).

2.2.1 Multiplication by a number and vector addition

There are two basic operations defined for vectors. One is multiplication of a
vector by a number (also called scalar multiplication). The other is addition of
two vectors.

A vector a can be multiplied by a number (or scalar) s to produce a new
vector sa. If s is positive then sa points in the same direction as a and has
length s times the length of a. This is shown in Figure 2.2. If s is negative then
sa points in the direction opposite to a and has length |s| times the length of a.

11
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Figure 2.3: Vector Addition.

To add two vectors a and b and we draw the parallelogram that has a and
b as two of its sides as shown in Figure 2.3. The vector a + b has its tail at
the origin and its head at the vertex of the parallelogram opposite the origin.
Alternatively we can imagine sliding (or translating) one of the vectors, without
changing its direction, so that its tail sits on the head of the other vector. (In
the diagram we translated the vector a.) The sum a + b is then the vector
whose tail is at the origin and whose head coincides with the vector we moved.

Example 2.1 Describe and sketch the following set of points {sa : s € R}
(that is, the set of all scalar multiples of a) where a is a non-zero vector in R2.
The set is a straight line going through the origin with direction a as shown in
Figure 2.4.

2.2.2 Co-ordinates

In order to do calculations with vectors, we have to introduce co-ordinate axes.
Once we have chosen in what directions the co-ordinate axes will lie, we can
specify a vector by giving its components in the co-ordinate directions.

In the Figure 2.5 we see two choices of x and y axes. For the first choice of
axes, the vector a has co-ordinates [5, 3] and for the second choice of axes the
co-ordinates are [v/34, 0]. In a given problem, it makes sense to choose the axes
so that at least some of the vectors have a simple representation. For example,
in analyzing the forces acting on a pendulum, we would either choose the y axis
either to be vertical, or to lie along the shaft of the pendulum.

We can choose to write the co-ordinates of a vector in a row, as above, or in
a column, like

5
)

Later on, we will almost always write vectors as columns. But in this chapter we
will write vectors as rows. Writing vectors as rows saves space on the page but
we will learn later how to write vectors in row form even when we want them to
be column vectors for other reasons. Note: When writing vector coordinates

12
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B

Figure 2.4: Figure for Example 2.1.

by hand or in this text, either square or round brackets can be used. However,
when using MATLAB, vectors must be created with square brackets (round
brackets are used for other purposes).

A convenient way to choose the co-ordinate axes is to specify unit vectors
(that is, vectors of length one) that lie along each of the axes. These vectors
are called standard basis vectors and are denoted i and j (in two dimensions)
and i, j and k (in three dimensions). These vectors are shown in Figure 2.6
(Sometimes they are also denoted e; and es (in two dimensions) and e;, e; and
e3 (in three dimensions).)

The unit vectors have co-ordinates

i = e =[1,0]
J = €ex= [07 1
in two dimensions, and
i = e =11,0,0]
j = €2 = [Oa 1; 0]
= e€e3= [Oa 07 1]

in three dimensions.

Often, we make no distinction between a vector and its co-ordinate repre-
sentation. In other words, we regard the co-ordinate axes as being fixed once
and for all. Then a vector in two dimensions is simply a list of two numbers (the

13
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]

Figure 2.5: Two choices of co-ordinate axes.

v

et

Figure 2.6: Unit vectors in 2D (left) and 3D (right).

14
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a+b =[8-3,2+5]=[5,7]

h=-35]

| i
-3 0 8

Figure 2.7: Adding vector co-ordinates.

components) [ay, as], and a vector in three dimensions is a list of three numbers
[a1, as,as]. Vectors in higher dimensions are now easy to define. A vector in n
dimensions is a list of n numbers [a1, as, ..., a,].

When a vector is multiplied by a number, each component is scaled by the
same amount. Thus if a = [a1, az], then

sa = slaj,as)

= [sai,sas]

Similarly, when two vectors are added, their co-ordinates are added component-
wise. So if a = [a1, az] and b = [by, bo], then

a+b [al,ag] + [bl,bg]

= [a1 +b1,a2 + o]

This is shown in Figure 2.7.
The analogous formulae hold in three (and higher dimensions). If a =

[a1,as9,...,a,] and b = [by, b, ..., b,], then
sa = slai,ag,...,a,)
= [sai,saq,...,say)
a+b = J[a1,a2,...,a,] 4 [b1,ba,...,by]
[

a1+b1,a2+b2,...,an+bn]

Example 2.2 Sketch azes x1-ro. Add the vectors (1,1) and (2,-1) to your
sketch. Draw these vectors with base point at the origin. Now add the vector
(1,-2) to your sketch, starting at the base point (1,1). That is, draw the vector
with components 1 to the right and 2 down starting at (1,1). Note: your sketch
should show graphically that (1,1)+(1,-2)=(2,-1). See Figure 2.8.

15



CHAPTER 2. VECTORS AND GEOMETRY

2.2. VECTORS

Aa

Figure 2.8: Figure for example 2.2

2.2.3 Properties of vector addition and scalar multiplica-

tion

Let 0 denote the zero vector. This is the vector all of whose components are

zero. The following properties are intuitive and easy to verify.

l.a+b=b+a

2.a+(b+c)=(a+b)+c

a+0=a

a+(—a)=0

(st)a = s(ta)

® N o o s W

la=a

s(a+b) = (sa+ sb)

(s+t)a=sa+ta

They follow from similar properties which hold for numbers. For example,

for numbers a; and b; we know that a; + b; = by + a;. Thus

a+b

so property 1 holds.

turn out to be false!

[al, ag] + [b1, bg]

[b1,b2] + [a1,a2] = b +a,

[a1 4 b1, a2 + ba] = [b1 + a1, b2 + a2

Convince yourself that the rest of these properties are
true. (What is the vector —a?). It might seem like a waste of time fussing over
obvious properties such as these. However, we will see when we come to the
cross product and matrix product, that sometimes such “obvious” properties

16
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2.2.4 MATLAB: basic scalar and vector operations

On the course web page there is a link to the Math 152 computer lab page,
where information on the location of computer labs can be found, as well as
how to start up the MATLAB program on the computers in these labs. In
the command window at the prompt >>, you can type MATLAB commands
directly. Some basic commands are given below

[43 b2

assignment: Scalar and vector variables can be assigned using the “=" oper-
ator. For example

a=2

followed by <enter> assigns the scalar value of 2 to the variable a. The
result of the command is printed out although this can be suppressed by
using a colon at the end of the command:

a = 2;

Here a is still assigned the value of 2 but no output is generated. Vector
variables are assigned with the following notation:

b= [12];

Note that b = [1, 2] has the same meaning in MATLAB, i.e., numbers
separated by a comma or a space imply row vectors. For column vectors,
the entries have to be separated by semicolons:

bl = [2; 3];

Note also that there are no special distinctions between the names of scalar
and vector variables.

addition: Both scalar and vector addition can be done with the “+” operator.
Keeping the values of scalar a and vector b above, we enter the commands

a2 = b5;

b2 = [2 9];
ata2

c = b+b2;

The first two lines above assign a new scalar and vector. The third line
prints out the answer 7 (2+5). The last line assigns the resulting vector
[3 11] ([1 2] + [2 9]) to the new vector ¢ but prints nothing,.

scalar multiplication Scalar multiplication (of vectors and other scalars) is
implemented using the “*” command. Using the variables defined above,

17
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a*a?2
ax*b

would result in 10 (2 times 5) and [2 4] (2 times [1 2]). The “*” command
also implements matrix-vector and matrix-matrix multiplication discussed
later in the course. Vector-vector multiplication (dot products and cross
products) are implemented using different commands as discussed in the
next section.

other commands: There are many useful functions built in to MATLAB such
as sqrt (square root), cos (cosine, taking an argument in radians), acos
(inverse cosine, giving an result in radians) and many more. They are
called as follows

sqrt(2)

which will return /2 to 4 decimal places. Type help followed by a com-
mand name gives you a description of that command. Try typing help
atan? since atan2 is a pretty useful function. These MATLAB functions
can take vector arguments, they act on each entry of the vector. For
example

sqrt ([1 41)

will produce the vector [1 2].

2.2.5 Problems

Problem 2.1 Sketch azes xi-zo. Add the vectors (2,2) and (1,-1) to your
sketch. Draw these vectors with base point at the origin. Now add the vector
(1,-1) to your sketch, starting at the base point (2,2). That is, draw the vector
with components 1 to the right and 1 down starting at (2,2). Note: your sketch
should show graphically that (2,2)+(1,-1)=(3,1).

Problem 2.2 Let a, b and c be fized non-zero vectors. Describe and sketch the
following sets of points in two and three dimensions:

(i) {sa:s R} (ie., the set of all scalar multiples of a)
(i1) {sa:s >0} (i.e., the set of all positive scalar multiples of a)
(iii) {b+sa:se R}
(iv) {sa+1tb:s,t e R}
(v) {c+sa+tb:s tecR}
Problem 2.3 Describe the vectors a—b and b — a.

Problem 2.4 Find an expression for the midpoint between a and b. Find an
expression for a point one third of the way between a and b.

Problem 2.5 Find an expression for the line segment joining a and b.
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Jall= a7+ a3 s

4

Figure 2.9: Pythagorean Formula.

2.3 Geometrical Aspects of Vectors

2.3.1 Length of a vector

It follows from the Pythagorean formula that the length |la]| of a = [a1, as)
satisfies ||al|? = a} + a3. This is shown in Figure 2.9.

Thus
lall = y/a? + a3.

Similarly, for a vector a = [a1, ag, az] in three dimensions,

lal = \/a? + a3 + d3.

The distance between two vectors a and b is the length of the difference b — a.

2.3.2 The dot product

The dot product of two vectors is defined in both two and three dimensions
(actually in any dimension). The result is a number. Two main uses of the dot
product are testing for orthogonality and computing projections.

The dot product of a = [a1, as] and b = [by, bo] is given by

a-b=aiby + ashs.
Similarly, the dot product of a = [a1, az,a3] and b = [by, b, b3] is given by
a-b =a1by + ashs + azbs.
The properties of the dot product are as follows:
0. If a and b are vectors, then a - b is a number.

1. a-a=|a|*
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a—b
3 [Ibll

/ |[b]| sin(e)
|
R

e

Figure 2.10: The vectors a, b and a — b (left) Lengths of Segments (right).

2. a-b=b-a.

3.a-(b+c)=a-b+a-c.

4. s(a-b) = (sa)-b.

5. 0-a=0.

6. a-b = ||a||||b|| cos(), where 6 is angle between a and b.

7. ab=0 <= a=0orb=0oraand b are orthogonal (i.e,. perpendicular).

Properties 0 to 5 are easy consequences of the definitions. For example, to verify
property 5 we write

0-a=10,0,0] - [a1, az,a3] = 0ay + Oag + Oagz = 0.

Property 6 is the most important property and is often taken as the definition
of the angle # between vectors a and b. Notice that our definition is given in
terms of the components of the vectors, which depend on how we chose the
co-ordinate axes. It is not at all clear that if we change the co-ordinate axis,
and hence the co-ordinates of the vectors, that we will get the same answer for
the dot product. However, property 6 says that the dot product only depends
on the lengths of the vectors and the angle between them. These quantities
are independent of how co-ordinate axes are chosen, and hence so is the dot
product.

To show that property 6 holds we compute ||a — b||? in two different ways.
First of all, using properties 1 to 5, we have

la=b|? = (a—b)-(a—Db)
= a-a—a-b—b-a+b-b
lall® + Ib]|* —2a- b (2.1)

(Which properties were used in each step?) Next we compute ||a—b|| as depicted
in Figure 2.10 (left).
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We mark the lengths of each of the line segments in Figure 2.10 (right).
Using Pythagoras’ theorem for the right angled triangle on the right of this
diagram, we see that

la = D] = (la]| - |b]| cos(6))* + [[b|| sin*(8).
Thus, using cos?(6) + sin(0) = 1,
la=bl* = la]*+ [[b]|* cos®(6) — 2llall|[b|| cos(6) + ||b||* sin*(8)
lall* + Ibl* — 2[|al[[Ib]| cos() (2.2)

Actually, this is just the cosine law applied to the triangle in Figure 2.10 and you
may have been able to write (2.2) directly. Now we equate the two expressions
(2.1, 2.2) for ||la — b||?. This gives

la]* + [b]]* = 2a- b = [lal|* + [[b||* — 2/lal||[b]| cos(9)
Subtracting ||al|? + ||b||* from both sides and dividing by —2 now yields
a-b = [a]/|[b]| cos(6).

This proves property 6.

Property 7 now follows directly from 6. If a-b = 0 then ||a||||b]|| cos(f) = 0
so either ||al| = 0, in which case a = 0, or ||b|| = 0, in which case b = 0, or
cos(f) = 0, which implies that § = 7/2 (since 6 lies between 0 and 7). This
implies a and b are orthogonal.

Property 6 can be used to compute the angle between two vectors as shown
in the example below.

Example 2.3 What is the angle between the vectors whose tails lie at the centre
of a cube and whose heads lie on adjacent vertices? To compute this take a
cube of side length 2 and centre it at the origin, so that the vertices lie at the
points [£1,4+1,£1]. Then we must find the angle between a = [1,1,1] and
b =[-1,1,1]. Since

a-b=—-1+1+1=1=|al||b| cos(d) = V3V3cos(h)

we obtain
0 = arccos(1/3) ~ 1.231 (~ 70.5°)

Here is an example to review the basic operations on vectors we know so far.

Example 2.4 Consider the vectors a = (2,3) and b = (1,—3) in R%2. Compute
the following:

(a) a+Db
(b) 3a
(c) 2a+ 4b
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projba

Figure 2.11: Projection.

(d) a-b
(e) |Ib]|

Solutions:
a+b=(23)+(1,-3) = (3,0)
3a=3(2,3) = (6,9)

a)
)

(c) 2a+4b =2(2,3) +4(—1,3) = (4,6) + (4, —12) = (8, —6)
) a
)

(
(b

(d (2,3).(17—3):2—9:—7.

(e) [Ibll = /12 + (=3)? = V10.

2.3.3 Projections

Suppose a and b are two vectors. The projection of a in the direction of b,
denoted projpa, is the vector in the direction of b whose length is determined
by drawing a line perpendicular to b that goes through a. In other words, the
length of proj,a is the component of a in the direction of b. This is shown in
Figure 2.11

To compute proj,a, we first note that it is a multiple of b. Thus proj,a = sb
for some number s. To compute s, we use the fact that the vector proj,a — a
(along the dotted line in the diagram) is orthogonal to b. Thus (proj,a—a)-b =
0,or (sb—a)-b=0,ors=a-b/b-b=a-b/||b|? Thus

i a-b
proj,a = ——=b.
SR

If b is a unit vector (i.e., ||b]| = 1) this expression is even simpler. In this case
proj,ba = (a-b)b.

Projections are useful for computing the components of a vector in various
directions. An easy example is given be the co-ordinates of a vector. These are
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simply the components of a vector in the direction of the standard basis vectors.
So in two dimensions

ap = a-i=[a,a9]-[1,0]

a; = a-j= [a17a2] ’ [Oal]

2.3.4 MATLAB: norm and dot commands

MATLAB has built-in functions that implement most of the mathematical op-
erations introduced this course. For example, the commands

norm(a) returns the length (norm) of the vector a.

dot(a,b) returns the dot product of the vectors a and b (if the vectors do not
have the same length, an error results as you would expect).

Using these commands and scalar multiplication of vectors, a projection of a
onto the direction b can be implemented:

(dot (a,b) /norm(b) ~2))*b
where / denotes division (of scalar quantities in this case) and ~ p gives the

p’th power of a quantity.

2.3.5 Problems

Problem 2.6 Consider the vectors a = (1,2) and b = (1,—2) in R? (the set
of vectors with 2 components). Compute the following:

1. a+b
2a

a—b
a-b

;oA e

-]l

Problem 2.7 A circle in the x1-xo plane has centre at (2,5). A given point
on its circumference is (3,3). Write an equation that describes all the points
(z1,22) on the circle.

Problem 2.8 Find the equation of a sphere centred at a = [a1,a2,a3] with
radius r. (Hint: the sphere is the set of points x = [x1, z2, x3] whose distance
from a isr

Problem 2.9 Find the equation of a sphere if one of its diameters has end-
points [2,1,4] and [4,3,10]
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Problem 2.10 Compute the dot product of the vectors a and b and find the
angle between them.

(i) a=[1,2], b=[-2,3]
(i) a=[-1,2], b=[1,1]
(1) a=[1,1], b= [2,2]
(v) a=[1,2,1], b=[-1,1,1]
(v) a=[-1,2,3], b=[3,0,1]
Problem 2.11 Leta= (1,1,1) and b = (3,1, —2). Compute the following:
1. The angle between a and b.
2. proj,b (the projection of b in the direction of a).
Problem 2.12 Let a= (1,4,0) and b = (2,—1,5). Compute the following:
(a) The angle between a and b.
(b) proj,b (the projection of b in the direction of a).
Problem 2.13 For which value of s is the vector [1,2, s] orthogonal to [-1,1,1]?

Problem 2.14 Does the triangle with vertices [1,2, 3], [4,0,5] and [3,4, 6] have
a right angle?

Problem 2.15 Determine the values of ¢1 and cy such that the vector e 1 ca]
is a scalar multiple of [2 -2 3].

Problem 2.16 An air-plane with an approach speed of 70 knots is on approach
to runway 26 (i.e., pointing in the direction of 260 degrees). This is shown
in Figure 2.12 (left). If the wind is from 330 degrees at 10 knots, what head-
ing should the pilot maintain to stay lined up with the runway? What is the
groundspeed of the air-plane?

Problem 2.17 Suppose the angle of the pendulum shaft makes an angle of 6
with the vertical direction as shown in Figure 2.12 (right). The force of gravity
has magnitude (length) equal to mg and points downwards. The force along the
shaft of the pendulum acts to keep the shaft rigid, i.e., the component of the
total force along the shaft is zero. Write down the co-ordinates of the two forces
and the total force using two different sets of co-ordinate axes — one horizontal
and vertical, and one parallel to and orthogonal to the shaft of the pendulum.

Problem 2.18 (Matlab) In Matlab code, if one defines a vector a = [a1,aa, -, ay],
with the a;’s being any numbers, the output of typing a(j) would be a;.

Suppose that you have a two element vector. How would you write a line of
Matlab code to compute the norm of the vector, without using the norm or dot
commands?
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wind
i f g

Figure 2.12: Runway diagram for problem 2.16 (left) and the pendulum of
problem 2.17 (right)

2.4 Determinants and the Cross Product

2.4.1 The determinant in two and three dimensions

The determinant is a number that is associated with a square matrix, that is, a
square array of numbers.
In two dimensions it is defined by

ap a2

det |:b1 by

:| = a1b2 — agbl.

The definition in three dimensions is

ap az as
det bl b2 b3
i C2 C3

aldet[b2 b?’]—agdet[bl bg}—i—agdet[bl bz}
C2 C3 c1 C3 c1  Co

= CleQCg — albgcg + agbgcl — a2b103 + agblcg — a3b201

We want to determine the relationship between the determinant and the
vectors a = [a1,az] and b = [by, bo] (in two dimensions) and a = [ay, as, as],
b = [b1,b2,b3] and ¢ = [c1,¢2,¢3] (in three dimensions). We will do the two
dimensional case now, but postpone the three dimensional case until after we
have discussed the cross product.

So let a = [a1,az] and b = [b, ba] be two vectors in the plane. Define

a= [—ag, al].
Notice that a has the same length as a, and is perpendicular to a, since

a-a= —asga; +ajas =0.

There are exactly two vectors with these properties. The vector a is the one
that is obtained from a by a counterclockwise rotation of 7/2 (i.e., 90°). To
see this, notice that if a lies in the first quadrant (that is, a; > 0 and as > 0)

25



CHAPTER 2. VECTORS AND GEOMETRY 2.4. DETERMINANTS AND THE CROSS PRODUCT

Iy

sin@) y

Figure 2.13: The vector a.

then a lies in the second quadrant, and so on. Later in the course we will study
rotations and this will be a special case. Notice now that the determinant can
be written as a dot product.

a-b=—agh, +ayby = det | 1+ P2
by by

We want to use the geometric formula for the dot product of a and b. Let 8 be
the angle between a and b and 7/2 — 6 be the angle between a and b, as shown
in Figure 2.13.

Using the geometric meaning of the dot product, we obtain

aq a9 o A

det[b1 bJ = a-b
= llalllbll cos(r/2 - 0)

[[all[[b]| sin(6)

We need to be a bit careful here. When we were discussing the dot product,
we always assumed that the angle between two vectors was in the range 0 to
m. In fact, the geometric formula for the dot product is not sensitive to how we
measure the angle. Suppose that instead of 6 in the range 0 to m we use ¢; = —6
(measuring the angle “backwards”) or 6 = 27 — 0 (measuring the angle going
the long way around the circle). Since cos(6) = cos(—6) = cos(27 — 0) we have

c-d = [c[[ldlfcos(0) = [[c]ll|d]| cos(61) = [c[ll|d]| cos(6s)-

In other words, the geometric formula for the dot product still is true.

In the diagram above, we want to let the angle 6 between a and b range
between —7 and 7. In this case the angle /2 — 6 between a and b is sometimes
not in the range between 0 or 27w. But if this happens, then it is still the
angle between a and b, just “backwards” or “the long way around.” Thus the
geometric formula above still is correct.
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Values of 6 between 0 and 7 correspond to the situation where the direction
of b is obtained from the direction of a by a counterclockwise rotation of less
than 7. This is the case in the diagram. On the other hand, 6 between —m and
0 corresponds to the case where a clockwise rotation of less than 7 is needed to
get from the direction of a to the direction of b.

The quantity sin(f) can be positive or negative, depending on the orienta-
tions of a and b, but in any case the positive quantity ||b||| sin(6)] is the height
of the parallelogram spanned by a and b if we take a to be the base. In this
case, the length of the base is ||a]|. Recall that the area of a parallelogram is
the length of the base times the height. Thus

ayp az
b1 bo

det [ ] ‘ = Area of parallelogram spanned by a and b

The determinant is positive if sin(f) is positive, that is, if 6 is positive. This is
the case if the direction of b is obtained by a counterclockwise rotation of half
a circle or less from the direction of a. Otherwise the determinant is negative.

Notice that the determinant whose rows are the components of two non-zero
vectors a and b is zero exactly when the vectors a and b are pointing in the
same direction, or in the opposite direction, that is, if one is obtained from the
other by scalar multiplication. The sign of the determinant gives information
about their relative orientation.

2.4.2 The cross product

Unlike the dot product, the cross product is only defined for vectors in three
dimensions. And unlike the dot product, the cross product of two vectors is
another vector, not a number. If a = [a1, ag, ag] and b = [by, bs, b3], then a x b
is a vector given by

axb= [agbg — agbg, a3b1 — a1b3, a1b2 — agbl].

An easy way to remember this is to write down a 3 x 3 matrix whose first row
contains the unit basis vectors and whose second and third rows contain the
components of a and b. Then the cross product is obtained by following the
usual rules for computing a 3 x 3 determinant.

i j k
. az as| . ap asg ap a2
det | a1 a9 a3 = 1det{b2 bg] _]det[b1 bg]+kdet{b1 bz}
by by b3

[a2bs — azba, agby — a1b3, a1bs — asbi]

The geometric meaning of the cross product is given the following three prop-
erties:

1. a x b is orthogonal to a and to b
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b—proj,b
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proj,,b a
Figure 2.14: The parallelogram spanned by a and b.
2. |la x b|| = ||al|||b|| sin(d), where 6 is the angle between a and b. In this

formula, 6 lies between 0 and 7, so that sin(@) is positive. This is the same
as saying that the length of a x b is the area of the parallelogram spanned
by a and b.

3. The vectors a, b and a x b obey the right hand rule.

This geometric description of the cross product shows that the definition of the
cross product is independent of how we choose our co-ordinate axes. To verify
1, we compute the dot products a - (a x b) and b - (a X b) and verify that they
are zero. (This is one of the problems below.)

To verify 2 we must show that the length of a x b is the area of the paral-
lelogram spanned by a and b, since the quantity ||al|||b|| sin(f) is precisely this
area.

Since both the length and the area are positive quantities , it is enough to
compare their squares. We have

Ha X b||2 = (a2b3 — a3b2)2 —+ (a3b1 — a1b3)2 + (ale — (121)1)2 (23)

On the other hand, the area A of the parallelogram spanned by a and b is
length ||a|| times the height. This height is the length of the vector b—proj,b =
b — (a-b)a/||al|? as shown in Figure 2.14. Using these facts, we arrive at the
following formula for the square of the area of the parallelogram.

A% = a]*b - (a-b)a/[la]*|?
= [al? (Ibl* + (a- b)*[lal*/|la]* — 2(a- b)*/|a]?)
[all?[[b]|* - (a - b)?
= (a® + a3 +a?)(b? + b3 +b2) — (ar1b1 + azby + azbs)? (2.4)

Expanding the expressions in (2.3) and (2.4) reveals that they are equal.
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Notice that there are exactly two vectors satisfying properties 1 and 2, that
is, perpendicular to the plane spanned by a and b and of a given length. The
cross product of a and b is the one that satisfies the right hand rule. We say
that vectors a, b and ¢ (the order is important) satisfy the right hand rule if
you can point the index finger of your right hand in the direction of a and the
middle finger in the direction of b and the thumb in the direction of ¢. Try to
convince yourself that if a, b and ¢ (in that order) satisfy the right hand rule,
then so do b, ¢, a and c, a, b.

Here are some properties of the cross product that are useful in doing com-
putations. The first two are maybe not what you expect.

l.axb=-bxa

2. ax(bxc)=(c-a)b—(b-a)c.

3. s(axb) = (sa) x b=ax (sh).

4. ax(b+c)=axb+axc.

5.a-(bxc)=(axDb)-c.

Example 2.5 Let a=(1,3,—2) and b= (—1,2,3). Compute the following:

(a) The area of the parallelogram whose sides are a and b.
(b) The angle between a and b.

Solution:

(a) The area of the parallelogram is equal to the length of a x b:
i A A A
axb=| 1 3 -2 |=:94+4)+72-3)+k(2+3)=(13,-1,5)
2

so the area is

|a x b|| = /132 + (=1)2 + 52 = V195 ~ 13.96

(b) Note that the formula ||a x b|| = ||a||||b||sinf cannot be used for this
question since it cannot distinguish between 6 and m — 6 (think about this
point). Instead, use the cos, dot product formula which should always be
used for the calculation of angles between vectors unless you really know
what you are doing:

a-b  (1,3,-2)-(-1,2,3) ~146-6 -1
lallibll 113, =2)[II(-1,2,3)[  VI+9+4V/I+4+9 14

cosf =

SO

-1
6 = cos™* (14> ~ 1.64 radians or ~ 94.10°
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b= ¢ e - /

Figure 2.15: The Triple Product.

2.4.3 The triple product and the determinant in three di-
mensions

The cross product is defined so that the dot product of a with b x ¢ is a
determinant:
ap a2 as
a- (b X C) = det b1 b2 bg
C1 C2 C3

This determinant is called the triple product of a, b and c.

Using this fact we can show that the absolute value of the triple product is
the volume of the parallelepiped spanned by a, b and c.

A diagram of the parallepiped is shown in Figure 2.15. The absolute value
of the triple product is

ja- (b x ¢)| = [lall cos(8) b x c]|.

Here 6 is the angle between a and b x ¢. The quantity ||a|| cos(f) is the height
of parallelepiped and |[b x c|| is the area of the base. The product of these is
the volume of the parallepiped, as claimed. Thus

a; a2 as
det | by b b3 || = Volume of the parallelepiped spanned by a, b and ¢
C1 Co C3

The sign of the triple product is positive if 6 is between zero and 7/2 and
negative if 6 lies between /2 and 7. This is the case if a is on the same side of
the plane spanned by b and ¢ as b x ¢. This holds if the vectors b, ¢ and a (in
that order) satisfy the right hand rule. Equivalently a, b and ¢ (in that order)
satisfy the right hand rule.

Mathematically, it is more satisfactory to define the right hand rule using
the determinant. That is, we say that vectors a, b and c satisfy the right hand
rule if the determinant a - (b X c) is positive.
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2.4.4 MATLAB: assigning matrices and det and cross com-
mands

cross The command cross(a,b) computes the cross product a x b. An error
results if a or b are not vectors of length 3. As an example, the command

cross([1 0 0],[0 1 01)

gives the vector result [0 0 1].

matrices: The syntax to generate a matrix is shown below using a 2x2 example
a=[12; 34]

This command assigns a matrix to a that has the vector [1 2] in its first row
and [3 4] in its second. Entries of a matrix can be accessed individually,
for example a(1,2) is the entry in the first row, second column.

zeros: Many applications can lead to large matrices with many rows and columns.
Even though MATLAB can do matrix computations, it can be tedious to
enter these large matrices by hand. In some cases the matrices have mostly
zeros as entries (these matrices are called sparse). In these cases it is more
efficient to generate a matrix of all zeros and then modify the entries that
are not zero. For example

a = zeros(2,2);
a(1,1) =1;

generates a 2 X 2 matrix with entries that are all zero except the upper
left entry which is 1. Note that zeros(n,m) generates a matrix with n
rows and m columns with all zero entries. So zeros(1,m) is a row vector
of length m and zeros(n,1) is a column vector of length m with all zero
entries.

rand: rand (n,m) generates a matrix with n rows and m columns with entries
that are random numbers uniformly distributed in the interval [0,1].

det: The command det(a) returns the determinant of the matrix a. An error
occurs if a is not a square (same number of rows and columns) matrix.
Determinants of larger matrices (than 2 X 2 and 3 x 3 discussed in this
section) are discussed in Chapter 4.

2.4.5 MATLAB: generating scripts with the MATLAB
editor

Often times using the command window in MATLAB to solve a problem can be
tedious, because if the need arises to redo the problem, or change a parameter,
one has to rewrite it all. The editor comes in handy for such cases. The editor
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is a text window (accesed from the command window: File — New — Blank
M-file) where one can write commands in the same syntax as the editor, and
when one runs it, the results appear in the command window exactly as if one
had written them there one after the other.

For example, the code to generate three random orthogonal vectors would
look something like this:

al = rand(3,1)

b = rand(3,1);

a2 = cross(al,b)
a3 = cross(al,a2)
dot(al,a2)
dot(al,a3)

dot (a2,a3)

Note that the last three lines are there to check that the three vectors are
mutually orthogonal. Once the code was written, save it from the editor window:
File — Save as, making sure that the name of the file has a “.m” extension
(and the file name should contain no spaces). There are several different ways
of running the script, the fastest one is to hit the F5 key. Alternatively, from the
editor window it can be run from Debug — Run, or directly from the command
window by typing the name of the script into the MATLAB command line.

2.4.6 MATLAB: floating point representation of real num-
bers

MATLAB can represent integers exactly (up to limited but large size). Using a
“floating point representation”, MATLAB can represent most real numbers only
approximately (but quite accurately - to 16 digits or so). In certain cases, the
errors made in floating point approximation of numbers can be amplified and
lead to noticeable errors in computed results. This will not happen typically in
the examples and computer labs for Math 152, but the reader should be aware
of the possibility.

Example 2.6 Consider the vectors
a = [111]

b = [V2V20

and c = a+b. If a 3 x 3 matrix A is made with rows a, b and c then the
determinant of A is zero (by construction, the vectors lie on the same plane).
If this computation is done in MATLAB,

a=[111];

b = [sqrt(2) sqrt(2) 0 1;
c =a+ b;

A = [a; b; cl;

det (A)
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the result is 3.1402e-16 not zero due to floating point approximation of inter-
mediate computations. You can type eps in MATLAB to see the maximum
relative error made by floating point approzimation. On the computer used to
do the computation above, eps had a value of 2.2204e-16, so it is believable that
the calculation error in the determinant was made by the combination of a few
floating point approximations.

Try to determine how many decimal digits of accuracy the floating point
representation in your calculator uses (typically, the accuracy is greater than
what is displayed).

2.4.7 Problems
Problem 2.19 Compute [1,2,3] x [4,5, 6]
Problem 2.20 Use the definition to find the determinant of the matriz

1 1
3

1
1 2
1 0 -1

Do the computation by hand showing your work, but you can check your result
using MATLAB. From your result, decide if the vectors [1 1 1], [1 2 3] and [1
0 -1] lie in the same plane (justify your answer, very briefly).

Problem 2.21 Verify thata-(axb)=0 and b-(a x b) =0.

Problem 2.22 Simplify each of the following expressions:
(@) ((1,4,-1)- (2,1,3))((2.1,4) x (1,4,9))
(b) (7,1,0) - ((2,0,—1) x (1,4,3))
(c) (axb)x (bxa)

Problem 2.23 Ezplain why ||a]|||b|| sin(6) is the area of the parallelogram spanned
by a and b. Here 0 is the angle between the two vectors.

Problem 2.24 Find examples to show that in general a X b # b x a and
ax(bxc)#(axb)xc.

Problem 2.25 (Matlab) The Matlab command a=rand(1,n) generates annx1
vector with random entries. Write a script that generates three random vectors
and write what you obtain from axb—bxa, and fromax (bxc)—(axb)xc.
Does that constitute a proof?

Problem 2.26 Show thata x (b xc)=(a-c)b— (a-b)c.
Problem 2.27 (Matlab) Write a script that generates three random vectors and
checks that the result from problem 2.26 holds: ax (b xc) = (a-c)b— (a-b)c.
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Problem 2.28 Derive an expression for (a X b) - (¢ x d) that involves dot
products but not cross products.

Problem 2.29 (a) Draw a sketch containing the vectors a, b and ax (axb).
Assume that a and b lie in the plane of the paper and have an acute angle
between them.

(b) Find a formula for a x (a x b) which involves only |lal|, b and proj,b.
Hint: use a property of the dot product.

Problem 2.30 What is the analog of the cross product in two dimensions?
How about four dimensions?

2.5 Lines and Planes

2.5.1 Describing linear sets

The following sections we will consider points, lines, planes and space in two
and three dimensions. Each of these sets have two complementary (or dual)
descriptions. One is is called the parametric form and the other the equation
form. Roughly speaking, the parametric form specifies the set using vectors that
are parallel to the set, while the equation form uses vectors that are orthogonal
to the set. Using the parametric description, it is easy to write down explicitly
all the elements of the set, but difficult to check whether a given point lies in
the set. Using the equation description its the other way around: if someone
gives you a point, it is easy to check whether it lies in the set, but it is difficult
to write down explicitly even a single member of the set.

One way of thinking about solving a system of linear equations is simply
going from one description to the other. This will (hopefully) become clear
later on.

These sections will always follow the same pattern. We will consider the
parametric and equation descriptions, first in the special case when the set
passes through the origin. Then we consider the general case. Recall that when
we say “the point x” this means “the point at the head of the vector x whose tail
is at the origin.” In these sections we have used the notation [z, 2] instead
of [z,y] and [z1,z9,z3] instead of [z,y, 2] for typical points in two and three
dimensions.

2.5.2 Lines in two dimensions: Parametric form

First we consider lines passing through the origin. Let a = [a1, as] be vector in
the direction of the line. Then all the points x on the line are of the form

X = sa

for some number s. The number s is called a parameter. Every value of s
corresponds to exactly one point (namely sa) on the line.
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Line through the origin Line through q

Figure 2.16: A line in two dimensions.

Now we consider the general case. Let q be a point on the line and a lie in
the direction of the line. Then the points on the line can be thought of as the
points on the line through the origin in the direction of a shifted or translated
by q. Then a point x lies on the line through q in the direction of a exactly
when

X=qg-+sa

for some value of s.

2.5.3 Lines in two dimensions: Equation form

First we consider lines passing through the origin shown in Figure 2.16 (left).
Let b = [b1, ba] be orthogonal to the direction of line. The point x is on the line
exactly when x - b = 0. This can be written

x1b1 + zoby = 0.

Now we consider the general case shown in Figure 2.16 (right). Let q be a
point on the line and b = [by, bs] be orthogonal to the direction of line. A point
x lies on the line through q in the direction of a exactly when x — q lies on the
line through the origin in the direction of a. Thus (x — q) - b = 0. This can be
written

(1 — @1)b1 + (22 — 2)b2 = 0
or
l‘lbl + 332()2 = C,

where ¢c =q - b.

2.5.4 Lines in three dimensions: Parametric form

The parametric form of a line in three (or higher) dimensions looks just the
same as in two dimensions. The points x on the line are obtained by starting
at some point q on the line and then adding all multiples of a vector a pointing
in the direction of the line. So

X=q+ sa
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by
I:;:_L ]
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|~ a

Figure 2.17: A line in three dimensions.

The only difference is that now q and a are vectors in three dimensions.

2.5.5 Lines in three dimensions: Equation form

We begin with lines through the origin. A line through the origin can be de-
scribed as all vectors orthogonal to a plane. Choose two vectors b; and by lying
in the plane that are not collinear (or zero). Then a vector is orthogonal to
the plane if and only if it is orthogonal to both by and by. Therefore the line
consists of all pOiIltS x such that X'b1 =0and X'bg =0.If bl = [b1717 b172, bl,g]
and by = [ba 1, b2 2, b2 3] then these equations can be written

biizi + bioxe + biszs = 0
boiz1 + booxa + bazrs = 0

Notice that there are many possible choices for the vectors b; and by. The
method of Gaussian elimination, studied later in this course, is a method of
replacing the vectors b; and by with equivalent vectors in such a way that the
equations become easier to solve.

Now consider a line passing through the point q and orthogonal to the
directions by and by as shown in Figure 2.17. A point x lies on this line
precisely when x — g lies on the line through the origin that is orthogonal to by
and bz. Thus (x —q)-b; =0 and (x — q) - by = 0. This can be written

bii(xr—qi) + big(ra—q) + big(ezzs—q3) = 0
boi(x1 —q1) + baa(w2a—q2) + bas(zz—q3) = 0,
or
biizi 4+ bipxre 4+ bizry = ¢
boiz1 + bopra 4+ bozrs = e

where ¢y = q-b; and co = q - by
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2.5.6 Planes in three dimensions: Parametric form

We begin with planes through the origin. Since a plane is a two dimensional
object, we will need two parameters to describe points on the plane. Let a; and
as be non-collinear vectors in the direction of the plane. Then every point on
the plane can be reached by adding some multiple of a; to some other multiple
of as. In other words, points x on the plane are all points of the form

X = saj + tas

for some values of s and ¢.

If the plane passes through some point q in the directions of a; and as, then
we simply shift all the points on the parallel plane through the origin by q. So
x lies on the plane if

X =q+ sa; + tay

for some values of s and ¢.

2.5.7 Planes in three dimensions: Equation form

A plane through the origin can be described as all vectors orthogonal to a given
vector b as shown in Figure 2.18. (In this situation, if b has unit length it is
called the normal vector to the plane and is often denoted n.) Therefore x lies
on the plane whenever x - b = 0, or

bix1 4+ boxs 4+ bsxg = 0.

If a plane with normal vector b is translated so that it passes through the point
q, then x lies on the plane whenever x — q lies on the parallel plane through
the origin. Thus x lies on the plane whenever (x — q) - b = 0. Equivalently

bi(xy —qi1) + ba(xa—q2) + bs(xs—gq3) = O,

or
bix1 + bexs 4+ b3xs = ¢,

where ¢c = q - b.

2.5.8 Problems

Problem 2.31 A line orthogonal to b can be described as the set of all points
x whose projections onto b all have the same value. Using the formula for
projections, show that this leads to the equation description of the line.

Problem 2.32 Find both the parametric form and equation form for the line
in Figure 2.19. Write down five points on the line (notice that the parametric
form is more useful for this). Check whether the point [1%2,1099] is on the line

(notice that the equation form is more useful for this.)
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Figure 2.18: A plane in three dimensions.

[7.5]

/ [01]

Figure 2.19: Diagram for problem 2.32.
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Problem 2.33 Find the equation form for the line [1,1] + s[—1,2].
Problem 2.34 Find the parametric form for the line x1 —3xo =5

Problem 2.35 Use a projection to find the distance from the point [—2,3] to
the line 3x1 — 4z = —4

Problem 2.36 Consider the plane v —y+ 2z =1.
1. What is the normal direction to the plane?
2. Find the coordinates of any point (your choice) on the plane.

Problem 2.37 Let a, b and c be the vertices of a triangle. By definition, the
median of a triangle is a straight line that passes through a vertex of the triangle
and through the midpoint of the opposite side.

(i) Find the parametric form of the equation for each median.
(i) Do all the medians meet at a common point? If so, which point?
Problem 2.38 Find a pair of equations which define the line
{(2,0,—4) +5(0,1,3) : s € R}
Problem 2.39 Find the intersection point between the line
{(2,-1,6) +s(1,—1,0) : s € R}

and the plane
{t(0,1,-3) + u(—1,2,0) : t,u € R}
Hint: first find an equation for the plane.

Problem 2.40 Find the intersection point of the line with parametric form
below

(13 273) + t(lvov _1)

and the plane
r+2y—z=>5.

Problem 2.41 Find the equation of the plane containing the points [1,0,1],
[1,1,0] and [0,1,1].

Problem 2.42 Find the equation of the sphere which has the two planes x1 +
To+x3 =3 and r1 + x2 + 3 = 9 as tangent planes if the centre of the sphere
is on the planes 2x1 — 19 =0, 3x1 — 3 = 0.

Problem 2.43 The planes x +y+ 2z =2 and x —y+ 2z = 7 intersect in a line.
Find a parametric representation of this line.
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Problem 2.44 Find the equation of the plane that passes through the point
[—2,0,1] and through the line of intersection of 2x1 + 3x2 — 23 =0, o —4ao +
2.133 = —5.

Problem 2.45 What’s wrong with the question “Find the equation for the plane
containing [1,2,3], [2,3,4] and [3,4,5].”7

Problem 2.46 Find the distance from the point p to the plane b - x = c.

Problem 2.47 Find the equation for the line through [2, —1, —1] and parallel to
each of the two planes r1 4+ x2 =0 and v1 — 29 + 223 = 0. Fapress the equation
fo the line in both parametric and equation form.

Problem 2.48 (Matlab) Plotting figures in Matlab is quite simple. Simply type
plot(1,2) in the command window and observe what you get. Copy the follow-
ing script (call it basicplot.m for example), and run it:

x =-2:0.1:2

m= 2

x 0=1

y_0 =1

y = y_0 + m*x(x-x_0)

plot(x,y,’.”)

Type help plot in the command window to learn about different options for
the plot command. Without closing the figure window, type hold on in the
command window, and re-run the script after changing the slope tom = -1/2
(the hold on command allows you to overlap plots). Notice that the two lines
should be perpendicular, but because of the scaling they appear not to be. Type
in the command axis equal to fir that. How would you modify the script to
plot a circle of radius 37

2.6 Introduction to Linear Systems

2.6.1 Description of points and the geometry of solutions
to systems of equations

So far we have considered the parametric and equation descriptions of lines and
planes in two and three dimensions. We can also try to describe points in the
same way. This will help you get a geometric picture of what it means to solve
a system of equations.

The “parametric” description of a point doesn’t have any parameters! It
simply is the name of the point x = q. In two dimensions the equation form for
describing a point will look like

biizi + bioxa = ¢
baix1 + bapre = e

40



CHAPTER 2. VECTORS AND GEOMETRY 2.6. INTRODUCTION TO LINEAR SYSTEMS

Figure 2.20: Intersection of lines in 2D that are not collinear is a point.

where the vectors by = [b1,1,b1,2] and by = [b2 1, b2 2] are not collinear. Each
one of this equations describes a line. The point x = [z1, z2] will satisfy both
equations if it lies on both lines, i.e., on the intersection. Since the vectors by
and bs are not co-linear, the lines are not parallel, so the intersection is a single
point. This situation is shown in Figure 2.20.

In three dimensions the equation form for describing a point will look like

biiz1 + bipra + bhizrs =
boix1 + bopra 4+ bozrz = 2
bsizi + bioxa + bi3srs = c3

where by, by and bz don’t all lie on the same plane. This can be interpreted as
the intersection of three planes in a single point.

Notice that going from the equation description of a point to the parametric
description just means finding the solution of the system of equations. If, in two
dimensions, the vectors by and by are not collinear, or in three dimensions, b,
by and b3 don’t all lie on the same plane, then the system of equations has a
unique solution.

Now suppose that you are handed an arbitrary system of equations

biizi + bioxa + bigzs = ¢
boiz1 + booza + bozTs = 2
bsir1 + b3ara + b3zrs = c3

What does the set of solutions x = [x1, 22, 23] look like? As we just have seen,
if by, by and b3 don’t all lie on the same plane, there is a unique solution given
as the intersection of three planes. Recall that the determinant can be used
to test whether the vectors by, by and bs lie on the same plane. So a unique
solution exists to the equation precisely when

bl,l b1,2 b1,3
det bg’l b2,2 b273 # 0
bs1 bsa bags

What happens when the determinant is zero and three vectors by, by and bs do
lie on the same plane? Then it could be that the three planes intersect in a line.
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Figure 2.21: Planes intersecting.

In this case every point on that line is a solution of the system of equations,
and the solution set has a parametric description of the form x = q + sa. It
could also be that all three planes are the same, in which case the solution set
is the plane. In this case the solution set has a parametric description of the
form x = q + s1a; + seas Another possibility is that two of the planes could be
parallel with no intersection. In this case there are no solutions at alll Some of
these possibilities are illustrated in Figure 2.21.

2.6.2 Describing the whole plane in two dimensions and
all of space in three dimensions

If the set we are trying to describe is the whole plane in two dimensions or all
of space in three dimensions, then we don’t need any equations, since there are
no restrictions on the points. However it does make sense to think about the
parametric form.

Lets start with two dimensions. Consider Figure 2.22. If we pick any two
vectors a; and ap that don’t lie on the same line, then any vector x = [z1, z2)
in the plane can be written as sja; + ssas. Notice that every choice of s
and s corresponds to exactly one vector x. In this situation we could use the
parameters s; and ss as co-ordinates instead of x; and z5. In fact if a; and
ay are unit vectors orthogonal to each other, this just amounts to changing the
co-ordinate axes to lie along a; and ay. (The new co-ordinates [s1, s3] are then
just what we were calling [z}, 5] before.) (In fact, even if the vectors a; and
a, are not unit vectors orthogonal to each other, we can still think of them of
lying along new co-ordinate axes. However, now the axes have been stretched
and sheared instead of just rotated, and need not lie at right angles any more.)

The situation in three dimensions is similar. Now we must pick three vectors
aj, ag and as that don’t lie on the same plane. Then every vector x has a unique
representation x = sja; + sgas + szaz. Again, we could use si, sy and s3 as
co-ordinates in place of x1, zo and x3. Again, if a;, as and 3as are orthogonal
with unit length, then this amounts to choosing new (orthogonal) co-ordinate
axes.
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\= 51a11+32:12

Figure 2.22: A basis in 2D

2.6.3 Linear dependence and independence

The condition in two dimensions that two vectors are not co-linear, and the
condition in three dimensions that three vectors do not lie on the same plane
has now come up several times — in ensuring that a system of equations has a
unique solutions and in ensuring that every vector can be written in a unique
way in parametric form using those vectors. This condition can be tested by
computing a determinant.

We will now give this condition a name and define the analogous condition
in any number of dimensions.

First, some terminology. If aj,as,...a, are a collection of vectors then a
vector of the form

si1a1 + Sqgag + -+ - spay

for some choice of numbers s1, . .. s, is called a linear combination of aq,as, ... a,.
Now, the definition. A collection of vectors aj,as,...a, is called linearly
dependent if some linear combination of them equals zero, i.e.,

s1a; + ssas +---spa, =0

for s1,...s, not all zero. A collection of vectors is said to be linearly independent
if it is not linearly dependent. In other words, the vectors aj,as,...a, are
linearly independent if the only way a linear combination of them sja; + seas +
-+ 8pa, can equal zero is for s1 =s9 =--- =35, =0.

What does linear dependence mean in three dimensions? Suppose that aj,
a; and ag are linearly dependent. Then there are some numbers s, s and s3,
not all zero, such that

si1a; + ssas + sgag = 0.

Suppose that s; is one of the non-zero numbers. Then we can divide by —s;
and find that
—aj + shag + ssa3 =0

for s = —s3/s1 and s5 = —s3/s1. Thus

/ /
a; = 8232 —+ 83&3,
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or aj is a linear combination of ay and az. But this implies that a; lies on
the plane spanned by as; and ags, i.e., the vectors all lie on the same plane. If
s1 happens to be zero we can repeat the same argument with one of the s;’s
which is not zero. Thus linear dependence implies that all three vectors lie on
the same plane. Conversely, if all three vectors lie on the same plane, then we
can write one vector as a linear combination of the other two, a; = shag + shas
which implies —a; + shas + shas = 0 which says that the vectors are linearly
dependent.

So in three dimensions, linear dependence means the vectors lie on the same
plane. Similarly, in two dimensions, linear dependence means the vectors are
co-linear.

One final piece of terminology. A collection of n linearly independent vectors
ai,as,...a, in n dimensional space is called a basis. If ay, as,...a, is a basis,
then every vector x can be written in a unique way as a linear combination

X = S181 + S2a3 + -+ - Spay

2.6.4 Problems

Problem 2.49 Is the collection of vectors a; = [1,1], ag = [1,0] a basis for two
dimensional space? If so, express the vector x = [0,1] as a linear combination
of a1 and ag

Problem 2.50 Let a = [2,2,2] and b = [3,4,1]. Find all vectors ¢ such that
the list of vectors a, b, c is not a basis of R3.

Problem 2.51 Show that the collection of vectors a = [1,1,1], b =[1,1,0] and
c = [1,0,0] is a basis of R3. Express [1,2,3] as a linear combination of the
vectors a, b and c.

Problem 2.52 Let the vectors a = [1,0,4], b=[2,—1,0]and ¢ = [8,—3,8]. Do
these vectors form a basis of R??

Problem 2.53 Is it possible for four vectors to be linearly independent in three
dimensional space?

Problem 2.54 Show that the collection of vectors a = [2,1,3], b =[1,0,2] and
c = [3,0,0] is a basis of R3. Express [12,2,4] as a linear combination of the
vectors a,b and c.

Problem 2.55 Suppose that a1, as,...a, is a basis. Show that if some vector
X has representation X = sja; + Sgas + - - - Spa, and X = t1a; +teas + - - - thay,,
then s1 = t1, so = ta,...,S, = t,. (Hint: subtract the two expressions for x and
use the fact that the basis vectors are linearly independent.)

Problem 2.56 (Matlab) Start by convincing yourself that the vectors (1,3),
and (5,2) are linearly independent. This can easily be shown by writing a script
that plots the vectors:
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Figure 2.23: Rotational Motion.

plot([1,0],[3,0])
hold on
plot([5,0],[2,0])

We can extend this script by also plotting a linear combination of the two vectors:

alfa=1;

beta=1;

clf()

plot([alfax*1,0], [alfax3,0])

hold on

plot([beta*5,0], [betax2,0])

plot([alfaxl+betax5,alfa*1], [alfa*3+beta*2,alfa*3],’--’)

Play around with the script and find parameters alfa and beta so that the
vector (1,1) can be written as a linear combination of (1,3) and (5,2).

2.7 Additional Topics

These topics are not covered in Math 152 this year.

2.7.1 Application: rotational motion

Consider a rigid body rotating about an axis given by the unit vector a at a
rate of 2 radians per second. Let r be the position vector of a point on the
body as shown in Figure 2.23.

What is the velocity of the point? The point travels on a circle with radius
|Ir|| sin(#), where 6 is the angle that r makes with the axis. Therefore, in one
second, the point travels a distance of Q||r|| sin(d). Thus

(i) the magnitude of the velocity is ||v|| = Q||r|| sin(8).
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(ii) Now notice that v is orthogonal to the plane spanned by a and r.
(iii) Finally notice that Qa, r and v obey the right hand rule.

The facts (i), (ii) and (iii) imply that v is exactly the cross product of Qa
and r. It is customary to let € denote the vector Qa. Then

v=Q xr.

Problem 2.57 A body rotates at an angular velocity of 10 rad/sec about the
azis through the points [1,1,—1] and [2,—3,1]. Find the velocity of the point
[1,2,3] on the body.

Problem 2.58 The line L passing through the origin and the point [1,1,1]
passes through the midpoint of a thin metal rod of length 2 that is oriented
in the direction [1,0,0]. The rod begins rotating about L at &8 revolutions per
minute. What is the fastest speed (length of velocity vector) of any point on the
rod?

Problem 2.59 Imagine a plate that lies in the xy—plane and is rotating about
the z—axis. Let P be a point that is painted on this plane. Denote by r the
distance from P to the origin, by 6(t) the angle at time t between the line from
the origin to P and the x—axis and by [x(t),y(t)] the co-ordinates of P at the
time t. Find x(t) and y(t) in terms of 0(t). Compute the velocity of P in two
ways: 1. by differentiating [z(t),y(t)] and 2. by computing Q X r.

2.7.2 Application: 3-D graphics

How can we represent a three dimensional object on piece of paper or computer
screen? Imagine the object in space and, a certain distance away, a point p
representing the eye of the observer. Between the observer and the object is a
plane called the view plane. The position of the origin of this plane is described
by a point q, and its orientation is given by three orthogonal unit vectors of
length 1, denoted e, e and e3. (These are not the same as the standard basis
vectors i, j and k in this problem.) This situation is shown in Figure 2.24. As
usual, only the heads of the vectors (points) p, x, y and q are shown on the
diagram. (The origin, where the tails of these vectors lie, is not depicted at all.)
We will assume that the view plane is a distance one from the observer in the
direction e3. Thus, ez can be thought of as the direction that the observer is
looking. Think of light rays leaving the object at point x and travelling to the
observer’s eye at p. At some point y this line intersects the view plane. All the
vectors y on the view plane that correspond to some vector x on our object will
furnish the two dimensional representation of the object.

How do we determine the point y? The parametric form of points on the
plane is q + sje; + sz€2. So we must have that y = q + sje; + sqes for some
values of s1 and s3. We also know that the vector x — p is in the same direction
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p=q-¢
Figure 2.24: Perspective in 3-D graphics application.
as y — p. Therefore they must be multiples, i.e., y — p = A(x — p) for some
number A. Substituting in our expression for y yields
q+ sie; + s2es — p = A(x — p).
Since q — p = e3 this gives
es + s1e1 + seea = A(x — p).

Let us take the dot product of both sides of this equation with the unit vectors
es, e; and e;. We can use the fact that e; - e; is zero if ¢ # j and 1 if ¢ = j.
Start with es. This gives

e;-e3=1=)Xes - (x—p).

This determines . 1
e; (x—p)
Now take the dot product with e;. This gives

)\:

Sl—Ael'(X—p)—Z:gz_E;

Similarly, taking the dot product with e, leads to

e (x —p)

S9 =
e (x—p)

To plot the image of an object, we now simply plot the co-ordinates s; and
so corresponding to all the points on the object on the s;—so plane.
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Example 2.7 Take p = [11,0,0], q = [10,0,0], e; [0,1,0], e2 = [0,0,1]
and e3 = [—1,0,0]. What is the image of the point x = [1,1,1]¢ We compute
x —p =[-10,1,1] so that

e-(x—p) = 1
e-(x—p) = 1
es-(x—p) = 10

So §1 = S92 = 1/10

Example 2.8 Continue the previous example and compute the image of a line
segment between [1,1,1] and [2,0,1]. These are all points of the form x =
[1,1,1]+¢([2,0,1] = [1,1,1]) = [1 +¢,1 — ¢, 1] as ¢ varies between 0 and 1. This
time we have x —p = [1 +t— 11,1 — ¢, 1] so that

e;-(x—p) = 1-t
e-(x—p) =1
es-(x—p) = 10—t

Thus s; = (1—t)/(10—¢) and s3 = 1/(10—t). Even though it is not immediately
obvious, the points [s1, s2], as ¢ varies, all lie on a line segment. In fact

$14+9so=(1-1¢)/(10—1¢t)+9/(10 —¢) = (10 —¢)/(10 — t) = 1.
This shows that the points [s1, s2] lie on a line perpendicular to [1,9].

In fact, it is possible to show that any line segment in space maps to a line
segment on the sl—s2 plane. Thus, to plot the image of an object consisting
of straight line segments (such as the tetrahedron in the picture) it is only
necessary to plot the vertices and then join them by straight lines.

Problem 2.60 What are the s1 and so co=ordinates of the point x = [1,2, 3],
if p, q are as above, e; = [0,1/v/2,1/v/2] and ex = [0, —1/v/2,1/1/2].

Problem 2.61 Plot the image on the si—ss plane of the tetrahedron whose
vertices are located at [0,0,0], [0,1,0], [0,1/2,v/3/2] and [v/3/6,+/6/3,1/2] (Use
the same values as before: p = [—10,0,0], q = [10,0,0], e; = [0,1,0], ex =
[0,0,1] and es =[-1,0,0].)

Problem 2.62 Suppose that that points x lie on the line x = xg + tv. Show
that corresponding planar points [s1, s3] also lie on a line. (Hint: show that
there are numbers a, b, ¢ that do not depend on t, so that as; + bsy = c for
every t.)

Problem 2.63 Consider a different drawing procedure where the point x maps
to the point on the view plane given by the intersection of the plane with the line
through x parallel to es. Find a formula for the s; and so co-ordinates of x.
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22) -1

@1

-1

Figure 2.25: Solution to problem 2.1

2.8 Solutions to Chapter Problems

Solution 2.1 See Figure 2.25.
Solution 2.2
(i) A straight line passing through the origin in the direction of a.
(ii) A ray (half line) passing through the origin in the direction of a.
(iii) A straight line parallel to a passing through b.
)

(iv) If a and b do not lie on the same line: a plane passing through the origin
parallel to a and b (in two dimensions, this is the whole plane). If a and
b lie on the same line: a straight line passing through the origin in the
direction of a (and b).

(v) If a and b both lie on the same line: a line passing through c parallel to a
(and b). If a and b do not lie on the same line: a plane passing through
c parallel to a and b (in two dimensions, this is the whole plane).

Solution 2.3 a — b is the vector that when added to b gives a. So if we draw
it with its tail at b then its head is at a. Similarly b — a when drawn with its
tail at a has its head at b.

Solution 2.4 To find the midpoint we add half of the vector with its tail at a
and head at b to a. So the midpoint is a+(1/2)(b—a) = (1/2)(a+Db). Similarly,
the point one third of the way from a to bisa+(1/3)(b—a) = (2/3)a+(1/3)b.
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Solution 2.5 The line segment is given by the vectors a + t(b — a) as ¢ varies
between 0 and 1.

Solution 2.6 a = (1,2); b=(1,-2)
a+b=(20)
%2a = (2,4)

Solution 2.7 The radius of the circle is
12,5) - (3,3)l = (-1,2) = VI+4 = V5.

Thus using the standard equation for a circle

(=2)*+(y—5)°= (V5)’ =5.

Solution 2.8 The equation is ||x — al| = r, or

V(w1 —a1)? + (w2 — ag)? + (w3 — ag)? =7

or
(1 — a1)? + (22 — a2)* + (23 — a3)? = r?

Solution 2.9 The midpoint of the sphere is the midpoint of [2, 1, 4] and [4, 3, 10],
ie., (1/2)([2,1,4] + [4,3,10]) = [3,2,7]. The radius is half the distance between
[2,1,4] and [4, 3,10], i.e

(1/2)4/(2 = 4)2 + (1 — 3)2 + (4 — 10)2 = V/11. Thus the equation is

(1 —3)* 4+ (w2 — 2)* + (23 — )2 = 11.

Solution 2.10

(a) a-b=—246 =4, § = arccos(4/(v/5v13)) = 1.05..
(b) a-b=1,0=1.249..

(
(d
(e

)

)
c)a-b=4,0=

)a-b=20=1079......

) a

b=0,0=mn/2..
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Solution 2.11 Consider the dot product to determine angles between vectors,
not the dot product (which only applies to 3D and cannot distinguish angles
0 in the range (0,7/2) from those in (7/2,7), as discussed in the solution to
problem 2.10 in the online notes).

(a) a= (Llal)? b= (371a_2)
a-b=3+1-2=2
HaII:\/i2 [Ib[| = \/32+12 )2 =14

cos&zm, 0 = cos™ f\ﬁzl% radians, or ~ 72.0°

(b) Using a-b and ||a|| above,
projab = %(1, 1,1) = (%, %, %) . Remember, proj,b should be in the di-
rection of a.

Solution 2.12

= (14,00 |all=v17
b=(2,-1,5) |bll=v4+1+25=130

ba 2-4 —2
a) cosf = = = SO
(a) llallllb]] V17/30 V510

-2
6 =cos™! ( ~ 1.66 in radians or ~ 95°
\/510>

(b) proj,b = fra = $7(1,4,0) = (~2/17,-8/17,0).

Solution 2.13 The dot product is zero if =142+ s =0, i.e., if s = —1.

Solution 2.14 Let a = [1,2,3], b = [4,0,5] and ¢ = [3,4,6]. The sides of the
triangle are in the directions of a — b = [-3,2,-2], a— ¢ = [-2, -2, 3], and
b—c = [1,—4,—1]. To see if there are any right angles we compute (a—b)-(a—
c)=[-3,2,-2]-[-2,-2,-3] =8, (a—b)-(b—c) = [-3,2,—2]-[1,—4,—1] = =9
and (a—c)-(b—c) =[-2,—-2,-3]-[1,—-4,—1] = 9. Since none of these are
zero, there are no right angles.

Solution 2.15 If [c1, 1, co] = s[2, —2, 3], with s a scalar multiple, then s = —1
(from the values in the second component), hence:
Cc1 = —1, Cy = —3/2.

Solution 2.16 The problem becomes much simpler if we choose the y axis
to run along the runway and the x axis to run perpendicular to the runway.
Replace the wind and plane velocities by vectors w and p as on the diagram in
Figure 2.26.

The wind vector has components [—10 cos(20°), —10sin(20°)] while the plane
velocity has components [70sin(6), 70 cos(6)]. We want the x component to be
zero hence we need 10 cos(20°) = 70sin(#). This gives § = 7.7°, i.e, the get the
heading of the plane we have to add 7.7° to the runway direction. Thus the

o1



CHAPTER 2. VECTORS AND GEOMETRY 2.8. SOLUTIONS TO CHAPTER PROBLEMS

Figure 2.26: Coordinate system for Solution 2.16.

plane’s heading is 267.7. The groundspeed is the magnitude of the velocity, in
this case simply the y component given by 70 cos(7.7°) — 10sin(20°) = 66 knots.

Solution 2.17 If we use the co-ordinate system where the x axis is horizontal
and the y axis is vertical, then the force of gravity is F, = [0, —mg] The unit
vector in the direction along the shaft is p = [—sin(0), cos(8)]. The force Fy
exerted by the shaft is in the direction of the shaft, hence a multiple of p.
So F; = tp for some number t. To find ¢ we use that the component of the
total force in the direction of the shaft must be zero. Thus proj,F, + Fs =0,
ie. p-Fy+t =0, 1ie,t = mgcos(d). Thus the total force is F; + F; =
[0, —mg] + mg cos(8)[— sin(f), cos(#)] = mg[— cos(#) sin(#), —1 + cos?(#)]. Note
that this is orthogonal to p, as it must be.

If we use co-ordinates where the y axis runs along the shaft of the pendulum,
and the z axis perpendicular to it, then Fy = [—mgsin(6), —mg cos(#)] while
F, = [0,¢t] for some value of ¢. In this case it is simply the y component that
must be zero, so t = mgcos(d) and F, + F, = [-mgsin(6), 0]

Solution 2.18

sqrt(a(l) ~2+a(2)"2)
Solution 2.19 [1,2,3] x [4,5,6] = [-3,6, —3]
Solution 2.20
11
det |1 2 3 | = 1(=2-0)—1(-1-3)+1(0—2)
1 0

= —2+44-2=0

Since the determinant is zero, the volume of the parallelepiped generated by the
row vectors is zero. This implies that the vectors lie on the same plane.
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Solution 2.21 a- (a x b) = [a1, as, a3] - [a2bs — azbs, azby — a1b3, a1by — asby] =
aiasbs — ajasby + asasb; — asaibs + asaibs — asasb; = 0. Now b - (a X b) =
—b - (b x a) = 0 by the previous calculation.

Solution 2.22
(a) ((1,4,-1)-(2,1,3))((2,1,4) x (1,4,9))
k
= (24+4-3) 4

— N o
== o

9
= 3(:(9—16) +j(4—18) + k(8 —1)
= 3(—7,—14,7) = (—21,—42,21)

(b) (7,1,0)-((2,0,—1) x (1,4, 3))

ik
= (71,1,0)-]2 0 —1
1 4 3
= (7,1,0)- (i(0+4) + j(—1 —6) + k(8 — 0)

= (7,1 ,0)~(4,—7,8)—28—7+0=21
(c) (axb)x (bxa)
=(axb)x(-axb)=—(axb)x(axb)=

because ¢ x ¢ = 0 for any vector c.

Solution 2.23 Here we are assuming that 0 lies in [0, 7] so that sin(6) is positive.
The quantity ||a]| is the length of the base of the parallelogram while ||b|| sin(6)
is the height. The area of a parallelogram is the product of these.

Solution 2.24 Since a X b = —b x a it is never true that a x b = —b x a,
unless a X b = 0. For the other example, just try i, j and k. We have i x j =k
soix (ixj)=1ixk=—jOn the other hand (ixi)xj=0xj=0

Solution 2.25

a=rand(3,1);

b=rand(3,1);

c=rand(3,1);

cross(a,b) - cross(b,a)
cross(a,cross(b,c)) - cross(cross(a,b),c)

This actually constitutes a proof, since we found a counter example. We don’t
have to show that it’s always the case, we only had to show that in general the
two assertions are not true.
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Solution 2.26 This a just a long calculation. One way to break it up is to
consider a = i, j and k separately. Suppose we can prove it for these special
cases. Then write a general a as aji + asj + ask. Then a x (b X ¢) = aqi X
(b x c) + asj x (b x ¢) + ask x (b x ¢) Assuming for the moment we know
that the special cases hold, then this equals a1((i-¢c)b — (i - b)c) + ax((j -
c)b — (j-b)c) +as((k-c)b — (k-b)c) = (a-c)b — (a-b)c Now we still
have to prove the special cases. For example if a = i we have i x (b x ¢) =
i j k
det 1 0 0 = —(6162—bgCl)j+(b361—blc3)k =
bQCg — b302 bgCl — b103 blcg — bgCl

[0, —b1co + bacy, bycr — byeg] On the other hand(i-¢)b — (i-b)c = ¢1[by, ba, bs] —
bi[c1, 2, e3] = [0, ¢1b2 — byca, c1b3 — bics]. The other two are similar.

Solution 2.27

a=rand(3,1);
b=rand(3,1);
c=rand(3,1);
cross(a,cross(b,c)) - (dot(a,c)*b - dot(a,b)*c)

Solution 2.28 (axb)-(cxd) = ((axb)xc)-d (by property 5) = —(cx (axb))-d
(by property 1) = —((c-b)a+ (c-a)b)-d = —(c-b)(a-d) + (c-a)(b-d)

Solution 2.29

(a) Let v=ax (axb). Since a x b is orthogonal to the paper, v must lie in
the plane of the paper. v is also orthogonal to a. Checking orientations
with the right hand rule, there are only two sketches (up to rotation and
resizing the vectors) shown in Figure 2.27.

(b) ax (axb)=(b-a)a— (a-a)b by property 2 in the notes.

b-a .
— Jal? (”auza b) — Jlal/2(proj,b — b).

Solution 2.30 Actually there is no one right answer to this problem. But in
two dimensions the analog of the cross product could be an operation on a single
Zi Zﬂ This implies
that x(a) = [a2, —a1]. Note that x(a) is orthogonal to a. The answer in 4
dimensions is a little more obscure. In this case the cross product could be an
operation on three vectors that produces a vector that is orthogonal to all of
them. One way of producing such a vector would be to do the formal calculation
of a 4 x 4 determinant, where the first row contains the four unit vectors ey,
ey, e3 and ey, while the other three rows contain the entries of a,b and c. Do
you see why? (There is another possible, perhaps better answer, involving a
different type of product called the wedge product.)

vector say x(a) with the property that x(a)-b = det [
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& |
|

.
5‘\[{?/‘??3_,’
Figure 2.27: Vector sketch for the solution to 2.29.

Solution 2.31 Let q be a point on the line. Then the projection of x in the
direction of b is ﬁ. The set of all points whose projection in the direction of
b are the same as the projection of the point q in the direction of b is therefore
the set of points x such that H’gﬁ’z = %. Multiplying both sides by by |/b||?
gives x-b=q-b.

Solution 2.32 The line is in the direction of a = [7,5] — [0,1] = [7,4] and
is therefore perpendicular to b = [4,—7]. q = [0,1] is a point on the line.
So the parametric form for the line is [0,1] + s[7,4] and the equation form
is 4oy — Txo = —7. So five points on the line are (picking s = —2,1,0,1,2)
(14, —7], (=7, -3],[0,1],[7,5], [14,9]. To check whether [1012/3,1069/21] lies
on the line, plug it into the equation: 4-1012/3 — 7-1069/21 # —7 so the point
does not lie on the line.

Solution 2.33 We can take q = [1, 1] and b = [2, 1] so the equation is 221+ x5 =
3.

Solution 2.34 We have to find a point on the line. Try for one of the form
[t,0]. This is on the line if ¢t —3-0 = 5. So [5,0] is on the line. The vector
orthogonal to the line is [1, —3] so a vector parallel is [3, 1]. Thus the parametric
form is [5,0] + s[3, 1].

Solution 2.35 Pick a point q on the line and let b be orthogonal to the line.
Then the distance from a point x to the line is the length of the projection of
x — q onto b as shown in Figure 2.28. In this case we can take b = [3,—4],
q = [0,1] and x = [-2,3]. The projection is ((x — q) - b/||b||?>)b This equals
([-2,2] - [3,—4]/25)[3, —4] = (—14/25)[3, 4] The length of this vector is 14/5.

Solution 2.36
(a) the normal direction to the plane is (1,—1,2)

(b) the point (7,0,0) is on the plane (look for a solution with y = z = 0 that
is the intersection of the plane with the line of the x-axis).

Solution 2.37 The midpoint between b and c is (b + ¢)/2. So the vector from
a to this midpoint is (b+c¢)/2 —a and thus the parametric form for the median

99



CHAPTER 2. VECTORS AND GEOMETRY 2.8. SOLUTIONS TO CHAPTER PROBLEMS

Mote: the vectorskand ¢ are not shown
(just the position of their hieads)

Figure 2.28: The projection used in Solution 2.35.

isa+t((b+c)/2—a). Similarly the parametric forms for the other medians is
b+s((a+c)/2—band c+r((a+b)/2—c). When t = s =r = 2/3 these lines
meet at the common point (a+b +c¢)/3

Solution 2.38 The line is in direction (0, 1,3). Two vectors which are orthog-
onal to the line are (1,0,0) and (0,3, —1), because (1,0,0) - (0,1,3) = 0 and
(0,3,—1) - (0,1,3) = 0. Note that there are other choices for these two vectors

that lead to different correct answers below. There will be two equations of the
form

r =
Jy—z = e
Substituting the point (2,0,4) that we know is on the line gives ¢; = 2 and
co = 4. Thus an equation form of the line is
r = 2
Jy—z =

Solution 2.39 To find an equation for the plane we need an orthogonal vector

i
(0,1,-3)x(=1,2,0) = | 0
-1

i
3 | =i(0+6)+j(3—0)+k(0+1) = (6,3,1).
0

N = o

So an equation for the plane is 6x + 3y + z = ¢ and we know that ¢ = 0 since
the plane goes through the origin. Any point on the line has the form

(2,-1,6) + 5(1,—1,0) = (24 5,—1 — 5,6).
Substituting this into the equation for the plane gives

6(2+s)+3(-1—s)+6 = 0
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3s+15 = 0
s = =5
So the intersection point is
(2,-1,6) —5(1,-1,0) = (2,—1,6) + (—5,5,0) = (—3,4,6).

Note: it can be checked that ¢ = —2 and v = 3 in the parametric form of the
plane gives this point as well.

Solution 2.40 Points on the line satisfy

r = 14+t
= 2
3—t.

To be on the plane, +2y—z =5, or (1+t)+2(2)—(3—t) =5, or 2t+2 = 5,
ort=23/2.

Thus the intersection occurs at (1,2,3) + (2)(1,0,—1) = (3,2, 3).

Solution 2.41 Two vectors in the direction of the plane are [1,1,0] —[1,0,1] =
[0,1,—1] and [0,1,1] — [1,0,1] = [-1,1,0] To find a normal vector take the
cross product [0,1,—1] x [-1,1,0] = [1,1,1]. So the equation of the plane is
1+ a9+ 13 = 2.

Solution 2.42 The centre of the sphere lies in the plane halfway between the
planes x1 + x5+ 23 = 3 and x1 + x5 +x3 = 9. This is the plane 1 + x5 +x3 = 6.
So the centre satisfies the three equations

T +xo +x3 =6
2331 —3332 =0
le —r3 = 0

We will develop efficient techniques for solving such systems of equations. For
now, we can just use brute force: The second equation says xo = 21 and the
third x3 = 3x;. Substituting this into the first equation yieldsz; = 1, so x5 = 2
and x3 = 3. Therefore the centre of the sphere is [1,2,3]. To compute the
radius, we must find the distance between the planes z; + x5 + 3 = 3 and
x1 + 73 + 3 = 6 If we divide the equations by ||[1,1,1]|| = v/3, the first can be
interpreted as vectors whose projection onto the direction ||[1,1, 1]|| has length
3/ V/3 = /3, the second can be interpreted as vectors whose projection onto the
direction ||[1,1,1]| has length 6/v/3 = 2v/3. The radius is v/3 so the equation
iS (IEl — 1)2 —+ (I’Q — 2)2 + ($3 — 3)2 = 3
Solution 2.43
r+y+z=2 normal(l,l,l):b_'
r—y+2z2=7 normal (1,—1,2) = b,

The line direction can be found as

=(3,—1,-2).
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We also need a point on the line. We can look for a point which has z = 0
(the point that is the intersection of the line and the x-y plane). We get the
two by two system

z+y=2, x—y=7

. . _ 9 _ 5
Solving the system yields that z = 5, and y = —3.

So (%, —%, 0) + s(3,—1,—2) is a parametric form of the line with parameter
S.

Solution 2.44 Set x5 = 0 and solve 227 — x3 = 0 and z1 + 2x3 = —5 giving
x1 = —1 andxs = —2. This implies [—1, 0, —2] is in the plane we are looking for.
Set 23 = 0 and solve 2z + 3xo = 0x1 — 4dao = —5 giving 1 = —15/11 and x5 =
10/11] Hence [—-15/11,10/11, 0] also lies on the plane. We now have three points
on the plane. Two vectors in the direction of the plane are therefore [—2,0,1] —
[-1,0,-2] = [-1,0,3] and[-15/11,10/11,0] — [-1,0,—2] = [—4/11,10/11, 2].
Thus a normal vector is [-1,0, 3] x [-4/11,10/11,2] = [-30/11,10/11, —10/11]
This is parallel to [—3,1, —1]. Hence the equation is —3x1 + 22 — x3 = 5.

Solution 2.45 The three points are all on the same line. To see this, notice
that the vectors [2,3,4] — [1,2,3] = [1,1,1] and [3,4,5] — [1,2,3] = [2,2, 2] are
parallel.

Solution 2.46 The distance of p to the plane b - x = ¢ is the length of the
projection of p — q onto b, where q is any point on the plane. A point on the
plane is [¢/b1,0,0] (unless by = 0 in which case we choose either [0, ¢/bs, 0] or

[0,0,¢/bs]) The length of the projection is (p — q) - b/||b|| = (b-p — ¢)/]|b]|-

Solution 2.47 If the line is parallel to both planes, then it is orthogonal to both
normal vectors. Therefore [1,1,0] x [1,—1,2] = [2,—2,—2] is in the direction of
the line. Therefore the parametric form of the line is [2, -1, —1] 4 s[2, -2, —2]
The two equations are 1 + z9 = [1,1,0] - [2,—1,—1] = 1 and a1 — 22 + 2 =
M,-1,2-[2,~1,-1] = 1.

Solution 2.48

x=-3:0.1:3

y = sqrt(9-x.72)
plot(x,y,’.”)
hold on
plot(x,-y,’.”)
axis equal

Solution 2.49 Yes [1,1] and [1,0] do form a basis, since they don’t lie on the
same line. (By the way, there is some potential for confusion here. When I
say here that [1,1] and [1,0] don’t lie on the same line, I'm thinking of them as
position vectors, drawn with their tails at the origin. It probably would be more
clear to say that the vectors are not parallel.) Every vector in the plane can be
written as a linear combination of these two. In particular [0,1] = [1,1] — [1, 0]
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Solution 2.50 Note that a and b are linearly independent (they are not multi-
ples of one another). So a, b and ¢ will be linearly independent and so a basis
for R® unless c is a linear combination of a and b, that is it can be written as

c=ra+sb

for some r and s.

Solution 2.51 The collection is a basis if the vectors are linearly independent.
We consider ra + sb + tc = 0 which leads to

r+s+t =
r+s =
r = 0

Starting from the last equation and working up, we see that » = 0, s = 0, and
t = 0 which shows that the vectors are linearly independent and therefore form
a basis. The linear independence could also have been shown by considering the
determinant

—_ = =

11
1 0[=1#0
0 0

Since the determinant is not zero the vectors do not lie on the same plane and
so are linearly independent. To write [1,2, 3] as a linear combination

[1,2,3] =r[1,1,1] + s[1,1,0] + ¢[1,0, 0]

match components working backwards to get successively r = 3, s = —1 and
t=-1.

Solution 2.52 The vectors a, b, and c are vectors in 3-D. Thus they form a
basis if and only if they are linearly independent.

The three vectors are linearly independent if and only if the matrix A with
rows given by the three vectors satisfies

det(A) # 0.
Here
1 0 4
A=|12 -1 0
8 -3 8

Solution 2.53 No, it is not possible for four vectors to be linearly independent

in three dimensional space. To see this, first notice that if four vectors are lin-
early independent any subset of three vectors must also be linearly independent
(If three vectors would lie on the same plane, we could find a non-trivial linear
combination of those three equal to zero. Then by adding 0 times the left over
vector, we would get a non-trivial linear combination of all four vectors equal
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to zero, contradicting their independence.) But this means that those three
vectors form a basis for three dimensional space. So the fourth vector must
be expressible as a linear combination of the first three. This means the four
vectors are not independent.

Solution 2.54 Tt is enough to check that det(A) # 0. We have that
2 1 3
A=|1 0 2|, det(A)=6#0,
3 0 0

so they form a basis. We want to find s1, s2, and s3 such that

12 2 1 3
2 = $7 1 + So 0 + 83 0
4 3 2 0

We have the following system of equations:

12 = 28514+ 59+ 3s3
2 = S1
= 351 +2$2
Hence s; =2, sg = —1, s3 = 3.

Solution 2.55 If x = sja; + ssas + -+ - s,a, and x = t1a; + teas + - - - t,a,,
then 0 = x —x = (s; — t1)a; + (s2 — t2)ag + - - ($p, — tn)an. Since the vectors
aj,as,...a, are linearly independent, the only way this can happen is s;1 —t; =
0,...,8, —tp, =0,0r sy =t1,...,8, =ty,.

Solution 2.56 The values alpha = 0.23, beta = 0.15 provide a good ap-
proximation to the linear combination.

Solution 2.57 The axis is parallel to [2, —3,1] —[1,1, —1] = [1, —4, 2]. The unit
vector in this directions is 1/4/21[1, —4, 2] (Actually there is an ambiguity in the
problem: the unit vector could also point in the opposite direction. This would
change the sign of the answer.) So @ = (10/+/21)[1, —4,2]. The vector r has
its tail co-inciding with the tail of 2 and its head at [1,2,3]. Sor =[1,2,3] —
[1,1,—1] = [0,1,4] and the velocity is v = Q x [0,1,4] = (10/+/21)[~18, —4, 1]

Solution 2.58 Some preliminary discussion:

(i) it does not matter where the centre of the rod is along L, we can take it
to be at the origin for convenience.

(ii) the fastest speed is at the rod tip, and this does not change in time, so
(iii) it is OK to evaluate the speed at the initial position.

L

2 = 3 - 27 = 67 radians/min.
a= \/3(1, 1,1) unit vector in the direction of the axis of rotation.
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Figure 2.29: Mapped tetrahedron of Solution 2.61.

vT=Qax 7= 6—\/%(1, 1,1) x (1,0,0), with 7 the initial position of the tip.
Now evaluate the cross product:

ik
1 1| =(01,-1),
00

— = S

so U= 6—\/%(07 1,—1), and hence the speed is ||v|| = 27v/6m/min

Solution 2.59 We have [z(t),y(t),0] = r[cos(6(t)),sin(8(¢)),0] so the velocity
is

rl=sin(0(£))6(t), cos(6(1))6(t), 0
r(t)[— sin(6(t)), cos(8(t)), 0]
On the other hand Q = [0, 0,0(t)] so that © x r[cos(8(t)), sin(#(t)), 0] gives the

Same answer.

Solution 2.60 We have g —p = [20,0,0], x—p =[11,3,2]. Thuse;-(q—p) =
92'(q—p) :07 ed(q_p) = _207 el'(x_p) :5\/5/2a 62'(q_p) :\/5/27
e3- (x —p) = —11. So 51 = 50v/2/11 and s; = 10v/2/11.

Solution 2.61 The image of the vertices are [0,0], [2,0], [1, /3] and some more
horrible expression which is approximately [1.587...,0.9719...]. So the image
on the screen looks something like what is shown in Figure 2.29. Notice that
the first three points—[0, 0], [2,0] and [1, /3] are simply double the 25 and x3
co-ordinates of the original points in space. Can you explain this geometrically?
(I know these are supposed to be answers, not questions, but still ...) (By the
way, I actually intended the last point in the question to be [v/6/3,1/2,/3/6].
Can you say why?)

[2(), 9(t), O]

Solution 2.62 We can write
1

er- - teq - ey - _ tes -
o Tro p) T ies v e (0P Hter-v.er - (x0—p) tiey V]

[s1,82] =
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This means that as; + bss = ¢ can be rewritten
a(er-(xo—p)+ter-v)+b(ex-(xo—p)+tex-v)—cles-(xo—p)+tez-v)=0
This holds for every t if both these equations hold:

a(ey - (xo —p)) +b(ez-(x0—p)) —clez-(xo—p)) =0
ael - v +bes - v —ces3 - v =0

This is a system of two equations in three unknowns, a, b, and c. Such a system
always has a non trivial solution (as we will see in the following chapter.)

Solution 2.63 In this case we want y — x to point in the same direction as
e3 so y —x = Ae3. On the other hand y lies on the plane of the screen, so
y = q+ si1e1 + sgey. Therefore

q—X + s1€1 + sgeq = )\63.

Now to find s; and so take dot products with e; and e;. This yields s; =
—e; - (q—x) and sy = —es - (q — X).
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Chapter 3

Solving Linear Systems

3.1 Linear Systems

3.1.1 General Form of Linear Systems

So far, we have seen systems of linear equations as the equations that describe
points, lines and planes. However, linear systems of equations show up in many
other ways in engineering problems. We will solve linear systems to find the
behaviour of an electrical circuit. Other examples would be the calculation of
equilibrium temperature distributions or electric fields. Such examples often
involve the discretization of a continuous function. In other words, a continuous
function like the temperature distribution in a body (which has a value for
each of the infinitely many points in the body) will be replaced by a list of
temperatures at a large but finite number n of closely spaced points. This gives
rise to a system of linear equations in n unknowns, where n can be in the tens
of thousands, or higher. Therefore, we want to develop a technique to solve
systems of linear equations in n unknowns when n is large.

The most general form of a linear system of equations is

a11r1  + G122+ + a1aTn = €
211 + G22T2 +-0 + G2pTn, = C2
am, 171 + Am,2T2 +- + AmnTn = Cm

Here the numbers a; ; and c; are known, and the goal is to find all values of
x1,...,Ty, that satisfy all the equations.

3.1.2 Solving Linear Systems by Substitution

Let us start with an example, which we will solve using the method of substitu-
tion.
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Example 3.1 Consider the system of equations

r1 + X2 + x3 = 6
X1 — X2 + x3 = 0
221 + x93 — 8x3 = -—11

One could try to proceed as follows. Solve the first equations for, say, x3. This
gives
I3 = 6 — T, — T2.

Now substitute this value for x3 into the second and third equations. This gives

xy — x3 + (6—x1—m32) = 0
21’1 + X2 - 8(6 — 1 — IQ) = -11
or
—2$2 = —6
10z1 + 929 = 37

Now solve the first of these equations for x5 and substitute into the last equation.
This gives zo = 3 and x; = 1. Finally we can go back and calculate z3 =
6—-1-3=2.

Although this procedure works fine for n = 2 or even n = 3, it rapidly be-
comes unwieldy for larger values of n. We will now introduce a technique called
Gaussian elimination that works well for large n and can be easily implemented
on a computer.

We have already observed that there may be many systems of equations
with the same solution. When there are only two unknowns, this amounts to
saying that different pairs of lines may intersect in the same point. Gaussian
elimination is based on the following idea. We introduce three elementary row
operations. These operations change the system of the equations into another
system with exactly the same the set of solutions. We then apply these elemen-
tary row operations in a systematic way to change the system of equations into
a system that is easily solved.

3.1.3 Elementary row (equation) operations
The first elementary row operation is
1. Multiplication of a row (equation) by a non-zero number

For example, if we multiply the first equation in the system of Example 3.1
above by 3, we end up with

3(L’1 + 3.’E2 + 3(E3 = 18
T - T2 + x3 = 0
201 + 9 — 8rg = -—11
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This new system of equations has exactly the same solutions as the original
system, because we can undo the elementary row operation simply by dividing
the first equation by 3. Thus the values 1, x2, x3 solve this system if and only
if they solve the original system. (Notice that this would not be true if we
multiplied by zero. In that case we could not undo the operation, and the new
system of equations could well have more solutions than the original system.)
Any row operations we do can be undone by other row operations, and the set
of solutions of the linear system remain unchanged.
The second elementary row operation is

2. Adding a multiple of one row (equation) to another row

For example, if we added 2 times the first row to the second row in our
example we would obtain the system

X1 + X2 + I3 = 6
3$1 + x2 + 3.’E3 = 12
201 + x5 — 8xz3 = -—11

Again, the new system of equations has exactly the same solutions as the original
system, since we could undo this elementary row operation by subtracting 2
times the first row from the second row.

The third and final elementary row operation is

3. Interchanging two rows (equations)

For example, if we swapped the first and second equations in our original
system we would end up with

ry — X9 + x3 = 0
ry + X2 + T3 = 6
23}1 + X2 — 8$3 = -11

This obviously doesn’t change the solutions of the system since we have the
same equalities.

3.1.4 Augmented Matrices

To save unnecessary writing, we now set up an streamlined notation for systems
of linear equations. Notice that the only thing that distinguished one system of
equations from another are the coefficients. So, as shorthand, we can write the
system of equations of Example 3.1

ry, + X + x3 = 3
ry — Ty + x3 = 3
21‘1 + X2 - 81‘3 = —4
simply as
1 1 1 3
1 -1 1 3
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This is called an augmented matrix. “Augmented” refers to the column to
the right of the line that contains the information about the right side of each
equation.

3.1.5 Problems
Problem 3.1 Ezxpress the system

Ty, — 2x9 + 3x3 = 6
41‘1 — 5372 — 6$3 = 7
8r1 + 9x9 + 10z3 = 11
as an augmented matrix.
Problem 3.2 Start with the system
x1 + x2 + x3 = 6
r1T — X2 + x3 = 0
221 4+ x9 — 8x3 = -—11

and perform the following sequence of row operations:
1. Subtract the first row from the second row

2. Subtract twice the first row from the third row

3. Multiply the second row by —1/2

4. Add the second row to the third row

5. Multiply the third row by —1/10

Solve the resulting system of equations by starting with the third equation,
then the second and then the first.

Problem 3.3 (Matlab) Let’s try to solve problem 3.2 using Matlab.

1. Start by generating an extended matrix to represent the system of equations:
A=[1, 1, 1, 6; 1, -1, 1, 0; 2, 1, -8, -11]
2. Subtract the first row from the second row:
A(2,:)=A(2,:)-A(1,:)
3. Subtract twice the first row from the third row:
A(3,:)=A(3,:)-2%A(1,:)

4. Multiply the second row by —1/2:
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A(2,:)=-A(2,:)/2
5. ete.

What other commands are necessary to arrive at the solution? Does it coincide
with the paper and pen solution?

Problem 3.4 Start with the system

r1 — o + x3 = 10
X1 — i) — I3 = 6
6561 + 3172 + r3 = 0

Perform the following sequence of row operations

Subtract the second row from the first row

Add the first row to the second row

Subtract the first row from the third row

Multiply the second row by 3

Add the second row to the third row

Show that the resulting system of equations can be easily solved and find the
solution of the above system of equations.

Grds o do =

Problem 3.5 Without using the calculator or computer, find the solution to
the system

21’1 + To = 5

31’1 + 5$2 = -10

You can leave the solutions as fractions.

3.2 Gaussian Elimination

Recall that we want to use a sequence of elementary row operations to turn an
arbitrary system of equations into an easily solved system of equations (with
exactly the same solutions). What equations are easily solved? Well, the easiest
possible equations to solve are ones of the form below, written as an augmented
matrix:

1 0 0] 3

0 1 0o 3

0 0 1| -4
If we translate from the shorthand back to the equations they represent, the first
row says x1 = 3, the second row says zo = 3 and the third row says z3 = —4.

In other words, we can just read off the values of x1, 2 and x3 in the rightmost

column. The equations are already solved, and there is nothing left to do!
Slightly more work, but still easy to do, are upper triangular systems. These

are systems where all the entries below the diagonal are equal to zero, as in
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The reason these are easy to solve is that the equation represented by the jth
row only involves the variables z;,%j41,...,2,. So if we start with the last
equation (in the example —4x3 = —8), we can solve it immediately for x,, (in
the example 3 = 2). Now we move up one equation. This equation only
involves x,,—1 and x,, and we already know z,,. So we can solve it for z,,_1 (in
the example —z9 + 23 = 3 s0 —x2 +2 = 3 s0 9 = —1). We can continue in
this way until all the x,,’s have been found. (In the example there is one more
equation 1 + x93 +x3 =3 o0orx; —1+2=3 or x; =2.)

In practise (i.e., in a typical computer program) the procedure that is ac-
tually used is to apply a sequence of row operations to turn the system of
equations into an upper triangular system. Then the equations are solved one
by one, starting at the bottom and working up. This is the most efficient way
to solve a system of equations. However, its sometimes convenient to apply row
operations to bring the equation into the “completely solved” form. Then, you
can just read off the solution from the last column.

Let us now do a bunch of examples to illustrate this procedure. I’ll cook
them up so that everything that possibly can go wrong, does go wrong. (I'll also
cook them up so that the numbers come out looking nice. This will definitely not
be the case in an example coming up in a real application!). Here is a shorthand
for indicating which elementary row operation was done. The notation 3(1,:)
means the first row was multiplied by the non-zero number 3. The notation
(2,:) = (2,:) — 4(5,:) means that 4 times the fifth row was subtracted from the
second row. Finally, (2,:) + (3,:) means that the second and third row were
interchanged.

Example 3.2 Let us start with

1 2 -2 -7 =29
1 2 -1 -5 —18
0 3 0 =3 —6
-1 4 1 1 14

We are trying to put this matrix in upper triangular form. So we start by trying
to produce zero entries in the first column under the top entry. We can do this
by adding multiples of the first row to the other rows. So, the first move is to
subtract the first row from the second row. The result is

1 2 -2 7] =29
0o 0 1 2 11 (2,:)=1(2,:) — (1,:)
0o 3 0 -3 —6
-1 4 1 1 14

The third row already has a zero in the first column, so there is nothing to do
here. To put a zero in the fourth row we add the first row to the last row.

12 -2 —7| —29
00 1 2| 11
03 0 -3| —6
06 -1 —6| —15 | (4,5 =441,
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Now we shift our attention to the second column. We want to produce zeros
below the diagonal. If we attempt to do this by adding multiples of the first row
to other rows, we will destroy the zeros that we have already produced. So we
try to use the second row. This is where we run into the first glitch. Since the
entry in the second column of the second row is zero, adding a multiple of this
row to the others won'’t have any effect on the numbers in the second column
that we are trying to change. To remedy this we simply swap the second and
third rows.

12 -2 -7 -29
03 0 -3| -6

0 6 -1 —-6| —15

Now we can complete the job on the second column by subtracting 2 times the
second row from the last row.

1 2 -2 -7 =29
03 0 -3| -6
0 0 1 2 11
00 -1 0 -3 (4,:) = (4,:) —2(2,2)

Now we shift our attention to the third column. To produce a zero in the entry
below the diagonal we must add the third row to the last row.

1 2 =2 -7 =29

03 0 -3 —6

0 0 1 2 11

00 0 2 8 (4,:)=(4,)+ (3,2
The matrix is now in upper triangular form. Let us find the solution. This last
row is shorthand for the equation 2x4 = 8. So 4 = 2. The third row now gives
xz3 +2(4) = 11, so x3 = 3. The second row gives 3xy — 3(4) = —6 so zg = 2.
Finally the first row gives 1 + 2(2) — 2(3) — 7(4) = =29 so 21 = 1.

Example 3.3 There is really no need to do anything more in Example 3.2, but
let us continue with elementary row operations to put the equations into the
“completely solved” form, just to see how this goes. First we divide the second
row by 3.

1 2 -2 -7 —29
01 0 —-1| -2 | 29)=(1/3)2,)
0 0 1 2 11

00 0 2 8

Now we subtract twice the second row from the first row.

1 0 =2 =5 | =25 | (1,:)=(1,:)—2(2,:)
01 0 -1 -2
0 0 1 2 11
00 0 2 8
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Now add twice the third row to the first row. Then divide the last row by 2.

100 —1] =37 (1) =(1,)+203,)
01 0 -1 -2
0 01 2 11
0 00 1 4 (4,:) = (1/2)(4,:)

Finally, we add various multiples of the last row to the previous rows.

100 0] 17 (L)=()+(4,)
01 00| 2] 29=(29+4,)
00 1 0|3/ (3)=(@3:-204,:
000 1|4

We now can read the solution off from the last column.

In the previous example there was a unique solution to the system of equa-
tions. We already know, from the geometrical meaning of the equations, that
sometimes there will be lots of solutions depending on a parameter. This is
expected to happen when there are fewer equations than unknowns (e.g., the
intersections of two planes in three dimensional space is usually a line) but will
also occur in certain degenerate cases when the number of equations is equal
to or more than the number of unknowns (e.g., three, or even four, planes may
intersect in a line too). What happens in the procedure of row reductions when
there are parameters in the solution? Let us look at another example.

Example 3.4 Consider the system

1 3 2 =2 -1
1 3 4 =2 3
-2 -6 —4 5 )
-1 -3 2 1 6

Perform Gaussian Elimination on this system. We begin, as before, by trying
to produce zeros in the first column under the diagonal entry. This procedure
yields

1 3 2 -2| -1

00 2 O 4 (2,:)=(2,:) —(1,7)
000 1| 3| B:9)=06:+201:)
0 0 4 -1 5 (4,:) = (4,) + (1,2

As in the previous example, there is now a zero sitting in the diagonal spot in
the second column. Last time, we swapped rows at this point to put a non-zero
entry in this place. But now, all the other entries below this one are zero too!
So there is nothing we can swap in to save the situation. (Clearly, swapping the
first row down is not a good idea, since that would destroy the zero in the first
column.) So we just have to admit defeat, and shift our attention one column
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to the right. We subtract twice the second row from the fourth row.

1 3 2 -2| -1
0 0 2 0 4
0 0 0 1 3
000 1| =31 (4:)=4,)-2(2,)

Now we complete the job by adding the third row to the last row.

1 3 2 -2 -
00 2 O 4
00 0 1 3
0 0 0 O 0

1

(4,:) = (4,:) + (3,1)

What are the solutions? The third equation says x4 = 3 and the second equation
says x3 = 2. There is nothing new here. However the first equation introduces
not just one, but two new variables x; and xo. It reads x1 4+ 3z2 +2(2) —2(3) =
—1, or, 1 + 3x2 = 1 Clearly, there are infinitely many values of z; and x5 that
satisfy this equation. In fact, if we fix x2 to be any arbitrary value xo = s, and
then set x1 =1 — 3s, x1 and x5 will be solutions. So for any choice of s

Ty =1—-3s,29 =8,03 =2,04 =3

is a solution. There are infinitely many solutions depending on a parameter s.
We could also write this as

X1 1 -3
T o 0 1
I3 ]2 ts 0
Ty 3 0

and recognize the solutions as a line in four dimensional space passing through
[1,0,2,3] in the direction [—3,1,0,0].

There is one situation left to consider, namely when there are no solutions
at all. Geometrically, this happens, for example, when we are trying to find the
intersection of two parallel planes. Let us look at an example.

Example 3.5 Perform Gaussian Elimination on the following system

1 3 1
1 4 2
-1 =310
2 6 4
We begin in the usual way.
1 3] 1
0 1] 1 (2,:)=1(2,)—(1,)
00| 1] 3=+
0 0 2| (4,:)=(4:)—201,)
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Figure 3.1: After Gaussian Elimination the augmented matrix will be in row
echelon form (left). With further work, the augmented matrix can be put in
reduced row echelon form (right).

There is nothing left to do in the second column, so we shift our attention to
the third column and subtract twice the third row from the fourth row.

oo o
OO = W
O ==

(47 :) = (47 :) - 2(37 :)

Now we are done. If we write down the equation corresponding to the third
row, we get 0z1 + 0xy = 1, or 0 = 1. Clearly there is no choice of x; or x5 that
makes this true. So this is a system of equations with no solutions.

Let us summarize what we have done in this section. Every system of equa-
tions can be brought into upper triangular form using a sequence of elementary
row transformations. The resulting upper triangular matrix will look something
like what is shown in Figure 3.1 (left). In this diagram, all the entries below the
staircase line are zero. The boxes represent non-zero entries. The stars represent
arbitrary entries, that may or may not be zero. Each circled star corresponds
to a parameter that must be introduced.

If we want to put this example in completely reduced form, we use elementary
row operations to zero out the entries lying above the boxes too. Then we
multiply each row by a number so that the corner entries (in the boxes) become
1. The completely reduced form for the example above would look like the
diagram in Figure 3.1 (right). The official name of this form is the reduced row
echelon form.

If the bottom of the matrix has a row that is all zeroes, except for the
augmented entry, then the system of equations has no solutions. This is because
the bottom row stands for an equation of the form 0 = 00 with [0 # 0. A typical
example is shown in Figure 3.2 (left).

If all the steps on the staircase in the non-augmented part of the matrix have
size one, then there are no parameters to introduce, and the solution is unique.
Notice that in this case there are the same number of equations as variables. A
typical example is shown in Figure 3.2 (right).
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Figure 3.2: Augmented matrices after Gaussian Elimination with no solutions
(left) and with a single solution (right).

Finally, we introduce some terminology. The rank of a matrix is the number
of non-zero rows in the matrix obtained after reducing it to the upper triangular
form described above. In other words the rank is the number of boxes in the
diagrams above. We can now rephrase the different possibilities in terms of
rank. If the rank of the augmented matrix is greater than the rank of the
unaugmented matrix (i.e., the matrix without the last column) then there are
no solutions. If the rank of the matrix is equal to the number of unknowns then
the solution is unique. If the rank r of the matrix is equal to the rank of the
unaugmented matrix, but less than the number n of unknowns, then there are
n — r parameters in the solution.

3.2.1 Using MATLAB for row reductions

MATLAB has a built in command called rref that reduces a matrix to reduced
row echelon form. Let us try it on the example in the previous section. First
we define the initial matrix A. Remember that the last column of this matrix is
the augmented part.

A=1[12-2-7-29;12-1-5-18; 030 -3 -6; -1 4 11 14]

To find the reduced row echelon form, simply type

>> rref (A)
ans

O O O =
O O = O
O = O O |l
= O O O
W N -

Notice that this MATLAB command did the work of Examples 3.2 and 3.3. The
solution to the system can be read off the result of the rref command above.
It is important to realize that floating point rounding errors as discussed
in Section 2.4.6 can lead to errors in solutions to linear systems computed by
MATLAB and other computational tools. At worst, these errors will lead to
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MATLAB finding “solutions” to problems that do not have exact solutions. In
these cases, solutions will often have very large values and often MATLAB will
give a warning about the problem being “ill-conditioned” .

3.2.2 Problems

Problem 3.6 Show that the lower triangular system of equations represented
by

1 0 0] 3

1 -1 0] 3

2 1 -8| -4

18 also easily solved, by easily solving it! It’s just a matter of convention whether
we aim for upper triangular or lower triangular systems in the elimination pro-
cedure.

Problem 3.7 The following equations have already been put in upper triangular
form. In each case there are infinitely many solutions, depending on one or
more parameters. Write down the general expression for the solution in terms
of parameters.

121 2] 1
001 1| 4
00 0 1| 2
|00 0 0| 0|
(1 2 1 2] 17
00 1 11| 4
000 0O
00 0 0| 0]

1 2 1 2|1

0 0 1 114
Problem 3.8 Consider the system of equations represented by the augmented
matrix

1 2 2 21
1 3 -1 3|-1
10 1 1] 5
03 -2 2|6

Show that this set of equations has infinitely many solutions and find a general
parametric representation of the solutions.

Problem 3.9 Consider the system of equations represented by the augmented
matric

1 2 2 =7 20
3 6 -3 —-5|-15
0 6 0 —6]-10
2 -8 =2 =2 30
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Put this matriz in upper triangular form and find the solution of the linear
system of equations. You can leave your answers in fractions but show the
operations you perform in full detail.

Problem 3.10 Solve the following system of equations.

ry — 2x9 + 3x3 = 2
201 — 3xy 4+ 23 = 2
3xr1 + 2x9 — 4dxz3 = 9
Problem 3.11 Solve the following system of equations.
2$1 + xro — 1583 = 6
I — 2%2 — 21‘3 = 1
—x; + 1229 + 8x3 = 7
Problem 3.12 Solve the following system of equations.
1 4+ 229 + 4dx3 = 1
r1 + zy 4+ 3zz = 2
2r1 + bros 4+ 923 = 1
Problem 3.13 Solve the following system of equations.
X1 + 21‘2 + 4JI3 — 1
r1 4+ x2 4+ 33 = 2
2(E1 + 51’2 + 91’3 = 3
Problem 3.14 Solve the following system of equations.
3rv1 + x93 — x3 + 2x4 = 7
211 — 29 4+ bxz — Txy = 1
—4xr1 — 4dxy + Txgy — 1llzy = -—-13

Problem 3.15 For what values of a, b, ¢, d, o and 8 does the system of equa-
tions

ary + bxs
cr1 + dxzo

o
B

have a unique solution?

Problem 3.16 Consider the system of equations represented by the augmented
matrix

1 2 017
4 8 6|10
-4 -8 1081

How many solutions does this linear system of equations have?

Problem 3.17 (Matlab) Consider the following system of equations

Ty 4+ 220 + 4x3 = T
dz; + T2 + 3z3 = 2
0 + bxs + 923 = a

Write a script in Matlab that generates the augmented matrix and solves the
system with the rref command for various values of a. Specifically, how does
the solution of zy vary when you range a from 1 to 10 (equally spaced)?
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3.3 Homogeneous Equations

If the coefficients on the right sides of a system of equations are all zero, the
system is said to be homogeneous. In other words, a homogeneous system is a
system of equations of the form

biizi 4+ bipxe +--- 4+ bipz, = 0
boir1i + beora 40 4+ bz, = 0
bm,lxl + bm,2$2 +-- + bm,nxn = 0

Given a system of equations, the associated homogeneous system is the homo-
geneous system of equations you get by setting all the right sides to zero.

Geometrically, homogeneous systems describe points, lines and planes that
pass through the origin. In fact x =0, i.e., 1 = 0,22 =0,...,x, = 0 is always
a solution to a homogeneous system of equations.

When are there other (nonzero) solutions to the above homogeneous sys-
tem? We have n unknowns and m equations. When we perform the Gaussian
reduction, the right-hand sides of the equations will stay zero so the augmented
matrix will generally have the form

0 0 0 1 % - -+ %]0
0 0 0 0 1 % |0
o o o0 -~ 0 0 0 1|0
Lo o o0 -~ 0 0 0 01l 0

The last several lines may be identically zero. In the last section we saw that
there are solutions depending on parameters if the number of variables is greater
than the rank of the matrix. Thus, if n (the number of unknowns) is bigger than
the number of non-zero lines in the above row-reduced matrix, then there exists
a non-zero solution. Otherwise only a trivial solution ;1 = 0,29 =0,...,2, =0
is present. We illustrate the idea with some examples below.

Example 3.6 Consider a homogeneous system

3(E1 + 61’2 + I3 = 0
6xy, + 229 + 2x3 = 0
ry, 4+ x2 + 3z3 = 0

The augmented matrix can be reduced by row operations to the form (check!)

S O =
o = O
_ o O
o OO
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which implies 1 = x5 = 3 = 0. And, in agreement with our above statement,
the number of variables (3) is not more than the number of non-zero rows (also

3).

Example 3.7 Consider another homogeneous system:

—x1 + 2x9 + 4dx3 = 0
21‘1 — 41‘2 — 8.’133 = 0.
X — o + 3563 =0
Its augmented matrix is
-1 2 410 -1 2 4|0 1 0 10|10
2 -4 -8|0| — 0 0 0j0| — (O 1 710],
1 -1 3|0 0 1 70 0 0 010

and the number of nonzero rows is 2, which is less than the number of unknowns,
3. Hence by the above statement there must be a nonzero solution. We find
x1 = —10x3, xo = —T7x3, with no requirement on x3. Hence x3 is any number
t, and we obtain infinitely many nonzero solutions

1 = —10¢t, t € (—o0,00),

Ty = —7t, T3 = t,

one for each value of t.

In a similar manner, if for some homogeneous system with 4 variables the
augmented matrix has only 2 nonzero rows, then the general solution has 4-2=2
free (undefined) variables on which the other two depend.

3.3.1 Properties of solutions of homogeneous systems.

1. A homogeneous system has either one zero-solution (z; = ...
or infinitely-many solutions that depend on parameters.

2. If (z1, ...,x,) and (y1, ..., yn) are solutions to a given homogeneous system,
(1 + Y1, ..., Tn + yn) is also a solution. (Solutions are additive.)

3. If (x1,...,x,) is a solution to a given homogeneous system, (axy, ..., ax,)
is also a solution, for any number a. (Solutions are scalable.)

The first statement follows from our previous discussion; the other two are

easy to verify, using the initial homogeneous system.

3.3.2 Connection of solutions to homogeneous and inho-
mogeneous systems.

The importance of homogeneous equations comes from the following fact. If x =
[€1,x2,...,2,] and y = [y1, Y2, ..,Yn] are two solutions to a (not necessarily
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homogeneous) system of equations,

b1z + biore +-- + T, =
bo1zi + bopxa A+ A+ bonzT, =
bm,lxl + bm,2x2 +- + bm,nxn = Cm
then the difference x —y = [£1 — y1,%2 — Y2, ..., Tn — Yn] solves the associated

homogeneous system. This is a simple calculation

bia(xr—y1) + big(@e—y2) +-- A+ bia(a—y.) = (c1—c1)
b2,1(371 -1n) + 52,2(332 —y2) A+ b2,n($n —Yn) = (c2—c2)
bm71(x1 - yl) + bm,2(x2 - y2) +-- + bm,n(xn - yn) = (Cm - Cm)

To see the implications of this let us suppose that x = q is any particular
solution to a (non-homogeneous) system of equations. Then if y is any other
solution y — x = z is a solution of the corresponding homogenous system. So
y = q + z. In other words any solution can be written as q+ some solution of
the corresponding homogenous system. Going the other way, if z is any solution
of the corresponding homogenous system, then q + z solves the original system.
This can be seen by plugging q + z into the equation. So the structure of the
set of solutions is

x = q + ( solution to homogeneous system)

As you run through all solutions to the homogenous system on the right, x
runs through all solutions of the original system. Notice that it doesn’t matter
which q you choose as the starting point. This is completely analogous to the
parametric form for a line, where the base point can be any point on the line.

If we have applied the process of Gaussian elimination to the original system,
and concluded that the general solution has parameters, we will end up with a
general solution of the form

q+ si1a; + -+ Span.

Notice that q is a particular solution (corresponding to all parameters equal
to zero) and sja; + -+ + spa, is the general solution to the corresponding
homogeneous system.

These considerations have practical importance if you have to solve a bunch
of systems, all with the same coefficients on the left side, but with different coef-
ficients on the right. In this situation, you could first find the general solution to
the corresponding homogeneous system of equations. Then to find the general
solution to one of the systems, you would only need to find a single particular
solution, and then add the general solution to the homogeneous system to ob-
tain all solutions. The only trouble with this is that it might not really be any
easier to find a single particular solution than it is to find all solutions.

8
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Example 3.8 Find the general solution of the system of equations

1 1 0 0 |1
-1 -1 1 2 |1
3 3 -1 =21

In the form x = q + s1a; + sqas. Verify that a; and ay solve the corresponding
homogeneous equation. The matrix

1 1 0 0 1
-1 -1 1 2 1
3 3 -1 =21

reduces to
1 1 0 0 1
0 0 1 2 2
00 0 0] O

so the solutions are x1 = 1 — s1, 9 = 51, x3 = 2 — 289, x4 = So. This can be
written

1
X = 0 1
2 0 2
0 0
It’s easy to check that a; = [—1,1,0,0] and ay = [0,0, —2, 1] solve the corre-

sponding homogeneous system.

3.3.3 Problems

Problem 3.18 Find the general solution of the system of equations

1 0 1 0]10
-1 1 1 1|4
0 1 2 1|14

In the form x = q + s1a; + sqas, where a; and as solve the corresponding
homogeneous system of equations.

Problem 3.19 Consider the system of equations

1 1 0 0 4
-1 -1 1 2 |-1
3 3 -1 =29

Verify that [4,0,3,0] is a solution and write down the general solution.

Problem 3.20 Consider the system of equations given by the augmented matrix

1 -3 4 6
1 9 10|10
0 6 —-7]2

Put this matriz in reduced row echelon form and comment on the number of
solutions of this system of equations.
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3.4 (Geometric Applications

Now we will apply Gaussian elimination to some of the geometry problems we
studied in the first part of this course.

Let us start with the question of linear independence. Recall that a collection
of vectors x1,Xs, ..., X, is called linearly dependent if we can find some non-zero
coefficients c1, ca, . .., ¢, such that

C1X1 +coXo + -+ cpX, =0

This is actually a homogeneous system of linear equations for the numbers
€1y Cn. If @ = co =--- = ¢, =0 is the only solution, then the vectors are
linearly independent. Otherwise, they are linearly dependent. To decide, we
must set up the matrix for the system of equations and perform a row reduction
to decide if there is a unique solution or not. In setting up the equations, it is
convenient to treat the x;’s as column vectors.

Example 3.9 Decide if
1

1 1
X1 = |2 Xo= |1 x3 = |2
0 1 1

are linearly independent. The equation clx; 4 caXo 4 c3x3 = 0 can be written

ci 4ca +cg =0
2c1 “4cy +2c3 =0
001 +CQ +63 = 0

The matrix for this system of equations is

O N =

1
1
1

el )

Since this is a homogeneous system, we don’t have to write the augmented part
of the matrix. Performing a row reduction yields

1
0
0

O ==
—_ O =

Since the number of non-zero rows is the same as the number of variables (three)
there are no non-zero solutions. Therefore the vectors are linearly independent.

The row reduction in Example 3.9 also shows that any vector y in R3 can
be written as a linear combination of x;, xo and x3. Writing y as a linear
combination of x;, X2 and x3 means finding coefficients ¢y, co and c3 such that
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clxy + caXa 4 c3x3 = y. This is a (non-homogeneous) system of linear equations
with augmented matrix

1 1 1|
2 1 2|y
0 1 1| ys
Using the same Gaussian elimination steps as above, this matrix reduces to
1 1 1] %
010
0 0 1

where the #’s are some numbers. This system has a (unique) solution.

Example 3.10 Here is another geometric example. Do the planes whose equa-
tions are given by x1 +xo +x3 =1, 201 + x5+ 221 = 1 and xo = 1 intersect in
a single point? To answer this, we note that the intersection of the three planes
is given by the set of points that satisfy all three equations. In other words they
satisfy the system of equations whose augmented matrix is

1 1 1)1
2 1 2|1
0 1 0f1
A row reduction yields
1 1 1] 1
0 -1 0] -1
0 0 0] O
Thus solutions are given by
0 1
11 +s| 0
0 -1

This is the parametric equation of a line. Thus the three planes intersect in a
line, not a point.

3.4.1 Problems

Problem 3.21 Are the following vectors linearly dependent or independent?

1 1 1
2 1 0
X1 = 0 X9o = _1 X3 = 1
2 1 0

Can every vector in R* be written as a linear combination of these vectors?
How about the vector the
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Problem 3.22 Consider the following vectors ai, as and ag such that:

=[3] no[2] o[ 7]

—15
5

Are they linearly independent? Can the vector y = [ ] be written as a
linear combination of a1 and as?

Problem 3.23 Consider the following 4 dimensional vectors aj, as, and ag
such that

1 0 10
1 0 0
“=19 2= 4 B3=1 _5
0 -3 0

Are these linearly independent? Can the vector y below be written as linear
combination of the above three vectors?

Problem 3.24 (Matlab) Consider the following 3 vectors ay, ag, and ag:

1 -1 4
a; = 2 a9 = 2 az = 1
3 -1 -1

The Matlab command
plot3([a,0], [b,0], [c,0])

draws a line between (0,0,0) and a point with coordinates (a,b,c). Write a
script that draws the three vectors (use the command hold on to be able to
overlap them). Are the vectors linearly independent?

3.5 Resistor Networks

3.5.1 Elements of Basic Circuits

Electrical current, often denoted with the variable I, is a measure of charge flow
with MKS units of Amperes or Amps (Coulombs per second, where a Coulomb is
a measure of electrical charge). The voltage V is an electrical potential measured
in Volts (Joules per Coulomb). Thus IV has the units of power (J/s or Watts).
A resistor is a simple electrical component that obeys Ohm’s law, that the
current through it is proportional to the voltage drop across it. The constant of
proportionality is called the resistance R in Ohms (abbreviated 2, V/A). The
current I through a resistor across which there is a voltage drop V satisfies

V =1IR.

The current goes from high to low potential through the resistor.
The resistor networks considered in these notes are circuits with three types
of components:
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Figure 3.3: Elements in resistor networks.

1. Resistors
2. Voltage sources
3. Current sources

The notation we will use for these elements in circuit schematics is shown in
Figure 3.3. Later (in Chapter 5) we will see that such a network represents a
network with additional elements (inductors and capacitors) at a given instant
in time. At a given time, an inductor acts as a current source and a capacitor
acts as a voltage source. The current through the capacitor at that instant
determines the rate of change of voltage across it, and the voltage across the
inductor determines the rate of change of current through it.

In the network, the resistances of all resistors will be given. The voltage
across all voltage sources and the currents through all current sources will be
given. There are two basic questions to answer about a resistor network with
these components.

basic problem: Find the currents through each resistor and each power source
and also the voltage drops across each current source. This problem is a
linear system of equations and so serves as an example of the mathematical
techniques learnt in this chapter.

fundamental problem: An important sub-problem is to find the currents
through every power source and the voltage drops across each current
source. These quantities can be written in terms of the given voltages and
current sources directly (eliminating the terms involving resistor currents).
Later, solving this problem will tell us how to write a differential equation
for the currents through inductors and the voltages across capacitors.

There are two fundamental laws governing the behaviour of circuits that can
be used to set up equations that can be solved to answer the questions above.
They are Kirchhoff’s laws:

1. The sum of voltage drops around any closed loops in the network must be
Z€ro.
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2. The sum of currents entering a node must be zero.

3.5.2 Two Simple Examples Made Complicated

Consider the simple network with one current source and one resistor shown in
Figure 3.4 (left). Clearly, the current through the resistor must be I and the
voltage drop across the resistor must be IR using Ohms Law (use the signs in
the diagram for the direction of the drop).

Example 3.11 Consider the same example, introducing two nodes into the net-
work as shown in Figure 3.4 (right). We now have three unknowns, Vi, Vo and
I>. Find a linear system for these unknowns and then solve the system. We
have made this simple example more complicated but we will learn something
as we work through it. Note that by specifying voltages at nodes (which will
determine voltage drops across components) we will always satisfy Kirchhoff’s
first law. Let us write down every other law that applies to this diagram:

I—1, = 0, Kirchhoff’s second law at node 2
I, —1 = 0, Kirchhoff’s second law at node 1
Vo — Vi = I,R, Ohm’s Law over the resistor

If you didn’t look too closely, you might be happy thinking these are three
equations for the three unknowns I, V; and V5. However, rewriting gives

L = I
I, =
Vo—Vi—LR = 0

In augmented matrix form we can write the system and do Gaussian Elimina-
tion:

1 0 0| I 1 0 0 1
1 0O oI |~|0 -1 1| —RI
-R -1 1| 0 0 0 O 0

In the augmented matrix above, the unknowns are ordered I, V; and then V5.
The solutions are Iy = I (expected), Vo = s and Vi = s — RI where s is a
parameter that can take any value. This seems much more complicated that
the intuitive solution at the beginning of this section. However, the conclusions
are the same: the current through the resistor is I and the voltage drop across

the resistor is
Vo — Vi =s—(s— RI)=RI.

The arbitrary constant in the voltage occurs here because no reference voltage
has been specified (no point in the circuit has been grounded).
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Figure 3.4: The simple resistor network considered in Example 3.11.
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Example 3.12 Consider the circuit in Figure 3.5. Learning from the last ex-
ample, we have set a reference voltage at the lower left corner of the circuit,
and then voltage at the upper left corner is known. The current I is the branch
current from the Vo node to the Vi node. Form a linear system matching cur-
rents and voltages across resistors to Ohms Law, and matching branch currents
at the two nodes. Solve the linear system. There are 5 unknowns Vi, Vo, Iy, I
and I3 in the circuit as shown in the figure (the augmented matrices below will
be written with the unknowns in this order). Ohm’s law on the four resistors
gives the following linear equations (in order of small to large resistance)

12-V; = I
Vi—Ve = 2D
Vi—Vy = 33

Vo = 45

and matching the currents at the two nodes gives

L = L+1s
IL+13 = I

This gives six equations in five unknowns! (maybe you already see why this
happened to us). Writing the six equations above in an augmented matrix gives

-1 0 -1 0 0 -12 1 0 0 0 0] 2184/217

1 -1 0 -2 0 0 01 0 0 0] 1680/217
1 -1 0 0 -3 0 0 01 0O 420/217
0 1 -4 0 0 0 “l1o 0010 252/217
0 0 1 -1 -1 0 0 00 01 168/217
0o 0 -1 1 1 0 0 00 0O 0

On the left above is the result of Gaussian elimination to reduced row echelon
form. The solutions for Vi, V5, Iy, I» and I3 can be read off the last column
of the augmented matrix after reduction (V3 = 2184/217 etc.). Notice that the
“extra” equation became the bottom row (all zeros) in the reduced form, which
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Figure 3.5: The resistor network considered in Example 3.12.

indicates that there was redundant information given in the linear system. If
you go back to the expressions for conservation of current at the two nodes
above, it is easy to see that these two equations carry the same information.

As the two previous examples show, one has to be a bit careful picking the
unknowns and equations in a circuit to get a unique solution without introduc-
ing redundant equations. There are several ways to do this and when solving
small circuits by hand the linear system can be made much simpler to solve if
you pick the “right” technique. In the next section we will describe the “loop
current” technique which always leads to a solvable linear system with no extra
(redundant) equations.

3.5.3 Loop Currents

We want to be able to see any resistor network and write down equations that
will solve it uniquely, with no redundant equations like in the previous example
and no non-uniqueness (like that coming from the lack of a reference potential).
This can always be done using the following variables: loop currents, that is
currents in every elementary loop of the network, and voltage drops across any
current sources. This technique is described in more detail below.

Consider a circuit that can be drawn on a piece of paper with no branches
overlapping (a so-called planar network). The branches in the circuit divide the
diagram into smaller areas. The set of branches around each of these small areas
is called an elementary loop. By assigning a loop current to each elementary
closed loop of the circuit, the second of Kirchhoff’s Circuit Laws is satisfied
automatically because in a closed loop the current entering any one point is
equal to the current travelling away from that point. Consider Figure 3.7 (left).
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There are three elementary loops and loop currents i1, i and i3 associated with
each of them. Loop currents sum when they overlap in a branch. For example,
the current downwards through the 3 Q resistor in Figure 3.7 is io — i3. Be
careful of signs as you sum loop currents. In the example above, i3 is downwards
through the 3 €2 resistor but i3 is upwards, hence it appears with a negative sign
in our expression.

In a circuit, it is convenient to take loop currents and voltage drops across
current sources as the unknowns. The first step in solving any electric network
is to identify the number of elementary loops in the network. If there are m
independent loops present, then variables i1,1s,...,%, must be introduced to
represent the loop currents of each. If there are n current sources, then the
variables vq, va, ... v, must be introduced to represent the voltage drop across
each source. Together there are n + m unknowns.

We can apply Kirchhoff’s voltage law to each of the m loops and obtain m
linear equations for the unknowns. The current through each current source
must match the loop currents through it. This gives n more linear equations
for a total of n + m linear equations for the n + m unknowns.

Example 3.13 Solve the resistor network in Figure 3.6. Note that this is the
same circuit as Erxample 8.12 but here the loop current method will be used.
The unknowns are the loop currents é; and is (there are no current sources).
Remember that the loop currents add in shared components. For example, the
current downwards in the 2 resistor is i3 — io. Using loop currents Kirch-
hoff’s second law is always satisfied. The equations needed to solve for the loop
currents are obtained by summing voltage drops around each elementary loop:

i1+ 2(iy —i2) +4ip — 12 = 0, voltage drops going around loop 1
3io +2(ia —i1) = 0, voltage drops going around loop 2.

Collecting terms:

Tip —2ip = 12
—211+5t, = 0

which can be solved to give iy = 24/31 and i; = 420/217. With these values
of 71 and iy the current through each resistor and the power source can be
determined, solving the problem.

There are easier ways to solve this particular small problem (the easiest is
probably to use combinations of the series and parallel resistor laws). However,
the loop current rule works for networks of arbitrarily large size and leads to
systems of equations with a relatively small number of unknowns. On tests
and exams, it is expected that students will be able to apply the idea of loop
currents.

Example 3.14 Solve the network shown in Figure 3.7 There are three inde-
pendent loop currents which are labelled i1, i2 and i3. There is a single current
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\2V

Figure 3.6: The resistor network for Example 3.13

source of 44 with voltage drop v across it (minus to plus in the direction of the
current). There are also two 10V voltage sources. Remember that the current
in an electrical branch shared by two loop currents is equal to the (signed) sum
of the two loops currents, i.e. the current moving to the left through the 52
resistor of Figure 3.7 is i1 — i3 and thus the voltage drop is 5(i; — i3). Be careful
also of the sign of voltage drops. Moving around loop 1 in the circuit in Fig-
ure 3.7 clockwise, when the current source is crossed, there a voltage increase
of v, so this would be a voltage drop of —v in the expression for Kirchhoff’s
second law for this loop written below. We sum the voltage drops around loop
1 beginning at the current source and moving clockwise (the same direction as
i1) to obtain
—v 4 2i1 + 5(i1 — ig) +2(i1 — ig) =0
which can be simplified to
97;1—22.2—51'3—’0:0
The equations for the voltage drops around loops 2 and 3 are derived similarly

—2i7 4+ by — 3iz = -10
—5iy — 3ip + 8ig = 10

The final linear equation comes from matching the loop currents to the current
source:

i1 =4
The four linear equations above can be solved for the four unknowns i1, is, i3, v.
The solution can be found using MATLAB (the details are in the computer lab
#4 guide):

i1 = 4A
is, ~ 2.3871A
i3 ~ 4.6452A
v = 8V

Now that the loop currents are determined, the branch currents can be written
down. For example the current over the 5{2 resistor to the right is i3 — i; =
0.6452A. The right hand panel of Figure 3.7 displays all six branch currents.
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Figure 3.7: The left panel displays the schematic circuit from Example 3.14
with two 10V voltage sources, four resistors and a current source of 4A. The
loop currents iy, io i3 represent the current in each of the independent closed
loops. The right panel is the solution to the electric network on the left panel
with branch currents shown.

Example 3.15 Solve the resistor network in Figure 3.8. In this case, solve both
the basic problem when V. =9 and I = 1, and then the fundamental problem
for arbitrary V' and I. The unknowns for the problem are iy, iz, i3 and E. One
equation in the system of unknowns comes from the fact that the loop current
variables must match the current source:

ig = —1.

Note that this equation is so simple we will no longer consider i3 as a variable
but replace i3 by the known value —I in the equations below. Voltage drops
across the three loops give:

i1+ 2(iy —i2) +5i1 -V = 0
5iz + E 4 3(i3 —iy) =
Since I and V and i3 (by the discussion above) are known quantities, we move

them to the right hand side of the linear equations for iy, io and E which are
written below

8i1 - 212 = V
—2iy +5ip = —31 (3.1)
—3i,+F = 8I.

89




CHAPTER 3. SOLVING LINEAR SYSTEMS 3.5. RESISTOR NETWORKS

10

R

\
{
| ek -
551 -

Figure 3.8: The resistor network for Example 3.15

With V =9 and I = 1 this is solved using Gaussian Elimination to give the
solution E = 7%, io = —1/6 and iy = 13/12. Note that the negative value for io
means that this loop current physically goes in the opposite direction to that in
the Figure. For the fundamental problem, we consider (3.1) for arbitrary values
of V and I. We write the system as an augmented matrix and do Gaussian
Elimination with symbolic terms in the right hand sides:

8 -2 0| V 1 —1/4 0 V/8
2 5 0| =3I |~ |0 1 0| —2/31+V/18
0 -3 1| 8I 0o 0 1 61 +V/6

so E = 6I+V/6 (the voltage across the current source in terms of the given volt-
age and currents of sources) and (after some algebra) i; = 10V — 47 (the current
through the power source). An alternate approach to solving the fundamental
problem is given in next section.

3.5.4 Alternate Presentation of Resistor Networks

Linear systems from resistor networks was presented in a previous version of
the notes in a different way. That previous presentation is reproduced here
beginning in the next paragraph. This alternate explanation may be helpful to
some students.

Consider the circuit shown in Figure 3.9. We won’t be able to solve this
circuit until we a studied differential equations in the last part of this course.
However we can make some progress using what we know already.

There are three types of components: resistors, inductors (coils) and ca-
pacitors. Associated with each component is the current I flowing through that
component, and the voltage drop V across that component. If there are n differ-
ent components in a circuit, then there are 2n variables (currents and voltages)
to determine. In the circuit above there are 8.

Of course, these variables are not all independent. They satisfy two types
of linear relations: algebraic and differential. We won’t touch the differential
relations for now, but we can consider the algebraic relations.
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Figure 3.9: A resistor network.

The first algebraic relation relates the current and voltage drop across a
resistor. If R is the resistance and I and V are the current and voltage drop
respectively, then V = I R. In our example, this gives two equations

i = LR
Vo = LRy

The other two algebraic relations are Kirchhoff’s laws. The first of these
states that the total voltage drop across any loop in the circuit is zero. For the
two loops in the example circuit, this gives the equations

Voa—Vo = 0
Vi+Vs+Ve = 0

Notice we have to take the direction of the arrows into account. The second
Kirchhoff law states that current cannot accumulate at a node. At each node,
the current flowing in must equal the current flowing out. In the example circuit
there are three nodes, giving the equations.

L+L-L = 0
LI =
Ii—IL-1I =

We now want to pick a few of the variables, and solve for all the rest in terms
of these. In a small circuit like the example, this can be done “by hand.” For
example, its pretty obvious that I; = I5 and V5 = V4 so one could eliminate two
variables right off the bat. However, it is also useful to have a systematic way
of doing it, that will work for any circuit (but probably will require a computer
for anything but the simplest circuit).

As a rule of thumb, you can pick the voltages across the capacitor and the
currents across the inductors as basic variables and solve for the rest in terms
of these. In other words, we want I3 and V, to be parameters when we solve
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the system of equations. To accomplish this we will choose the order of the
variables with I3 and Vj at the end of the list. With this in mind we choose the
order Iy, I, 14, V1, V5, V3, I3, V4. Then the equations become

R -V =0
Ry Iy -V =

Vs +Vi =0

i +Va +V3 =0

-1 +1Is +14 =0

I —1I3 =0

—I2 —I4 +Ig = 0

The matrix for this system is (since it is a homogeneous system of equations,
we don’t have to bother writing the augmented part)

rRy O 0 -1 0 0 0 07
0 Ry O 0O -1 0 0 0O
0 0 0 0O -1 0 0 1
0 0 0 1 1 1 0 O
-1 1 1 0 0 0 0 0O
1 0 0 0 0 0 -1 0
L0 -1 -1 0 0o 0 1 0l
Here is the reduced form of this matrix.
(1 0 0 0 0 0 -1 0 7
010000 0 —7
001000 -1 4
00 01 0 0 —R 0
00 0 010 0 -1
00 0 001 R 1
|10 OO 0O 0 O 0 0 |
Thus
L = I3
1
I, = —V,
2 oS 4
I, = 1 —LV
4 = I3 7 4
i = Ril3
Vo = Wy
Vs = —-Rilz3-V,

So we have succeeded in expressing all the variables in terms of I3 and V3. We
therefore need only determine these to solve the circuit completely.
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Figure 3.10: Circuit diagrams for Problems 3.25 (left) and 3.26 (right).

3.5.5 Problems

Problem 3.25 Find the currents and voltages in each component of the circuit
shown in Figure 3.10 (left).

Problem 3.26 The resistances of the resistors shown in the circuit shown in
Figure 3.10 (right) are Ry = 49, Ry = 1Q, R3 = Ry = 2Q. Find the current
I that flows through resistor Ry if the voltage across the batteries are Fy = 5V
and Ey = 3V . In which direction does Iy flow? Solve the problem as a system
of linear equations for the loop currents iy and iy shown in the diagram.

Problem 3.27 Consider the resistor network:

Given Ry = 3[Q], R2 = 1[Q], Rz = 4[Q], V = 26[V] and I = 2[A], answer the

following questions:
a) What is the voltage drop through Rs?
b) What is the current flow through R ?

¢) What is the voltage drop through Ry ?

Problem 3.28 Consider the following resistor network:
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Suppose that Ry = 4[Q)], Ry = 1[Q], Rs = 2[Q] and that the current flow through
Rs is 1.5[A]. Solve the resistor network and answer the following questions:

a) What is the voltage drop across Rs?
b) What is the current flow through R ?
¢) What is the voltage drop through V ¢

Problem 3.29 Consider the following resistor network:

Suppose that Ry = 4[Q], Ry = 2[Q], Rs = 10[Q] and that V = 60[V]. Solve the
resistor network and answer the following questions:

a) What is the voltage drop through Ro?
b) What is the current flow through Ry ¢
¢) What is the current flow through Rs?

Problem 3.30 Find the loop currents ii1,i2,13 in the following network:

where Ry =

= 10[V] and
By = 4[V].
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Problem 3.31 Consider the following network:
Ru

where Ry = 1[Q)], Ry = 2[Q), Rs = [, Ra = [, V = 25[V] and I = 3[A].

a) Set up and solve the linear system for the loop currents i1,i2,i3 and the
voltage E across the current source.

b) What is the voltage drop through Rs?
¢) What is the current flow through V¢

d) What is the voltage drop through I?

Problem 3.32 Consider the resistor network:

Ri N

= ~ Rz R3 -

€,

with Ry = 2[Q)], Ry = 5[], R = 3[Y], V = 10[V], I, = 3[A]. Suppose that
the voltage drop through Iy is Eo = 5[V].

a) What is the current flow through Re?
b) What is the voltage drop through I ?

¢) What is the current flow through I ¢

Problem 3.33 If a circuit contains only resistors, then we can solve it com-
pletely using the ideas of this section. Write down the linear equations satisfied
by the currents in the circuit shown in Figure 3.11. In this diagram, the compo-
nent on the far left is a voltage source (battery). The voltage across the voltage
source is always E.
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Figure 3.12: The minimization of a quadratic function in one variable.

3.6 Additional Topics

3.6.1 Quadratic Functions

Let begin by recalling how we would find the minimum of a quadratic function
in one variable, namely a parabola given by f(x) = ax? + bx + ¢ as shown in
Figure 3.12. We simply find the value of = for which the derivative is zero, that
is, we solve f’(x) = 0. Notice that since f is quadratic, this is a linear equation

2ax+b=0

which is easily solved for x = —b/2a (provided a # 0). So the minimum value
is f(—b/2a) = —b*/(4a) + c.

Of course, if a is negative, then the parabola points downwards, and we have
found the maximum value, not the minimum value.

A quadratic function of two variables 1 and x5 is a function of the form

f(z1,20) = ax? + 2bxy2o + cx3 + day + exo + f.

(The 2 in front of b is just for convenience.) For what values of 1 and 2 is
f(z1,x2) the smallest? Just like with the parabola in one variable, there may
be no such values. It could be that f has a maximum instead, or that f has
what is called a saddle point. However if f does have a minimum, the procedure
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described below is guaranteed to find it. (If f has a maximum or saddle point,
the procedure will find these points instead.)

The idea behind finding the minimum is simple. Suppose that z; and x5 are
the values for which f(x1,z2) is smallest. Then the function g(s) = f(z1+s,z2)
must have a minimum at s = 0. So ¢’(0) = 0. But

d
g'(s) = £f($1+57$2)

d
= £a(:c1 +5)% 4 2b(z1 + 8)zo + cxd +d(zy + 5) + exy + f
= 2a(x1 + )+ 2bxe +d

so that the condition is
g'(0) = 2azy + 2bxy +d = 0.

Notice that this expression can be obtained by holding s fixed and differenti-
ating with respect to x1. It is called the partial derivative of f with respect to
x1 and is denoted %.
The same argument can be applied to h(s) = f(x1,z2 + s) (or 5%) This
yields
of (x1,72)
8I2
Therefore we conclude that the pair of values z1 and zo at which f achieves
its minimum satisfy the system of linear equations

h'(0) = = 2bzy + 2cxe +e=0.

2ax; +2bry = —d
2bx1  +2cx2 = —e

This is a 2 by 2 system with augmented matrix

2a 2b |—d
—e

2b 2c
This is easily generalized to n variables. In this case the quadratic function
is given by

n n n
f(xy, w0, 2,) = Zzaz‘,ﬂfﬂj + Zbil'i +c
=1

i=1 j=1

To see this is the same, let us expand out the first term when n = 2. Then

n n
g E Qi ;TiT; = G11T1T1 + 0122122 + A2,1T2X1 + A2 2T2%2
i=1 j=1

2 2
= a1127 + (a1,2 + a2,1)T122 + a2275

So this is just the same as before with a1 1 = a, a12 +a21 = 2b and az 2 = c.
Notice that we might as well assume that a; ; = a;;, since replacing both a; ;
and a;; with (a1,2 + a2,1)/2 doesn’t change f.
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Figure 3.13: Fitting a line through data.

If this function f has a minimum we can find it by generalizing the procedure

above. In other words we try to find values of x1,...,z, for which df/0x; =
Of /0xg = -+ = 0f/0x, = 0. This leads to a system of n linear equations whose
associated augmented matrix is

20,1,1 2&172 . 2&17n 7b1

2(1271 2a272 e QLLQJL —b2

2an,1 2(17172 . 20,”7” —bn

3.6.2 Least squares fit

As a first application let us consider the problem of finding the “best” straight
line going through a collection of data points (z1, y1), (z2,y2), - - -, (Tn, yn). (Care-
ful! the z;’s are not the unknowns in this problem, but rather the known fixed
data points, together with the y;’s.) Consider Figure 3.13. Which straight line
fits best? There is no one answer. One can measure how good the fit of a
straight line is in various ways. However the following way of measuring the fit
results in a problem that is easy to solve.

Each line is given by an equation y = ax+b. So the variables in this problem
are ¢ and b. We want to find the values of a and b that give the best fitting
line. The vertical distance between the point (x;,y;) and the line is given by
ly; — ax; — b|. We will take as a measure of the fit, the square of this quantity,
added up over all the data points. So

fla,b) = Z(yi_axi_b)Z

Z (yf + x?az + b — 22550 — 2y + Zmiab)

%

Here we used that (3,1) = n, the number of points. Therefore the linear
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equations we must solve for a and b are

2(227) 20 m) |22, zivi)
|:2(Zixi) 2n ‘ 2032 vi) }

We could solve these equations numerically in each particular case, but since its
just a 2 by 2 system we can also write down the answer explicitly. In fact, the
solution to
A B |E
& 5|7]

is

AF—-CE
AD—-BC

provided AD — BC' # 0, as you may check directly, or derive using a sequence
of row transformations. So in this case

(o wiyi) — Qo) Qi)
n(3xf) — (X x)?
y - 2 a?) (i) = (@) (O wawi)
n(>oa7) — (30 w)?

DE—-BF
{ AD-BC ]
)

Example 3.16 Suppose we want to find the best straight line through the points
(1,1), (2,2), (2,3), (3,3) and (3,4). Calculate

>1 =n =5
Sa, =1+2+2+3+3 =11
Syi =1+2+3+3+4 =13
a2 =1+4+4449+9 =27

Sy =14449+9+16 =39
Say; =14446+94+12 =32
SO
a=(5-32—-11-13)/(5-27 - 11%) = 17/14 = 1.214. ..

and
b=(27-13—-11-32)/(5-27 — 112) =-1/14=-0.0714...

The result is shown in Figure 3.14.

3.6.3 Equilibrium configuration of hanging weights and
springs

Consider the problem of n vertically hanging weight connected by springs. What
is the equilibrium configuration? We can solve this problem by calculating the
total potential energy of the system. The equilibrium configuration minimizes
the total potential energy. A diagram of the setup is shown in Figure 3.15. Our
goal is to compute the numbers z1, ..., ,. In the diagram n = 3.
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Figure 3.14: The solution in Example 3.16.

Figure 3.15: Equilibrium configuration of springs.

There are two sources of potential energy. One is the potential energy stored
in the spring. This is equal to ks?/2, where k is the spring constant that
measures the stiffness of the spring, and s is the amount that the spring has
been stretched from its natural length. In our problem, suppose that the spring
constant of the ith spring is k; and its natural length is /;. Then the potential
energy stored in the ith spring is k;(x; — 2,1 — ;)?/2. To make this formula
work out correctly for the first spring we set o = 0.

The other source of potential energy is gravity. The gravitational potential
energy of the ith weight is —m;gx;. The reason for the minus sign is that we
are measuring distances downward.

Thus the total potential energy in the system for n weights is the function

n ki
f($17$27 . 7-Tn) = Z 5(961 —Ti—1 — li)2 — Migx;.
i=1

When n = 3 this becomes

k k k
flz1, 22, 23) = 31(961—11)2-1-?2(962—5E1—12)2+§3(553—362—13)2—77119%1—ngfﬂz—mw?ﬁs

This is a quadratic function, so we know how to find the minimum. The equa-
tions are obtained by taking partial derivatives: To get the first equation we
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hold x5 and x3 fixed and differentiate with respect to z; and so on. Thus the
equations are

kl(xl—ll)—k2($2—$1—lz)—mlg =
kz(sz*Il*lz)*kg(I:‘)*szl:s)*ng =

ks(xs — a9 —l3) —mzg =

o O O

The augmented matrix for this system is

ki +ke  —ko 0 |mig+ kily — kalo
—ks ko + ks —ks |mag+ kaolo — k3l3
0 —k‘3 k‘3 msg + k3l3

Example 3.17 Suppose that the spring constants are k1 =1, ko =2 and k3 =
1. The masses are all equal to 1, g = 10 and the natural length of the springs is
1 for all springs (in appropriate units). Find the equilibrium configuration. We
must solve

3 -2 019

-2 3 -1|11

0 -1 1 |11

Gaussian elimination gives

3 =2 019
0 -1 1|11
0 0 2106

which can be solved to give x1 = 31, xo = 42, x5 = 53.

3.6.4 Problems

Problem 3.34 Find the “best” straight line going through the points (1,1),
(2,1), (2,3), (3,4), (3,5) and (4,4).

Problem 3.35 Consider the problem of finding the parabola y = ax?® + bx + ¢
that best fits the n data points (x1,y1) ... (Tn,yn). Derive the system of three
linear equations which determine a, b and c. (You need not solve solve them!)

Problem 3.36 Write down the augmented matriz for a system of n weights
and springs.

Problem 3.37 Write down the system of equations you would have to solve if
there are b identical springs with k; = 1 and l; = 1 and five weights with my = 1,
mo =2, mg =3, my =4, and ms = 5.
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3.7 Solutions to Chapter Problems

Solution 3.1 The augmented matrix is

1 -2 3 |6
A=114 -5 —6| 7
8§ 9 1011

Solution 3.2 Here is the sequence of systems of equations you would get:

I + X2 + I3 = 6
x|y — X9 + x3 = 0
2c¢1 + x93 — 8xz3 = -—11
T, + T2 + x3 = 6
— 2.1‘2 = —6
201 + x2 — 8xrz3 = -—11
1 + X2 + T3 = 6
— 2.’1,‘2 = —6
- T2 — 1033‘3 = =23
Ty, + x9 + x3 = 6
T2 = 3
- T2 — 10$3 = =23
Ty, + x9 + x3 = 6
T2 = 3
— 10z3 = -20

Sox3 =2, 2o =3 and z; = 1.
Solution 3.3

A=1[1,1,1, 6; 1, -1, 1, 0; 2, 1, -8, -11]
) = A(2,:) - A(L,:)
A(3,:) = A(3,:) - 2%A(1,:)
) = -A(2,:)/2
) = A(3,:) + A(2,:)
) = -A(3,:)/10

We get the same solution as in the pen-and-paper version in problem 3.2.

Solution 3.4 Perform the sequence of operations to finally end up with the
system

2133 = 4
3r1 —3x2+3x3 = 30
9SU1 + 2.’E3 = 26.

Hence, x1 = 22/9, zo = —50/9, and x3 = 2.
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Solution 3.5 We want to solve the system

201 +2x9 = 5
3r1 + 52 = -—10.

We shall use the method of substitution.
From the first equation, we solve for xs:

To =5 — 21
We then substitute it into the second equation:
3x1 +5(5 —2x1) =-10
. We now have a decoupled equation, and the solution is 1 = 5, zo = —5.

Solution 3.6 The first equation reads z; = 3. The second reads x1 —x2 = 3, or
3—x9 =3, or g = 0. The third reads 2z +x2 —8x3 = —4, or 6+0—8x3 = —4
or 3 =5/4.

Solution 3.7 The last equation gives x4 = 2 and the second last one x5 = 2.

Then we have to introduce a parameter x5 — s and the we find that ;1 = —5—2s
-5 -2
0 1 .

Thus x = 9 + s 0 In the second system, we have to introduce a
2 0

parameter right off the bat. So x4 = s; and 3 = 4 —s;. Moving up one row, we
have to introduce another parameter zo = so and then 1 =1 —2s9 — (4 —s1) —

-3 -1 -2

0 0 1 . .
251 = —3— 5] — 289 80 X = 4 + 51 1 + s9 0 The third system is

0 1 0

just the same. The extra rows of zeros have no effect.
Solution 3.8 Perform the following sequence of row operations:
D (2, = 29— (1)
i) (3,:) = (3,:) = (1,)
i) (3,) = (3,) +2(2,3)
V) (40 = (4,0) - 3(2,2)
v) (4,0) = (4,:) +(3,9),

in order to get the reduced row echelon form (RREF)

3,
3,

)
)

1 2 2 2|1
01 -3 1|-2
0 0 =7 1|0
00 0 0O
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Thus, we have that the rank of the augmented matrix, which is the same as
the rank of the unaugmented matrix is 7 = 3, while the number of unknowns
is n = 4. Therefore, the system has infinitely many solutions, that can be
represented as the general solution

X =(q + sa,

where s is any real number, q = (q1,¢2,93,¢4) is any particular solution of
the original system, and a = (a1,as,as,a4) is any non-zero solution of the
corresponding homogeneous system.

From the row echelon form we can see that q has to satisfy —7q3 + g4 = 0.
Let q4 = 7, then g3 = 1. For the other two ¢q values we have

@ = —2+3¢3—qu=—6
g1 = 1—2g>—2q3 —2q4 = —3.

Hence, we have that q = (=3, —6,1,7).
Now, to find a, the homogenous row echelon form is

12 2 20
01 -3 1|0
0 0 -7 1|0
0 0 0 0|0

Thus, a has to satisfy —7a3 + a4 = 0. Take a4 = 7, then a3 = 1.

From the second row we have that as = 3a3 — a4y = —4, and from the first
row we get that a; = —2as — 2a3 — 2a4 = —8. So a = (—8,—4,1,7), and a
general form of the solution is

-3 -8
—6 —4
X = 1 + s 1
7 7

Solution 3.9 Perform the following sequence of row operations

(2 =(2,:) =301,
i) (4,:) = (4,) —2(1,7)
i) (4,:) = (4,:) +2(3,2)
iv) (3,:) < (2,:)

v) (4,:) < (3,

vi) (4,1) = (4,1) = 5(3,),
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to transform the augmented matrix into the reduced row echelon form

1 2 2 -7| 20

0 6 0 —-6]-10
00 -6 0 |-30
00 0 16 |-30

We can now solve the system starting from the bottom:

g = _0_ 15
YT 168
—-30
L Zl046ay _ 85
S 6 Y
95
T, = 2072%272$3+7x4:ﬂ

Solution 3.10 The matrix
1 -2 3 2
2 -3 2
3 2 —419

[\

reduces to
1 -3 3 2

0 1 4 -2
0 0 19 19

which has as solution x1 = 3, zo = 2, x3 = 1.

Solution 3.11 The matrix

2 1 -1 6
1 -2 -2 1
-1 12 8 7
reduces to
2 1 -1 6
0 —5/2 -3/2 -2
0 0 0 0

which has as solution z1 = 13/5 + 4s/5, ©2 = 4/5 — 3s/5, x3 = s.
Solution 3.12 The matrix

1 2 41
1 1 3| 2
2 5 9|1

reduces to
1 2 4 1

0 -1 -1 1
0 0 0[O0
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Thus , setting x3 = s, we obtain 29 = —1 — s and 1 = 3 — 2s.

Solution 3.13 The matrix

1 2 41
11 3| 2
2 5 91 3

reduces to

which has no solutions.

Solution 3.14 The matrix
3 1 -1 2 7
2 -2 5 -7 1
-4 -4 7 -11 —13

reduces to
3 1 -1 2 7
0 -8/3 17/3 —25/3 -11/3
0 0 0 0 0

which has as solution @1 = 15/8 — 351 /8 4 352/8, o = 11/8 + 1751 /8 — 2555 /8,
T3 = 81, g = S2.

Solution 3.15 Probably the easiest way to do this problem is to think geomet-
rically. This system of equations describes the intersection of two lines. The
lines will intersect in a single point if they are not parallel. This will happen
exactly when the two vectors [a,b] and [c,d] are not parallel. Recall that this
can be tested using the determinant. So the equations have a unique solution

b] =ad —bc #0.

a
exactly when det L d

Solution 3.16 Perform the following sequence of row operations:
(2, =(2,0) —4(1,9)

i) (3,:) = (3:) +4(1,3)

i) (3,:) =(3,:) + 2(3,:)

to get the reduced row echelon matrix

1 2 0] 7
0 0 6|—18
0 0 0] 139

The last equation says 0 = 139, which cannot happen, therefore this linear
system has zero solutions.

Solution 3.17 The script is the following:
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for a = 1:10
A=[1247;4132; 059 al;
rref (A)

end

If the value of a changes linearly, then the solution to x; (or for that matter, of
x9 and z3 too) changes linearly with a.

Solution 3.18 Perform the following sequence of row operations:
) (2,)=1(2,)+ (1,
i) (3,:) =(3,:) —(2,:)

to get the reduced row echelon matrix

o~ O
[enll R
o = O
— =
= O

1
0
0

o

Thus the row echelon form for the corresponding homogeneous system is

101 0(0
01 2 1|0
0 0 0 0|0

Let q be any solution to the original system. For example, check that q =
(9,11,1, 1) solves the system.

Now, let a; and as be any two linearly independent vectors which solve the
corresponding homogeneous system. For example, check that a; = (1,1,—1,1),
and a; = (1,—1,—1,3) are two linearly independent vectors, which solve the
homogeneous system.

Thus, one representation for the solutions of the system is

9 1 1
|1 s N
R .| 2

1 1 3

Solution 3.19 The general solution is [4,0,3,0] + s1[—1,1,0,0] + s2[0,0, -2, 1].

Solution 3.20 Perform the following sequence of row operations:

(20 = (2.9 - (1)
i) (3,5) = (3,5) - 3(2.)
i) (2,) = 5(2.:)

V) (3,9 = (3,5)
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v) (2,:) =(2,:) + %(3, )
vi) (1,:) =(1,:) — 6(3,:)
vii) (1,:) = (1,:) + 3(2,:)

to get the reduced row echelon matrix

1
2

-

=]

1 0 0
0 1 0
0 0 1

o

Here the rank of the augmented matrix (r, = 2) is less than the rank of the
unaugmented matrix ()r, = 3), therefore the linear system has zero solutions.

Solution 3.21 To decide whether the vectors are linearly independent we must
decide whether the homogeneous system of equations represented by the matrix

1 1 1 1 1 1
2 1 0 . . . 0 -1 =2
0 -1 1 has a non zero solution. Row reduction yields 0 0 3
2 1 0 0 0 O

This shows that the zero solution is unique and therefore the vectors are indepen-
dent. It can’t happen that three vectors span a four dimensional space. To test
whether y; is a linear combination of the x;’s we try to solve the equation with

1 1 12 1 1 1 2
.2 1 0|4 . . 0 -1 -210

augmented matrix 0 -1 1|-3! Row reduction gives 0 0 3 |_3
2 1 014 0 0 010

This system does have a solution, therefore the vector y; is a linear combination
of the x;’s.

Solution 3.22 Three vectors in the plane cannot be linearly independent.
There are two ways to see that y is a linear combination of a; and as:

e a; and as are linearly independent because

1 2
det{3 1}5

Therefore {a1,as} form a basis of R?, and every vector is a linear combi-
nation of a; and as.

e Solve the system
Tia1 + T2a2 =Y

JEIE N |

ie.
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This system yields the augmented matrix

[; i’§5 } 2= (2, —2(1,:) = [ o

which gives o = 7, and z; = 6.

Solution 3.23 The vectors ai, az, and agz are linearly independent if the only
solution to the system
xr1a1 + X202 + Irs3az = 0

is x1 = x9 = x3 = 0 So,

1 0 1010 1 0 10 |0
L0 0o}, (2,:) = (2,:) = (1,2) |00 -1070
0 4 -5]|0 (4,:) =—3(4,%) 0 4 —-510
0 -3 010 01 0|0
1 0 100
(2,5) =-5(2,%) 00 110 (2,:) < (3,2)
B e @) o1 00T (4)=(4:)—4(3,:) +52)
0 4 =510
1 0 100
Lo 1 o0fo
00 110
00 010

The system has a unique solution z; = x5 = x3 = 0, hence the three vectors
are linearly independent.

To find if y can be written as a linear combination of the three vectors, we
look for a solution of the system

1 0 1011 1 0 10 11
10 01| 2)=02)-1y |0 0 —10/-10
0 4 —-5|-1 (3,:)=(3,)+ (4, 0 1 -5 9
0 -3 0|10 0 -3 0 10
1 0 10 |11
(2,:) = —75(2,2) L0011
(4,) = (4,) +3(3.) 01 =519
0 0 —-15]37

The second row of the reduced row echelon matrix implies that z3 = 1, while
the third row yields that x3 = *%' This contradiction means that the system
has no solution, and y is therefore not a linear combination of ay, a2, and as.

Solution 3.24
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plot3([1,0],[2,0],[3,0])
hold on

plot3([-1,0],[2,0],[1,0])
plot3([4,0],[1,0],[-1,0])

In the figure window, if you go to Tools — Rotate 3D, you will see right away
that the three vectors do not share the same plane, therefore they must be
linearly independent.

Solution 3.25 We apply Kirchhoff’s junction rule
L+L—-1I3=0
and Kirchhoff’s loop rules, moving around first the left loop and then the right
loop in a clockwise direction:
—2I; +5I,+6 =
—5—6I3 -5, =

Writing these three equations in an augmented matrix with the unknowns or-
dered Iy, I and I3 gives

0 -5 —6 5

which is solved to give Iy = 41/52, I, = —23/26 and I3 = —5/52 with units
of Amperes. The voltage drops are I1 Ry = 41/26, IRy = 115/26 and I3R3 =
15/26 across the three resistors, with drops in the direction of positive currents.
Note that this problem is more easily solved using two loop currents (try it and
make sure you get the same solution).

Solution 3.26 We write voltage drops around the two loops in the direction of
the loop currents:

4i1+(i1—’i2)+5 = 0 or 5i1—i2:—5
(i27i1)+62‘273 = 0 or 72.177:2:75

which is solved to give io = 5/17 and iy = —16/17. Thus, Iy = is —i; = 21/17.
Since it is positive, this current flows to the right.

Solution 3.27 We use loop currents to solve the network depicted in figure
3.27.

Kirchhoff’s second law gives that ioc = —I, and the first law applied to the
closed loop on the left gives

Ry + RQ(il — ig) =V.
As Ry = 3[Q], Ry = 1[Q)], R = 4[], V = 26]V], and I = 2[4], we get

iy = —2[4]
3iy + i +2 = 26

—~
w N
~
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Figure 3.16: Problem 3.27.

Figure 3.17: Problem 3.28.

Hence i; = 6[A], and from the sign we get that i5 flows in the opposite direction
as initially supposed.

a) Voltage drop = Rgsis = —8[V]. The - sign indicates that the potential is
higher at the left of R3 than on the right.

b) The flow through Rs is i1 — iz = 8[A4].
c¢) Voltage drop = Ryi1 = 18[V].

Solution 3.28 Again, we use loop currents to solve the problem depicted in
figure 3.28.

Ry + Rg(il — iz) =V
R3io + Rg(ig — il) =0

)

The flow through Rj is i5, which is 1.5[A]. The system becomes

4iy + (i1 — 1.5) =V
3+(1.5—141)=0

{ 5ip —V =3

; 9
'Ll —_— 72
Therefore V = 21[@ ], and il = 45[14]
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Figure 3.18: Problem 3.29.

a) Voltage drop = Rgis = 3[V].
b) Current flow =iy — iz = 3[A].
¢) Voltage drop =V = 21[V]

Solution 3.29 As before:

Rl(il — ig) =V
Rois + Rgis + Ri(ia —i1) =0

with Ry = 4[Q], Re = 2[Q], R3 = 10[Q], V = 60[V].
Hence, the system becomes

A(iy —iy) = 15
219 + 1019 +4(i2 — il) =0

11 —1g = 15

dig —13 =0
Solving the system we get i1 = 20[4], i2 = 5[A4].
a) Voltage drop = Rayis = 10[V].
b) Current flow through Ry = iy — iy = 15[A].
¢) Current flow through Rz = iy = 5[A].

Solution 3.30 Using Kirchhoff’s laws we get the following equations:

Ryiy + Ro(iy —i2) = By
Rgis + Rao(ia —i1) = —Ey
Ryis = Eo
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Plugging in the values of Ry, Ro, R3, R4, E1, and FEs, we get
i1+ 3(in —i2) = 10
519 + 3(’62 — il) =—4 ,
2i3 =4

We have that i3 = 2. To find i, and i we solve the augmented system

S PN aamaares o
[13 264]% (2,) = (2,5) +3(1,2) a[é 253164]

So iy = S3[A], iy = 32[A], i3 = 2[A].
Solution 3.31 From Kirchhoft’s first law:

I+i3 =19
From Kirchhoft’s second law:

Ry + Rg(il — iz) =V
EJrRQ(iQ — il) =0
Ryis + Rgis = F

Substituting in the actual values, we get

11 —|—(’L'1 —ig) =25

9 —1i3 =3
E+2(i2—i1):0
%is = E

The system, with respect to i1,i2,73, and FE, yields the following augmented
matrix:

2 -1 0 0 |25 2 -1 0 0
0 1 -1 0|3 o 1 -1 0
0 0 2 110 0 O 2 -1
2 -1 0 0 | 25
o 1 -1 0 3
0 O -11 0
2 -1 0 0 | 25
0o 1 -1 0 3
0 0 1 1 |-3
0 O -3 6
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Ry v

Rz R3 E

- +

Figure 3.19: Problem 3.32.

a) Then iy = 27[A], iy = 2[A], i3 = —1[4], E = —2[V].

)
b) Voltage drop: Ra(i1 —i2) = 23[V].
) Current flow through V: i; = 2[[A].
)

¢ 2

d) Voltage drop through I: E = —2[V].

Solution 3.32 From Kirchhoff’s second law:

I = —iy
From Kirchhoff’s first law:

Ryiy + Ro(iy —i2) = En
V 4+ Rgis + Es + Rz(ig — il) =0,

which becomes
i1 =1
i = —3
Ti1 — bio = Fy
10 +8is —5i1 +5=0

We seek i1 and Eq:
Tii— By = —15
—5i1 =9
Therefore we have that iy = —2[A], By = 2[V].

a) Current flow through Ry: i1 — iy = S[A].
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b) Voltage drop through I, = B, = 2[V].

5
c¢) Current flow through I; = i; = —2[A].
Solution 3.33 Note that this solution follows the alternate description of resis-

tor networks in the notes. Using the identities V; = I; R;, the voltage equations
for the loops can be written

ILRi+IbRo,+FE = 0
IsRs+I4Ry— bRy, = 0
Iy 1Rop—1 + IonRoy — Inyy_oR9,—2 = 0

The current equations for the nodes are

Il—Ig—IQ = 0
I3—-I;—-1; = 0
Iop1—I, = 0

Solution 3.34 We have n = 6, > x; = 15, > 27 =43, > y; = 18, Y z,y; = 52,
soa=14/11~127... and b= —-2/11 ~ —0.18....

Solution 3.35 We would want to minimize the quadratic function

fla,b,c) = Z(am? + bz + ¢ —y;)?

) (Z :cfyi) a—2 (Z xlyl) b—2 (Z yl) c+ (Z yf)

The corresponding system of equations is

(Xai) (Zad) (Ca?) | (X a22u:)
(Z a}) (i) ) | (Cwiw)
(X=F) (Zm) n (> i)

(I've divided each equation by two.)
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Solution 3.36 The matrix is

Mk1+ ko —k2 0 0 0 0 0 mig + kil — kals 7
—ko ko + k3 —k3 0 0 0 0 mag + kalo — ksl
0 —k3 ks + ky4 —ky 0 0 0 msg + ksls — kqly
0 0 —ky ky + ks 0 0 0 mag + kaly — ksls
0 0 0 —]{75 0 0 0 msg + k515 — k(;l(;
0 0 0 0 oo —kp_1 kn_1+k, —kn Mp—19 + kn_1ln—1 — knlyp
L 0 0 0 0 . 0 —kn kn mg + knlp i

Solution 3.37 The system of equations would be

0 g
-1 2 -1 0 0 2g
0 0 3¢
0 0 -1 2 —1] 4g
0 0 0 -1 1 [bg+1
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Chapter 4

Matrices and Determinants

4.1 Matrix operations

A matrix is a rectangular array of numbers. Here is an example of an m x n
matrix.

ai,i air2 - G1n

az;1 a2 -+ G2n
A =

Am,1 aAm,2 *** (mmn

This is sometimes abbreviated A = [a; ;]. An m x 1 matrix is called a column
vector and a 1 x n matrix is called a row vector. (The convention is that m x n
means m rows and n columns).

Addition and scalar multiplication are defined for matrices exactly as for
vectors. If s is a number

ai,i @12 - Q1n sa1.1 s@12  ccc SQ1p
a2,1 Q22 - Q2p saz1 SGz2 -+ SA2gp
s = ,
Am,1 Qam,2 ot Qmn SQm,1  SAm,2 ot SGmyn
and
ail Q12 ot Gip bii b2 - biy a1 +bi1 a2+ bipg
a1 Q22 -+ Q2p bo1 ba2 -0 bap az,1 +ba1  az2+boo
+ . . . = .

Gm,1 Am,2 *'° Ommn bm,l bm72 o bm,n am,1 + bm,l am,2 + bm,2

The product of an m x n matrix A = [a; ;] with a n X p matrix B = [b; ;] is
a m x p matrix C' = [¢; ;] whose entries are defined by

n
Cig = D i kbr e
k=1
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A A, Ap*B, ApBy

Bl BZ % A-B'A~B§A B.
A2 2B AaBy A2 By
Ag AgB AgB, AzBy
Ay AgB) AgB, AgBy

Figure 4.1: Schematic of matrix multiplication as the inner product of rows and
columns of the product matrices.

An easy way to remember this is to chop the matrix A into m row vectors of
length n and to chop B into p column vectors also of length n, as in the following
diagram. The ¢, jth entry of the product is then the dot product A; - B;. This
is shown schematically in Figure 4.1.

It is important to notice that the matrix product AB only makes sense if the
the number of columns of A equals the number of rows of B. So A? = AA only
makes sense for a square matrix.

Here is an example

101 2 ;) i Ix14+0x34+1x542%x7 1x24+0x4+1x6+2x8 20 24
111 4l | o= [1X1+1x3+1x5+4xT 1x2+1x4+1x6+4x8| = |37 44
0 01 1 7 8 O0xXx14+0x34+1x54+1x7 0x240x4+1x6+1x8 12 14

Notice that if A is an m X n matrix, and

T1
T2
X = x3

and

Then the equation
Ax=Db

is a short way of writing the system of linear equations corresponding to the
augmented matrix [A[b].
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We will see shortly why matrix multiplication is defined the way it is. For
now, you should be aware of some important properties that don’t hold for
matrix multiplication, even though they are true for multiplication of numbers.
First of all, in general, AB is not equal to BA, even when both products are
defined and have the same size. For example, if

0 1
=15 o]
and
1 0
2=[o 0
then
0 0
wo[s ]
but
0 1
s 1]

This example also shows that two non-zero matrices can be multiplied together
to give the zero matrix.
Here is a list of properties that do hold for matrix multiplication.

1. A+B=B+A
2. A+(B+C)=(A+B)+C
3. s(A+ B)=sA+ sB
4. (s+t)A=sA+tA
5. (st)A = s(tA)
6. 1A=A
7. A+ 0= A (here 0 is the matrix with all entries zero)
8. A—A=A+(-1)A=0
9. A(B+C)=AB+ AC
10. (A+ B)C = AC + BC
11. A(BC) = (AB)C
12. s(AB) = (sA)B = A(sB)
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4.1.1 MATLAB

Multiplication of matrices can be done using the * operator just as for multi-
plication of scalars. An error results if the matrices are not of compatible size.
Powers of matrices can be found using the ~ command like for scalars. The
MATLAB command

A4
produces the same result as
AxA*xAxA

where A is a previously defined, square matrix. Using these commands might
be helpful in working out the details of Problem 4.4 below, although you should
work out the first few matrix powers by hand for practise. Taking high powers
of a matrix will also be helpful in understanding the long time behaviour of
random walks described in Section 4.3.

4.1.2 Problems
Problem 4.1 Define
A= H g ﬂB :; ? C=[2 -2 0]D= 7211
-2 1 2
Compute all products of two of these (i.e., AB, AC, etc.) that are defined.
Problem 4.2 Consider the following matrices:

30
0 1 1 4 2
A= —11? ’ B_{o 0}’ C_[315]

Compute all the possible products between them.

Problem 4.3 Compute A> = AA and A3 = AAA for

0 a b
A=10 0 ¢
10 0 0]
and _ _
1 0 a
A= 1 0
10 0 1]
Problem 4.4 Let
1 1
=1 1]
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(a) Find A%, A3 and A*.
(b) Find AF for all positive integers k.
(c) Find et* (part of the problem is to invent a reasonable definition!)
(d) Find a square root of A (i.e., a matriz B with B> = A).
(e) Find all square roots of A.
Problem 4.5 Compute A* for k = 2,3,4 when
01 0 O
A=

o O O

010
0 0 1
0 0 0

4.2 Linear Transformations and Matrices

4.2.1 Linear Transformations

Recall that a function f is a rule that takes an input value x and produces
an output value y = f(z). Functions are sometimes called transformations or
maps (since they transform, or map, the input value to the output value). In
calculus, you have mostly dealt with functions whose input values and output
values are real numbers. However, it is also useful to consider functions whose
input values and output values are vectors.

We have already encountered this idea when we discussed quadratic func-
tions. A quadratic function such as f(x1,72,23) = 2% + 23 + 2% can be con-
sidered as a transformation (or map) whose input is the vector x = [z1, x2, z3]
and whose output is the number y = 2% + 23 + 2%. In this case we could write
f(x17x27x3) as f(X)

An example of a transformation whose inputs and outputs are both vectors
in two dimensions is rotation by some angle, say 45°. If x is the input vector,
then the output vector R(x) is the vector you get by rotating x by 45° in the
counter-clockwise direction as shown in Figure 4.2 (left).

A transformation T is called linear if for any two input vectors x and y and
any two numbers s and t,

T(sx +ty) = sT(x) +tT(y) (4.1)

This condition is saying that when we scalar multiply and add two vectors, it
doesn’t matter whether we (i) do scalar multiplication and addition first and
then apply a linear transformation, or (i) do a linear transformation first and
then do scalar multiplication and addition. In both cases we get the same an-
swer. The linearity condition (4.1) is equivalent to the following two conditions:

(i) For any two vectors x and y,

T(x+y)=Tx)+T(y).
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A ROH)=RE)RE)

I Y=RK) R(x)l' .
/ /7 s
/ 7
// ;o
/ ///
/ ///
// X /// R(y) X
= e
X+y
YA
Rotation by 45 degrees Rotation by 45 degrees

Figure 4.2: Rotation of a vector in 2D (left), graphical evidence that property
(i) of linear transformations holds for rotation in 2D (right).

(ii) For any vector x and any scalar s,
T(sx) = sT(x)

Notice that the quadratic function f above is not a linear transformation,
since

f(2x) = (221)% + (232)° + (223)° = 4(a} + 25 + 23) = 4f(x).

So f(2x) is not equal to 2f(x) as would need to be true if f were linear.

However, rotation by 45° is a linear transformation. The picture in Figure 4.2
(right) demonstrates that condition (i) holds.

The most important example of a linear transformation is multiplication
by a matrix. If we regard vectors as column vectors, then multiplying an n
dimensional vector x with an m X m matrix A results in an m dimensional
vector y = Ax. The linearity property (4.1) is a consequence of properties 9
and 12 of matrix multiplication listed in Section 4.1. We will see that in fact
every linear transformation is of this form.

4.2.2 Rotations in two dimensions

Let us obtain a formula for the transformation that rotates a vector in two
dimensions counterclockwise by 6 degrees. Let x be an arbitrary vector. Denote
by Rotgx the vector obtained by rotating x counterclockwise by 8 degrees. If the
angle between x and the x axis is ¢, then the components of x can be written
x = [21, x2] with 21 = ||z| cos(¢) and 25 = ||z sin(¢). This is shown graphically
in Figure 4.2.2 (right). To obtain the vector that has been rotated by 6 degrees,
we simply need to add 6 to ¢ in this representation. Thus y = Rotex = [y1, y2],
where y; = ||z|| cos(¢ + 0) and y2 = ||z|| sin(¢ + 0).

To simplify this we can use the addition formulae for sin and cos. Recall
that

cos(a+0b) = cos(a)cos(b) — sin(a)sin(b)
sin(a +b) = cos(a)sin(b) + sin(a) cos(b)
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y= ROteX

6 3 X
[ f
Y= x|l cos(o+9)  xg= || X[l cos(9)

projba

Figure 4.3: Graphical representation of a projection (left). Details of compo-
nents in a rotation by an angle 6.

Thus
y1 = |lzllcos(¢+0)
= [lz[l(cos(¢) cos(#) — sin(¢) sin(6))
= cos(f)xy — sin(f)x
and so

yo = |l sin(¢ +0)
— |2l (sin(6) cos(8) + cos(6) sin(®))
= sin(f)xy + cos(f)xz

Notice now that this can be written as a matrix product:
y1| _ |cos(d) —sin(0) | |z
y2 | | sin(@)  cos(f) To

[antl) ~swlo)],

also denoted Roty, is called a rotation matrix. What this formula is saying is
that the linear transformation of rotation by 6 degrees in the same as the linear
transformation of multiplication by the matrix. In other words, if we want to
know the co-ordinates of the vector obtained by rotating x by 6 degrees, we
simply calculate Rotyx.

The matrix

4.2.3 Projections in two dimensions

Now we consider the transformation which projects a vector x in the direction
of another vector a as shown in Figure 4.2.2 (left). We already have a formula
for this transformation. In the special case that a has unit length, the formula
is

Proj,x = (x - a)a.
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It follows from the properties of the dot product that
Proj,(sx +ty) = ((sx+ty)-a)a

((sx-a+ty-a)a

= s((x-a)a)+t((y-a)a)

= sProj,x + tProj,y

Thus Proj, is a linear transformation. Let us now see that Proj, is also given
by multiplication by a matrix. If a = [a, as], then

Proj.x = -($1a1+l‘2a2)a1:|
WX =

| (z101 + w2a2)ay

B a%xl + ai1a2x9
| a20171 + a%xg

o [ a% aian X1

- |aem a3 9

If a is the unit vector making an angle of § with the x axis, then a; = cos(6)
and ay = sin(#). Using half angle formulae, we have

1 20
ai = cos*(f) = 1+ costeh) cgs( )
1-— 2
a3 = sin®*(9) = w
araz = cos(f)sin(d) = sm(229)

Thus the matrix which when multiplied by x produces the projection of x onto
the line making an angle of # with the x axis is given by
111+cos(20)  sin(20)

Projy = 2| sin(26) 1 — cos(20)

4.2.4 Reflections in two dimensions

A third example of a geometric linear transformation is reflection across a line.
The following figure illustrates reflection across a line making an angle 6 with
the = axis. Let Refyx denote the reflected vector as shown in Figure 4.4.

We can obtain the matrix for reflection from the following observation. The
vector with tail at x and head at Projyx is Projgx — x. If we add twice this
vector to x, we arrive at Refyx. Therefore

Refox = x+2(Projyx —x)
= 2Projyx —x

1 0

N0W1fI:[O 1

} , then I'x = x for any vector x, since
1 0 Ty lz1 4 0z9 _ |
0 1| |@| |Ozy+1aa| |22
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" Projy)

Refy )

Figure 4.4: Graphical representation of a reflection.

I is called the identity matrix.
Now we can write

Refygx = 2Projyx — Ix = (2Proj, — I)x.
This means that the matrix for reflections is 2Proj, — I. Explicitly

= [Man” ] [o 1)

_ |:COS(29) sin(26) }
sin(20) — cos(26)

4.2.5 Every linear transformation is multiplication by a
matrix

We have just seen three examples of linear transformations whose action on a
vector is given by multiplication by a matrix. Now we will see that for any linear
transformation T'(x) there is a matrix 7" such that T'(x) is the matrix product
Tx.

To illustrate this suppose that T is a linear transformation that takes three
dimensional vectors as input.

Let e, e; and e3 be the standard basis vectors in three dimensions, that is

1 0 0
e = 0 €y = 1 €3 = 0
0 0 1
Then any vector can be written
x1 1 0 0
x= |22 | =21 |0| +x2 |1| +23|0]| =x1€01 + 2002 + T3€3
T3 0 0 1

Now, using the linearity property of the linear transformation 7', we obtain

T(x) =T(x1€1 + x0€2 + x3e3) = v1T(e1) + 2T (e2) + x3T(e3)
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ke

T(ep)
=[-sin(§,cos( 9] Tley
=[cos(p),sin(6)]
0
F
8

Figure 4.5: Derivation of the matrix representing 2D rotation by rotating coor-
dinate directions.

Now take the three vectors T'(e1), T'(e2) and T'(e3) and put them in the columns
of a matrix which we’ll also call T'. Then

T
o | = T(el)xl + T(eg)l‘g + T(eg)mg = T(X)
T3

Tx = T(el) T(eg) T(e3)

In other words, the action of the transformation 7" on a vector x is the same as

multiplying by the matrix T'= |T(e1)|T(e2)|T(e3)

The same idea works in any dimension. To find the matrix of a linear
transformation T'(x) we take the standard basis vectors eq,eq,..., e, (where
e, has zeros everywhere except for a 1 in the kth spot) and calculate the ac-
tion of the linear transformation on each one. We then take the transformed
vectors T'(e1),T(ez),...,T(e,) and put them into the columns of a matrix

T = |T(e1)|T(e2)| - |T(ey)|. This matrix 7' then reproduces the action of

the linear transformation, that is, T'(x) = T'x.
To see how this works in practise, let’s recalculate the matrix for rotations

in two dimensions. Under a rotation angle of 6, the vector e; = [(1)} gets

transformed to T'(e;) = {(SZ.OS(Q)

in(#)
to T'(eq) = {_Cz:(lg) ] . This is shown graphically in Figure 4.5.

] while the vector e; = {0

1} gets transformed

According to our prescription, we must now put these two vectors into the
columns of a matrix. This gives the matrix

r= [ ]

which is exactly the same as Rotg.
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4.2.6 Composition of linear transformations and matrix
product

Suppose we apply one linear transformation 7" and then follow it by another
linear transformation S. For example, think of first rotating a vector and then
reflecting it across a line. Then S(7T'(x)) is again a linear transformation, since

S(T(sx+ty)) = S(sT(x)+tT(y)) = sS(T(x)) + tS(T(y)).

What is the matrix for the composition S(7T'(x))? We know that there are
matrices S and T that reproduce the action of S(x) and T'(x). So T(x) is
the matrix product Tx and S(Tx)) is the matrix product S(Tx) (here the
parenthesis just indicate in which order we are doing the matrix product) But
matrix multiplication is associative. So S(T'x) = (ST)x. In other words the
matrix for the composition of S(x) and T'(x) is simply the matrix product of
the corresponding matrices S and T

For example, to compute the matrix for the transformation of rotation by
45° followed by reflection about the line making an angle of 30° with the x axis
we simply compute the product

~ [cos(60°)  sin(60°) cos(45°)  —sin(45°)
Refgo-Rotaze = | sin(60°) —cos(60°) | | sin(45°)  cos(45°)
1 3 V2 V2
— 2 2 2 2
T8 1| |2 V2
L 2 2 2 2
'x/iiﬁ —x/§4+¢6
R Y/ R/ R/ V)
L 4 4

4.2.7 Problems

Problem 4.6 Let a be a fized nonzero vector. Show that the transformation
T(x) =x+ a is not a linear transformation.

Problem 4.7 Let a be a fized vector. Show that the transformation T(x) = a-x
is a linear transformation (whose output values are numbers).

Problem 4.8 Find the matrices which project on the lines
(a) 1 = 22

(b) 3x1 +4x2 =0

Problem 4.9 Find the matrices that reflect about the lines
(a) 1 =z

(b) 3£E1 +41’2 =0
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Problem 4.10 Find the matrices which rotate about the origin in two dimen-
sions by

(a) 7/4
(b) w/2
(c)

Problem 4.11 Find the matriz which first reflects about the line making an
angle of ¢ with the x axis, and then reflects about the line making an angle of 6
with the x azis. Give another geometric interpretation of this matriz.

Problem 4.12 Let f : R2 — R? be the linear transformation that reflects points
across the line © = 2y.

1. What is the image of (1,10), that is, the vector

([l)

2. Write down the matriz of f.

Problem 4.13 Let g : R2 — R? be the linear transformation that first reflects
points across the line x = —y and then rotates points w/2 radians. Write down
the matriz of f.

Problem 4.14 Find the matrix that rotates about the z axis by and angle of 6
in three dimensions.

Problem 4.15 Let T : R* — R3 be the map defined by
T(x1,22,23,24) = (21 + 4xo + by, 301 — 229 + T3 — T4, —T1 — T3 + T4)
Show that T is a linear transformation.

Problem 4.16 Let T : R? — R? given by T'(x) = Ax, where

1
A=10
1

— = N

Determine whether each given vector is in the range of T. Recall that the range
of T is every vector that can “come out” or T, that is every vector in R® that
can be written as T(x) for some x in R%. Note that answering these questions
s the same as determining if a linear system has a solution.

1
1. | 4
2
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1
2. |1
1

Problem 4.17 Suppose T : R® — R? is a linear transformation such that

1 1 0
T 0 :{}},T -1 :{ﬂ,T 0 :[_51].
0 0 1
1
1. Find T 2
3

2. Write down the matriz of T.

Problem 4.18 Let g : R? — R? and h : R? — R* be linear transformations
given by

T 1
g (ﬂ; :|::L'1£173+I2:|’ h<|::171 :|): —
T3 — 2T9 T2 T2
z3
—29

The questions below concern h o g, the composition of h and g defined by

hog(x) = h(g(x))

for x € R3. Note that this composition is defined because the output of g and
the input of h have the same dimension, two.

1
1. Findhog 0
=5

2. Find the matrices of g and h.

3. Find the matriz of hog.

4.3 Application: random walks

Consider a system with three states, labelled 1, 2 and 3 in Figure 4.6.

To make the problem more vivid, one can imagine these as being actual
locations. A random walker starts off at some location, say location 1 at time 0.
Then at a sequence of times, 1,2,...,n..., the walker either stays where he is,
or moves to one of the other locations. The next location is chosen randomly,
but according to the transition probabilities p; ;. These are numbers between
0 and 1 that measure how likely it is that, starting from location j, the walker
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e
3
P
Y BLE! 22
)
o

11

Figure 4.6: Graphical description of a random walk with three states.

will move to location 4. If p; ; = 0, then there is no chance that the walker will
move from j to i, and if p; ; = 1, then the walker will move for sure from j to i.

Since the walker must either move from j to another site or stay put, the
sum of these probabilities must equal one:

3
P1j+ P25+ Py = E Pij =1
i=1
At each time n there is a vector
Tn,1
Xn = | Tn,2
Tn,3

that gives the probabilities that the walker is in location 1, 2 or 3 at time n. Let
us compute the vector x,1, given x,,. To start, we must compute 1,1, the
probability that the walker is at location 1 at time n 4 1. There are three ways
the walker can end up at location 1. The walker might have been at location
1 at time n and have stayed there. The probability of this is pi 2,,1. Or he
might have been at location 2 and have moved to 1. The probability of this is
D1,2Zp,2. Finally, he might have been at location 3 and have moved to 1. The
probability of this is p; 3z, 3. Thus the total probability that the walker is at
location 1 at time n 4 1 is the sum

Tn+1,1 = P1,1Tn,1 + P1,2%n,2 + P1,3Tn,3
Similarly, for all 4
Tnt1,i = Pi,1Tn,1 T Di,2Tn,2 + Pi,3Tn,3
But this is exactly the formula for matrix multiplication. So
Xpt+1 = Px,

where P is the matrix with entries [p;;].
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Now suppose the initial probabilities are given by some vector xy. For ex-
ample, if the walker starts off at location 1, then

1
Xp = 0
0
Then after one time step, we have
X1 = PXO

Then,
X9 = PX1 = P2X0

and so on, so after n time steps
x, = P"xg

Notice that the sum z,, 1 + xn 2 + 2pn 3 = Z?:1 Zp,; should equal one, since
the total probability of being in one of the three locations must add up to one.

If the initial vector has this property, then it is preserved for all later times.
To see this, suppose that 23:1 x; = 1 Then, since Zle pij =1

3 3 3
Z(Px)i = ZZP@‘%‘
i=1 i=1j=1
3 3
j=1 \i=1

3
= Z.’Ej =1
j=1

In other words, the vector for the next time step also has components summing
to one. Of course, one can generalize this to a system with an arbitrary number
of states or locations. Later in the course we will see how to use eigenvalues
and eigenvectors to efficiently compute the limit as n tends to infinity of this
expression.

A specific but somewhat nerdy example is given below.

Example 4.1 Ydnew the sorcerer and his apprentice, Xavier, have a magical
duel as part of a circus act. They take turns casting spells, which don’t always
work, but when they do the opponent is knocked out. Xavier always goes first
in the duel but his spells only work 1/3 of the time. Ydnew’s spells work 1/2 of
the time. When they practise, they find that each wins half the time. However,
in performances, the duel is limited to three attempts by Xavier. After that, if
there has been mo knock-out, Ydnew is declared the winner.

(a) Describe the duel as a random walk.
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(b) Write the matriz for the random walk.

(c) Use the matriz to analyze the probability that Ydnew will win the duel when
Xavier’s attempts are limited and also when they are unlimited.

There are four possible states:
(1) No winner yet, Xavier’s turn
(2) No winner yet, Ydnew’s turn
(3) Xavier has won.

(4) Ydnew has won.

These are shown with transition probabilities in Figure 4.7. The transition
matrix with the node ordering we have chosen is

0 1/2 0 0
123 0 00
P=143 0o 1 0

0 1/2 0 1

The duel begins in state (1), that is Xavier’s turn, no winner yet:

The circus duel ends after 3 attempts by Xavier, that is after 5 transitions in
the state diagram (five rounds XYXYX). Using MATLAB we compute

0
0.0741
0.4815
0.4444

x(®) = pox(©) ~

This means that Ydnew will win with probability 0.5185, the sum of the second
and fourth components in x(®) (he can win by a knock-out or if Xavier has
not defeated him after his third attempt). To investigate what happens in the
unlimited turn version of the duel they use when they practise, you can compute

x(M — pny(0)

for n increasingly large. This gives strong numerical evidence that

0

. (n) _ 0
am X 1/2
1/2
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Figure 4.7: Diagram of the sorcerers’ duel described in Example 4.1.

That is, in the unlimited duel they each win half the time, as they observed.
This unlimited case can be analyzed rigorously. The techniques used are not
part of the course, but it is done below for completeness. Xavier has a chance
to win on any odd turn. On turn 1 he can win if his spell works (1/3 chance).
On turn 3 Xavier can win if his spell missed on turn 1, Ydnew missed on turn 2

but Xavier succeeds on turn 3 (311 = 1 chance). On turn 5 he can win if there

323
were failures in turns 1-4 but success on turn 5, with a chance of 21211 — 1
Notice the pattern that each successive chance to win goes down by a factor
of 3. The total chance of success is the sum of the chances to win at every

opportunity:

11 1 1 11 I /1\° 1 1 1
L4 4. =1+t )= ) - - _Z
3Totar ™ 3(+3+9jL ) 32(3) 31-1/3 2

as predicted from the MATLAB numerical results. To get the second last term
above, the expression for the sum of a geometric series was used.

Example 4.2 Investigate a modified sorcerer’s duel to the one described in Fx-
ample 4.1 in which both sorcerers are given a shield which can protect them from
one successful spell cast on them. Here, there are 10 possible states

(1) No winner yet, Xavier’s turn, both have shields still.

(2) No winner yet, Xavier’s turn, Xavier has lost his shield, but Ydnew still
has his.

(3) No winner yet, Xavier’s turn, Xavier still has his shield, but Ydnew has
lost his.

(4) No winner yet, Xavier’s turn, both have lost their shields.
(5-8) Same as (1)-(4) above, but Ydnew’s turn.

(9) Xavier has won.
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(10) Ydnew has won.

Using the ordering of states above, the transition matrix is

o 0 0 0 1/2 0 0 0 0 0

O 0 0 0 1/2 1/2 0 0 0 0

O 0 0 0 0 0 1/2 1/2 0 0

o 0 0 0 0 0 1/2 0 0 0

p_ |23 0 0 0 0 0 0 0 00
~1 0 253 0 0 0 0 0 0 00
1/3 0 2/3 0 0 0 0 0 00

0 1/3 0 2/3 0 0 0 0 0 0

o 0 1/31/3 0 0 0 0 1 0

0 0 0 0 0 1/2 0 1/2 0 1 |

This matrix can be entered in MATLAB (remember the techniques for enter-
ing sparse matrices, that is matrices with mostly zero entries, learnt in your
computer lab #2). Starting with x(0) = e; we can compute

<) — poy(0)

numerically in MATLAB. Adding components 5-8 (Ydnew wins by default)
and component 10 (Ydnew wins by knock-out) gives approximately 0.7778, the
chance that Ydnew will win the circus duel. The unlimited duel can be investi-
gated numerically, giving

0

0

0

0

 n(O) 0
Jim Prx@ |
0

0

0.3750
| 0.6250 |

So in an unlimited match, Ydnew will win about 62.5% of the time.

4.3.1 Problems

Problem 4.19 Consider a random walk with 3 states, where the probability of
staying in the same location is zero. Suppose

e the probability of moving from location 1 to location 2 is 1/2
e the probability of moving from location 2 to location 1 is 1/3

e the probability of moving from location 3 to location 1 is 1/4
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Write down the matrix P. What s the probability that a walker starting in
location 1 is in location 2 after two time steps?

Problem 4.20 Consider a random walk with 3 states, where the probability of
staying in the same location is zero. Suppose

e the probability of moving from location 1 to location 2 is 1/8, that is pag =
3

o the probability of moving from location 2 to location 1 is 2/5, that is p1 2 =
2

e the probability of moving from location 3 to location 1 is 1/4, that is p1,3 =
i

1. Write down the matriz P.

2. What is the probability that a walker starting in location 1 s in location 2
after three time steps?

3. What is the probability that a walker starting in location 3 is in location 1
after two time steps?

Problem 4.21 Consider a random walk with 4 states, where all the probabilities
pi,; are equal to 1/4.

1. Compute P and P™, for every positive integer n.

2. Compute the probability location vectors X, (X, = P"xg) in each of the
following cases:

Xo =

OO O
= o O O

Problem 4.22 Suppose that the matriz P given below is the matriz of a random
walk:

P =

Wi O wl-

W [ [ s [ =
SIS

1. What is the probability that a walker starting in location 2 is in location 1
after one time step?

2. What is the probability that a walker starting in location 2 is in location 1
after two time steps?

1/3
3. If xg = | 1/3 | what is the probability that the walker is in location 3
2/3
after two time steps?
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Figure 4.8: Diagram of the random walk in Problem 4.24.

Problem 4.23 Consider a random walk with 3 states, where all the probabilities
pi,; are all equal to 1/3. What is P, P™? Compute the probabilities P"x( when

1 0
xo = | 0| (em i.ethe walker starts in location 1), xg = | 1| (emi.e. the walker
0 0
0
starts in location 2), and xg = | 0| (em i.e. the walker starts in location 3)
1

Problem 4.24 Consider a random walk with three states with transition prob-
abilities shown in Figure 4.8.

1. Suppose the system starts in state 3. What is the probability that it is in
state 2 after 2 steps?

2. Given that
0.25 0.25 0.25

P* — | 0.375 0.375 0.375
0.375 0.375 0.375

as k tends to infinity, what are the probabilities of the system being in each
state after the system has been running for a long time. Show that these
probabilities do not depend on the initial state.

4.4 The Transpose

If A is an m x n matrix, then its transpose A7 is the matrix obtained by flipping
A about its diagonal. So the columns of AT are the rows of A (in the same order)
and vice versa. For example, if

12 3
A_{456]
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then
1 4
AT =12 5
3 6

Another way of saying this is that the i, jth entry of AT is the same as the 7, ith
entry of A, that is,
T

a’i,j = aj7i.

There are two important formulae to remember for the transpose of a matrix.
The first gives a relation between the transpose and the dot product. If A is an
m X n matrix, then for every x € R"™ and y € R™ we have

y - (Ax) = (ATy) -x (4.2)

The proof of this formula is a simple calculation.

y(Ax) = Zyz Za”xj

:AT

In fact, the formula (4.2) could be used to define the transpose. Given A, there
is exactly one matrix AT for which (4.2) is true for every x and y, and this
matrix is the transpose.

The second important formula relates the transpose of a product of matrices
to the transposes of each one. For two matrices A and B such that AB is defined
the formula reads

(AB)T = BT AT (4.3)

Notice that the order of the factors is reversed on the right side. To see why
(4.3) is true, notice that on the one hand

y - (ABx) = (AB)"y) - x
while on the other hand
y - (ABx) =y - (A(Bx)) = (A"y) - (Bx) = (B"ATy) - x
Thus ((AB)Ty) -x = (BT ATy) - x for every x and y. This can only be true if
(4.3) holds.
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4.4.1 MATLAB
The MATLAB operator ’ can be used to take the transpose of a matrix.

4.4.2 Problems

Z1
Problem 4.25 Verify formula (4.2) forx= | z3 | y = [ Zl ] and
2
T3

=37

Problem 4.26 What is (AT)T?

Problem 4.27 Verify (4.3) for

1 2 1 2 3
A—{S 1] and B—[4 5 6]

Problem 4.28 Show that if A and B are both m x n matrices such that y -
(Ax) =y - (Bx) for every y € R™ and every x € R", then A = B.

Problem 4.29 Show that if you think of (column) wvectors in R™ as n x 1
matrices then
xy=x"y

Now use this formula and (4.3) to derive (4.2).

4.5 Matrix Inverses
To solve the (scalar) equation
ar =10
for = we simply multiply both sides by a=! = % Then, since a 'a = 1, we find
r=a"'b.

Of course, if @ = 0 this doesn’t work, since we cannot divide by zero. In fact, if
a = 0 the equation ax = b either has no solutions, if b # 0, or infinitely many
solutions (every value of x), if b = 0.

We have seen that a system of linear equations can be rewritten

Ax=Db

where is A is a known matrix x is the unknown vector to be solved for, and b
is a known vector. Suppose we could find an inverse matrix B (analogous to
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a~') with the property that BA = I (recall that I denotes the identity matrix).
Then we could matrix multiply both sides of the equation by B yielding

BAx = Bb

But BAx = Ix = x, so x = Bb. Thus there is a unique solution and we have a
formula for it.

Just as in the numerical case, where a could be zero, we can’t expect to
find an inverse matrix in all cases. After all, we know that there are linear
systems of equations with no solutions and with infinitely many solutions. In
these situations there can be no inverse matrix.

When considering matrix inverses, we will always assume that we are dealing
with square (i.e., n X n) matrices.

Definition 4.1 If A is an n X n matriz, then B is called the inverse of A, and
denoted B = A~ if
BA=1

where I is the n x n identity matriz (with each diagonal entry equal to 1 and all
other entries 0).

Here is an example. Suppose
2 1
=[5

then the inverse matrix is

since
2 1 3 -1 | 6-5 3-3 | _ |1 0
5 3||-5 2| |[10-10 -5+6| |0 1
This means that to solve the linear equation

21 H+xo =2
S5r1 +3xy =4

we write it as a matrix equation

e

and then multiply both sides by the inverse to obtain
x| 3 —1][2] [2
za|  |=5 2] |4] |-2
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Figure 4.9: Diagram of the reduced form of an invertible matrix.

Here is an example of a matrix that doesn’t have an inverse. Let
10
A= .
o o)
To see that A doesn’t have an inverse, notice that the homogeneous equations

Ax = 0 has a non-zero solution x = [? . If A had an inverse B, then we could
multiply both sides of the equation Ax = 0 by B to obtain x = B0 = 0. But
this is false. Therefore there cannot be an inverse for A.

Clearly, having an inverse is somehow connected to whether or not there
are any non-zero solutions of the homogeneous equation Ax = 0. Recall that
Ax = 0 has only the zero solution precisely when Ax = b has a unique solution
for any b.

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

1) A is invertible.

2) The equation Ax = b always has a unique solution.

4

(1)
(2)
(3) The equation Ax = 0 has as the only solution x = 0.
(4) The rank of A is n.

()

5) The reduced form of A is as shown in Figure 4.9.

We already know that the conditions (2), (3), (4) and (5) are all equivalent.
We also just have seen that if A is invertible with inverse B, then the solution
of Ax = b is x = Bb so it exists and since we have a formula for it, it is unique.

So we just have to show that if Ax = b always has a unique solution, then
A has an inverse. Consider the transformation that takes a vector b to the
unique solution x of Ax = b, em i.e., Tb = x. It is easy to check that this
is a linear transformation, since if Thy = x1, i.e., Ax; = by and Thy = xo,
i.e., AX2 = b2, then A(t1x1 + t2x2) = tlel + tQAXQ = tlbl -+ tgbg, so that
T(t1b1+t2bs) = t1x1 +toxa = t1Tb1+12Tb; Since T is a linear transformation,
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it is given by some matrix B, and since T'(Ax) = x, we must have BAx = x
which implies that BA is the identity matrix.
Going back to our first example, notice that not only is BA =1, but AB =1

too, since

3 —-1(|2 1| | 6-5 —-242| |1 0

-5 2 5 3| [15—-15 —5+6| |0 1
For a general choice of A and B, BA need not be equal to AB. But if B is the
inverse of A, then it is always true that AB = BA = 1.

To see this, suppose that A is invertible with BA = I but we don’t know yet

whether AB = I. So what we need to show is that for every vector x, ABx = x.
First notice that if A is invertible, then any vector x can be written in the form

Ay for some y, since this is just the same as saying that the equation Ay = x
has a solution y. Thus ABx = ABAy = Aly = Ay = x.

4.5.1 Computing the inverse

How can we compute the inverse of an n X n matrix A7 Suppose that A is
invertible and B is the inverse. Then AB = I. We can rewrite this equation as
follows. Think of the columns of B as being column vectors so that

]

Then the rules of matrix multiplication imply that

B = |bi|bg

AB = | Ab;|Ab,

Ab,

Now the identity matrix can also be written as a matrix of column vectors. In
this case the kth column is simply the matrix with zeros everywhere except for
a 1 in the kth place, in other words the vector e;. Thus

- [ ]

So if AB = I then the n equations

€2

Abl = €1
Abg = €2
Ab, = e,
hold. If we solve each of these equations for by, bo, ..., b,, then we have found

the inverse B.
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Here is a simple example. Suppose we want to find the inverse for
2 1
-2

According to our discussion, we must solve Ab; = e; and Aby = e;. The
augmented matrix for Ab; = e is

2 11
5 310
We now perform a sequence of row operations. First divide the first row by 2.

This gives
1 1/211/2
5 3 0 |-

Now subtract 5 times the first row from the second row. This gives

(1 1/2] 172 ]
10 1/2 |-5/2|"

Now subtract the second row from the first row. This gives

(1 0 3
10 1/2 |-5/2|"

Finally, multiply the second row by 2. This gives
1 0] 3
0 1|-5]|"
Therefore by = [35} The augmented matrix for Abs = e is
2 110
5 3|1
We now perform a sequence of row operations. First divide the first row by 2.
This gives
1 1/2 10
5 3 |1]|°
Now subtract 5 times the first row from the second row. This gives
1 1/2 |0
0 1/2 |1|°
Now subtract the second row from the first row. This gives
1 0 |-1
0 1/2|1 |
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Finally, multiply the second row by 2. This gives
1 0|-1
0 12|
-1
Therefore by = [ 9 } So

aofu] <[4 3]

Notice that we performed exactly the same sequence of row operations in finding
b; and by. This is because the row operations only depend on the left side of
the augmented matrix, in other words, the matrix A. If we used this procedure
to find the inverse of an n x n matrix, we would end up doing exactly the same
row operations n times. Clearly this is a big waste of effort! We can save a lot
of work by solving all the equations at the same time. To do this we make a
super-augmented matrix with both right sides.

2 1|1 0
5 3|0 1

Now we only have to go through the sequence of row operations once, keeping
track of both right sides simultaneously. Going through the same sequence, we

obtain L1212 0
[5 3 ‘ 0 1]
1 1/211/2 0
[0 1/2 ‘—5/2 1]

s b )

1 013 -1
St
Notice that the vectors by and by are automatically arranged as columns on
the right side, so the matrix on the right is the inverse B.

The same procedure works for any size of square matrix. To find the inverse
of A form the super-augmented matrix [A|I]. Then do a sequence of row oper-
ations to reduce A to the identity. If the resulting matrix is [I|B] then B is the
inverse matrix.

What happens if A doesn’t have an inverse? In this case it will be impossible
to reduce A to the identity matrix, since the rank of A is less than n. So the
procedure will fail, as it must.

As another example, let us now compute the inverse of an arbitrary invertible
2 x 2 matrix
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We will see that A is invertible precisely when its determinant A = ad — bc is
non-zero. So let’s assume this is the case, and do the computation. To start
with, let’s assume that ac # 0. Then neither a or ¢ are zero. Here is the
sequence of row transformations.

calo
c O} e(1)
0 al a(2)

Notice that multiplication by a and by ¢ would not be legal row transformations
if either a or ¢ were zero.

ac be
0 ad-—be

{ac be

ac ad

- 2] 2~ (1)

[1 bla | 1/a 0 ](l/ac)(l)
0 1 |—¢c/A a/A| (1/A)(2)

[1 0 ‘ /A —b/A} (1) — (b/a)(2)
0 1|—¢/A a/A| (1/A)2)

Thus the inverse matrix is

1 d —b
A7t = .
ad — bc [—c a ]
This was derived under the additional assumption that ac # 0. However one
can check directly that the same formula works, so long as A = ad — be # 0.

4.5.2 Inverses of Products

If both A and B are invertible, then so is AB. The inverse of AB is given by
B~'A~!. To check this, simply compute

ABB ATl = ATA ' = AA~ ' =T

If one of A or B is not invertible then AB is not invertible. To see this recall
that a matrix C' is not invertible exactly whenever there is a non-zero solution
x to Cx = 0. If B is not invertible, then there is a non-zero vector x with
Bx = 0. Then ABx = A0 = 0 so AB is not invertible too. If B is invertible,
but A is not, then there is a non-zero x with Ax = 0. Let y = B~!'x. Since
B! is invertible, y cannot be zero. We have ABy = ABB 'x = Ax = 0 so
AB is not invertible.
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4.5.3 MATLAB

If A is an invertible n x n matrix then the MATLAB command inv(A) will
return its inverse. A system of linear equations corresponding to Ax = b where
A is an invertible n X n matrix and b is a column vector with n components can
be solved with the command

x = A\b

Note that if A is not square or A is square but not invertible the corresponding
system cannot be solved in this way. In this case, use the MATLAB command
rref on the augmented matrix of the system as described in Chapter 3.

4.5.4 Problems

Problem 4.30 Which of the following matrices are invertible?

o3

(1 2 3]
(b) |0 3
0 1 1]
(1 2 3]
(c) |0 3 4
0 1 2]

Problem 4.31 Find the inverse for

5 3]

Problem 4.32 Determine which of these matrices are invertible, and find the
inverse for the invertible ones.

2 3 -1

(¢) | 1T 2 3
-1 -1 4 |
1 -1 17

) | -1 2 -—1
2 -1 1
(1 1 1

(c) |1 2 3
14 9
2 1 4

(d |3 2 5
0 -1 1

145



CHAPTER 4. MATRICES AND DETERMINANTS 4.6. RETURN TO RESISTOR NETWORKS

1 0 a
(e) |0 1 0O

_O 1_

(1 a b]
(f) [0 1

10 0 1]

Problem 4.33 The following matrices are invertible. Find their inverses.

11 L
A=10 2 3|, B=
55 1 2 0 1 5
3 1 -2 5
Problem 4.34 Consider the system
r+52=26

T—2y+3z=14
204y — 3z = -2

1. Write the above system in the matriz-form, in other words find a matriz
6
A such that Ax = | 14
-2

2. Find the inverse of A, if possible.

8. How many solutions the system have? Write them all down.

4.6 Return to Resistor Networks

Let us revisit the resistor networks we considered in section 3.5. These networks
consist of resistors and voltage and current sources. The fundamental problem
was introduced, which was to write the current through the voltage sources and
the voltage across current sources in terms of arbitrary values of the sources.

Recall example 3.15 which considered the circuit shown again in figure 4.10.
The sources are V and I. The fundamental problem is to determine F and J
(the current through the voltage source) in terms of V' and I. The solution
found in section 3.5.3 was

E = 6I+V/6 (4.4)

1. 10
= ——T+=V
6 "7

This solution can be given in matrix-vector form as

MEEEI as
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Figure 4.10: The circuit considered in Example 3.15.

where we will call the 2 x 2 matrix in the equation above F. It can be shown
that for any circuit with n sources, the solution of the fundamental problem can
be written as multiplication by an n x n matrix. We will show below how F
can be constructed in a systematic way. Look back to section 3.5.3 to see how
we arrived at (4.4). There were three parts to the process:

1. We wrote the linear system for the loop currents and the voltage drop
across the current source. The equations for the system had the sources
I and V in the right hand sides.

2. We solved the system symbolically in terms of the right hand side involving
V and I.

3. We identified the elements of the solution that solved the fundamental
problem.

We will now describe these three steps by matrix multiplication and do the
multiplication as an alternate way to determine the matrix F in (4.5). Recall
that the unknowns for the circuit are the three loop currents and F, the voltage
across the current source. Define the intermediate unknown column vector

x = (i1, 19,13, F)T.

Proceeding as in example 3.15 we find equations for x by considering the volt-
age drops around each elementary loop (the first three equations) around each
elementary loop (the first three equations) and matching the current through
the current source (the last equation below):

811  —2iq =V
“3iy +8i5 +E = 0 (4.6)

13 = —I

Here, we did not eliminate i3 from the equations as was done in section 3.5.3.
The system (4.6) can be written

Fox = Fy [ b ] (4.7)
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where
8 —2 0 0 0 1
2 5 -3 0 0 0
=ty 3 5 1| ™ A=)
0 0 1 0 -1 0

Since F3 is invertible (always true for our approach using loop currents and
current source voltages as variables) we can proceed from (4.7) to

x=F'F [ ‘I/ } (4.8)

Now to solve the fundamental problem of the circuit we want J = i1, the current

through the voltage sources, and E, the voltage across the current source. We
can write

J

000 1
F3_[1000]‘

Combining (4.8) and (4.9) we obtain

[ E } ~ Fix (4.9)

where

E _ I
[ 5 } = B3Fy 'Ry { v ] (4.10)
Comparing (4.10) to (4.5) we see that
F=FRF 'R

where F' is the matrix representing the fundamental solution. Computation
does indeed show that F3F," LF) equals F with the matrices defined above.

The solution of the fundamental problem for any circuit can be written as
the product of three matrices in the same process described above. We illustrate
this with a more complex circuit below.

Example 4.3 Find the matriz for the fundamental solution of the circuit shown
in Figure 4.11. Here there are four sources I, I, Vi and V5 so the fundamental
problem will be written

Ey I
Ey | I
Cl=r| v (4.11)
Ja Vs

where F' is a 4 X 4 matrix to be determined. The intermediate unknowns in the
circuit will be
X = (i17i27i37i47 ElaEQ)T
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.

Figure 4.11: The circuit considered in Example 4.3. All resistors are 1€2.

as shown in the figure. Equations for these unknowns are found using the loop
current method:

301 —is iy By, = 0
—11 +3ip  —1i3 +FE, = 0
7’L'2 +3i3 7’L'4 = ‘/1 - VQ
. . . 4.12
—11 —13 +3Z4 +E2 = V1 ( )
iz = I
—11 +i4 = —1I5

where the first four equations above come from matching voltage drops around
the four elementary loops and the last two equations come from matching the
loop currents to the current sources. Note that (4.12) can be written

L
Fox=F | 2 (4.13)
2 1 ‘/1 .
Vs
where
3 -1 0 -1 0 -1 0 0 0 0
1 3 -1 0 1 0 0 0 0 0
0 -1 3 —-10 0 0 0 1 -1
B=1_3 0 21 3 0 1 and Fr=1 o 5 4
0 1 0 0 0 0 -1 0 0 0
-1 0 0 1 0 0 0 -1 0 0
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Now Jy =14 — i3 and J; = 73 so we can write

Er
Ey |
T = F3x (4.14)
Ja
where
00 0 010
00 0 00 1
B=190 1 000
00 -1 100

As above we can combine (4.13) and (4.14) to obtain

E1 Il
Ey, | -1 I
L =BER |
Jo Va

Comparing the equation above to the desired form (4.11) we see that the fun-
damental matrix F' can be computed as

F = F3F; 'Ry,
A MATLAB computation with the matrices defined above gives

2.1818 0.2727  0.8182  —0.4545
0.2727 1.9091 0.7273  —0.1818
—0.4545 —0.1818 0.4545 —0.3636
0.0909 —0.3636 —0.0909 0.2727

F =~

This technique can be used to find the fundamental solution of circuits even
if they are very large. You can imagine that the process of setting up the
matrices Fy, F and F3, computing an approximation of Fy 1 and multiplying
the matrices together can all be automated and done computationally.

In Chapter 5, fundamental matrices for circuits will be used to investigate the
transient behaviour of circuits with capacitors and inductors as well as resistors.

4.7 Determinants

4.7.1 Definition of Determinants

We have already encountered determinants for 2 x 2 and 3 x 3 matrices. For
2 x 2 matrices

a1 a2
det = a1,102,2 — A1,202,1-
a1 agp

150



CHAPTER 4. MATRICES AND DETERMINANTS 4.7. DETERMINANTS

For 3 x 3 matrices we can define the determinant by expanding along the top
row:

11 dai2 G133

a Qa a Qa a a
det az1 Q22 G23 :al,ldet 2.2 23 —al’gdet 21 2,3 +a1$3det 21 2.2
asz2 ass as1 ass as1 asz2

asz1 az2 033

If we multiply out the 2 x 2 determinants in this definition we arrive at the
expression

a1 ai2 a13

det 2,1 G292 G23| = G1,102203 301,102,303 2+012023031—01,2021033+013021032—01 3022031
az1 asz2 a33

We now make a similar definition for an n x n matrix. Let A be an n x n matrix.

Define M; ; to be the (n — 1) x (n — 1) matrix obtained by crossing out the ith
row and the jth column. So, for example, if

1 2 3 47
5 6 7 8
A= 9 0 1 2
3 4 5 6/
then
5 o« 1 8| [378
Mo = =19 1 2
’ 9 x 1 2 35 6
3 X 5 6 -
We now define the determinant of an n x n matrix A to be

det(A) =a det(MLl)*aLg det(M1,2)+~ . -:I:aLn det(MLn) = Z(*l)j‘klal’j det(MLj).

j=1

Of course, this formula still contains determinants on the right hand side. How-
ever, they are determinants of (n — 1) X (n — 1) matrices. If we apply this
definition to those determinants we get a more complicated formula involving
(n —2) x (n — 2) matrices, and so on, until we arrive at an extremely long
expression (with n! terms) involving only numbers.

Calculating an expression with n! is completely impossible, even with the
fastest computers, when n gets reasonable large. For example 100! ~ 1058, Yet,
your computer at home can compute the determinant of a 100 x 100 matrix in
less than a second. The secret, of course, is to compute the determinant in a
different way. We start by computing the determinant of triangular matrices.

4.7.2 Determinants of Triangular matrices

Recall that triangular matrices are matrices whose entries above or below the
diagonal are all zero. For 2 x 2 matrices

ai1 a2
det =aq,1a2,2 — a1,20 = ay,1a2,2
0 @22
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and _

ai,1 0
as 1

det =aq,1a22 — 0az1 = ai,1a2,2

a2 |

so the determinant is the product of the diagonal elements. For 3 x 3 matrices

a171 0 0 i a 0
2,2
det a1 a2 0 = a1 det ’ —040
azz2 ass
as,;1 asz2 asgs |

= 0a1,122,2a3;3

A similar expansion shows that the determinant of an n x n lower triangular
matrix is the product of the diagonal elements. For upper triangular matrices
we have

a1 ai2 a1.3 a a 0 a 0
det 0 as9 A23 | = Q11 det 2,2 2,3 —aq o det 2.3 “+ai 3 det
’ : ’ 0 ass ’ 0 a ’ 0
0 0 as,3 ’ ’

Since we already know that the determinant of a 2 x 2 triangular matrix is
the product of the diagonals, we can see easily that the last two terms in this
expression are zero. Thus we get

ai1 ai2 a13 asy G
det 0 as9o 423 = apqdet ’ 3
) ) ) 0 ass
0 0 as.3

= 01,1042,203,3

Once we know that the determinant of a 3 x 3 upper triangular matrix is the
product of the diagonal elements, we can do a similar calculation to the one
above to conclude that determinant of a 4 x 4 upper triangular matrix is the
product of the diagonal elements, and so on.

Thus, the determinant of any (upper or lower) triangular n x n matrix is the
product of the diagonal elements.

We know that an arbitrary nxn matrix can be reduced to an upper (or lower)
triangular matrix by a sequence of row operations. This is the key to computing
the determinant efficiently. We need to determine how the determinant of a
matrix changes when we do an elementary row operation on it.

4.7.3 Summary of determinant calculation rules

We summarize the results on determinant calculation shown in more detail in
the additional topics sections 4.8.6 to 4.8.12 below. The first three rules below
show how a determinant changes when row operations are applied to it. This
can be used to simplify determinant calculation as shown in the next section.
In the statements below, A is a square matrix.

1. If B is obtained from A by multiplying one row of A by the constant ¢
then det(B) = cdet(A).
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2. If B is obtained from A by switching two rows of A then det(B) =
— det(A).

3. If B is obtained from A by adding a multiple of one row to another then
det(B) = det(A)

4. det(A) = 0 if and only if A is not invertible.
5. For all square matrices B of the same size as A, det(AB) = det(A) det(B).
6. det(AT) = det(A).

4.7.4 Calculation of determinant using row operations

We can now use elementary row operations to compute the determinant of

1 2 3

1 21

2 3 0
The sequence of row operations that transforms this matrix into an upper trian-
gular one is (R2)-(R1), (R3)-2(R1), exchange (R2) and (R3). The determinant

doesn’t change under the first two transformations, and changes sign under the
third. Thus

1 2 3
det([1 2 1[) = det(
2 30

= det(

1 2 3
= —det(|0 -1 -6])
0 0 -2

= ()1~ = -2

4.7.5 More expansion formulae

We can use the properties of the determinant to derive alternative expansion
formulae. Recall that we defined the determinant to be

det(A) = i(*l)jJrlal’j det(MLj).

j=1

In other words, we expanded along the top row. Now let’s see that we can
expand along other rows as well. Let A be the original matrix with rows a; =
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[@a11,01,2,---,01n], --- @y = [Gn1,Gn2,...,any]. For example, if Aisabx5
matrix then
a
az
A= as
ay
as

Suppose we want to expand along the fourth row. Let A’ be the matrix, where
the fourth row of A has been moved to the first row, with all other rows still in
the same order, i.e.,
ay
a1
A/ = as
as
as

How is the determinant of A’ related to the determinant of A? We can change
A to A’ be a series of row flips as follows:

ai ai ai ay
as ag ay ai
A= |asz]|, as |, as |, as | = A
ay ag ag ag
as as as as

We have performed 3 flips, so det(A’) = (—1)3det(A) = — det(A).

In general, to move the ith row to the top in this way, we must perform i —1
flips, so det(A’) = (—1)*~!det(A)

Notice that A’ is a matrix with the properties

(1) aj ; = a;j, since we have moved the ith row to the top
(2) Mj ; = M, , since we haven’t changed the order of the other rows.

Therefore

det(A) (—1)"~1 det(A')

= (D)"Y (-1)7d)  det(M] ;)
j=1

= (—1)i_1 Z(—l)j-"_lai}j det(Mi,j)
=1
= Z(—l)H—jGiJ det(Mi,j)

j=1

This is the formula for expansion along the ith row.
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As an example let’s compute the determinant of a 3 x 3 matrix by expanding
along the second row.

1
det |1
1

N W N
—_ =W
Il

2 3 1 3 1 2
—det[2 1}+3det{l 1]—det{1 2]

— —246+3-9-2+4+2=-2

The formula for expanding along the ith row is handy if the matrix happens to
have a row with many zeros.

Using the fact that det(A) = det(AT) we can also write down expansion
formulae along columns, since the columns of A are the rows of A”. We end up

with the formula .

det(A) =Y (=1)"a; ; det(M; ;)

i=1
As an example let’s compute the determinant of a 3 x 3 matrix by expanding
along the second column.

det 11 11 11

e
N W N

3
1 2det{1 1]+3det[1 3}2det{1 3}
1

= —24243-9—-24+6=-2

The formula for expanding along the jth column is handy if the matrix happens
to have a column with many zeros.

4.7.6 MATLAB

The MATLAB command det (A) can be used to determine the determinant of
a square matrix as introduced in Chapter 3.

4.7.7 Problems
Problem 4.35 Find the determinant of

11 1 1
1 2 4 8
13 9 27
1 4 16 64

Problem 4.36 Find the determinant of

-1
2
-2
1

= = =
R R =
|
0]
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Problem 4.37 Consider the matrix

2 0 2 4
00 3 2
A_2244
3 0 6 2

1. Find the determinant of A by expanding on the first row.

2. Find the determinant of A by expanding on the row or column of your
choice. This expansion should be simpler than the one used in part (a).

Problem 4.38 Compute

1
det | 1
3

SN O
— W =

by expanding along the second row, and by expanding along the third column.

Problem 4.39 Find the determinant of A given above by using row operations
to put A into echelon form.

Problem 4.40 We know that the determinant of the n X n matriz

a1
a2

QA

18 aiasg - - ap if the blank entries represent 0. What is the equivalent formula
for the determinant of the n X n matrix

az

Justify your answer.
Problem 4.41 Find all values of A for which the matriz

2—-X 1 0
-1 =X 1
1 3 1-2A

s not invertible.

Problem 4.42 Determine whether each of the following statements is true or
false. If true, explain briefly why it is true without showing specific examples.
If false, explain briefly why it is false or give a simple counterexample, and give
a correct statement by making small changes to the underlined text.
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1. The determinant of a square matriz is the product of the entries on its
main diagonal.

2. For every matriz A, we have det(AAT) = det(AT A)

3. If A and B are both invertible nxn matrices, then det(B~'AB) = det(BAB™!) = det(A).

4. If an n x n matrix A is multiplied by a scalar c, the determinant of the
resulting matriz is c - det(A).

5. If the column vectors of an n x n matriz are linearly independent, then the
row vectors of the same matrix are also linearly independent.

4.8 Additional Topics

4.8.1 Application: General Least Squares

Let us restate our results from Chapter 3 on minimization of quadratic functions
using matrix notation. A quadratic function of

I

Tn
in R™ can be written in matrix form as
fx)=x-Ax+b -x+c

where A is an nxn matrix and b € R"™ and ¢ is a number. The vector containing
the partial derivatives can be computed to be

of 0z
; =A+AT)x+b
of /0xy,

Recall that we made the assumption that a;; = a;; when we considered this
problem before. This property can be stated in compact form as A = AT. If
this is true then (A + AT) = 24 so

6f/6])1
: =2Ax+Db
of |0y,

To find the minimum value of f (if it exists) we need to find the value of x for
which the vector above is zero. In other words, x solves the equation

2Ax = —b.

This is the same equation that we derived before.
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4.8.2 Least squares solutions

Let’s take another look the situation where a system of linear equations, which
we Nnow can write
Bx =c,

has no solution. Typically this will be the case if there are more equations than
variables, that is, B is an matrix with more rows than columns. In this case
there is no value of x that makes the left side equal the right side. However, we
may try to find the value of x for which the right side Bx is closest to the left
side c.

One way to go about this is to try to minimize distance between the left and
right sides. It is more convenient to minimize the square of the distance. This
quantity can be written

|Bx —c|> = (Bx—c)-(Bx—c)
(Bx)-(Bx)— (Bx)-c—c-(Bx)+c-c
= x-(B"Bx)-2(BTc)-x+c-c

This is a quadratic function, written in matrix form. We want to use the formula
of the previous section with A = BT B and b = BT c. Before we can do so, we
must verify that A = BT B satisfies AT = A. This is true because

(ATA)T = AT(AT)T = AT A

Thus the formula of the previous section implies that the minimum occurs at
the value of x that solves the linear equation

BTBx = BT¢

Here we have cancelled a factor of 2 on each side.

Now let’s derive the same result in another way. Think of all the values of Bx,
as x ranges through all possible values in R™ as forming a (high dimensional)
plane in R™. Our goal is to find the value of x so that the corresponding value
of Bx on the plane is closest to c. Using the analogy to the geometric picture in
three dimensions, we see that the minimum will occur when Bx—c is orthogonal
to the plane. This means that the dot product of Bx — ¢ with every vector in
the plane, that is, every vector of the form By, should be zero. Thus we have

(By) - (Bx—c) =0
for every y € R™. This is the same as
y - (B"(Bx—c)) =y - (B'Bx—B%c)=0
for every y € R™. This can happen only if
B"Bx =B"c

which is the same result we obtained before.
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4.8.3 Problems

Problem 4.43 Find the least squares solution to

r1 4xs =1
X1 =1
x1 +x9 =0

Compare Bx and b.

Problem 4.44 Refer back to the least squares fit example, where we tried to
find the best straight line going through a collection of points (x;,y;). Another
way of formulating this problem is this. The line y = ax + b passes through the
point (x;,y:) if

ar; +b=1y; (4.15)
So, saying that the straight line passes through all n points is the same as saying
that a and b solve the system of n linear equations given by (4.15) for i =
1,...,n. Of course, unless the points all actually lie on the same line, this
system of equations has no solutions. Show that the least squares solution to
this problem is the same as we obtained before. (You may simplify the problem
by assuming there are only three points (x1,y1), (x2,y2) and (z3,y3).)

4.8.4 Elementary matrices

Recall that there are three row operation that are used in Gaussian elimination:
(1) multiplication of a row by a non-zero number, (2) add a multiple of one row
to another row and (3) exchanging two rows.

It turns out that each elementary row operation can be implemented by left
multiplication by a matrix. In other words, for each elementary row operation
there is a matrix @ such that QA is what you get by doing that row operation
to the matrix A.

Here is an example. Suppose

1 0 2 1
A=12 0 0 1
1 2 3 4

and suppose that the row operation is multiplying the first row by 2. Then the
matrix you get by doing that row operation to the matrix A is

2 0 4 2
A=12 00 1
1 2 3 4
In this case the matrix @ turns out to be
2 00
Q=101 0
0 0 1
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Since
2 0 0 1 0 2 1 2 0 4 2
01 0 2 00 1|=12 0 0 1
0 0 1 1 2 3 4 1 2 3 4
ie, QA=A

Now suppose that the elementary row operation is subtracting twice the first
row from the second row. Then the matrix you get by doing that row operation
to the matrix A is

10 2 1
A=10 0 —4 -1
12 3 4

In this case the matrix @@ turns out to be

1 0 0
R=1-2 10
0 0 1
Since
1 0 0 1 0 2 1 1 0 2 1
-2 1 0 2 0 0 1|=1]0 0 -4 -1
0 0O 1|1 2 3 4 1 2 3 4

i.e., again, QA = A’

Finally, suppose that the elementary row operation is exchanging the second
and the third rows. Then the matrix you get by doing that row operation to
the matrix A is

1 0 2 1
A=1[1 2 3 4
2 0 0 1
In this case the matrix @@ turns out to be
1 00
Q=10 0 1
010
Since
1 00 1 0 2 1 1 0 2 1
0 0 1 2 00 1|=1|1 2 3 4
010 1 2 3 4 2 0 0 1

i.e., again, QA = A’

How can we find the matrices @ (called elementary matrices)? Here is the
procedure. Start with the identity matrix I and do the row transformation to it.
The resulting matrix ) is the matrix that implements that row transformation
by multiplication from the left. Notice that this is true in the examples above.
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In the first example, the row transformation was multiplying the first row by 2.
If you multiply the first row of

100
I=(0 1 0
10 0 1]
by two you get
(2 0 0]
Q=10 1 0
[0 0 1]

In the second example, the row transformation was subtracting twice the first
row from the second row. If you subtract twice the second row from the first
row of I by two you get

1 0 0

RQ=1-2 10

0 0 1
In the third example, the row transformation was exchanging the second and
third rows. If you exchange the second and third rows of I, you get

OO =
o = O

0
0
1

Elementary matrices are useful in theoretical studies of the Gaussian elimi-
nation process. We will use them briefly when studying determinants.

Suppose A is a matrix, and R is its reduced form. Then we can obtain R from
A via a sequence of elementary row operations. Suppose that the corresponding
elementary matrices are @1, Q2, . .., Q. Then, starting with A, the matrix after
the first elementary row operation is Q1 A, then after the second elementary row
operation is Q2Q1 A, and so on, until we have

QkQr—1- Q2014 =R.
Now let us apply the inverse matrices, starting with Q,;l. This gives
Qr'QrQr—1 - Q1A= Q1 Q2014 =Q,'R.
Continuing in this way we see that
A=Q7'Q5" ~-Q,;1R

In the special case that A is an n x n invertible matrix, A can be reduced
to the identity matrix. In other words, we can take R = I. In this case A can
be written as a product of elementary matrices.

A= Q1—1Q2—1 o Q;lj — Q1—1Q2—1 . Q;l
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Notice that in this case
AT = QirQr—1- - Q20Q1.
As an example, let us write the matrix
2 1
2= 3 3]
as a product of elementary matrices. The sequence of row transformations that
reduce A to the identity are:

1) (1/2)(R1)

2) (R2)-5(R1)
3) (R1)-(R2)
4) 2(R2)

The corresponding elementary matrices and their inverses are

on[2 9 o[t !

S P
|
|

1
1 -1 o1
Q?’:{o 1} Q31:{0 1
10 a1 0
Q‘*:[o 2} Q41:[0 1/2

A _ Q1—1Q2—1Q3—1Q4—1

25 =10 3]0 Lo ]l o)

4.8.5 Problems

Problem 4.45 FEach elementary matrix is invertible, and the inverse is also
an elementary matriz. Find the inverses of the three examples of elementary
matrices above. Notice that the inverse elementary matriz is the matriz for the
row transformation that undoes the original row transformation.

Therefore

or

Problem 4.46 Write the matriz

2 3 -1
1 2 3
-1 -1 1

as a product of elementary matrices.
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4.8.6 Exchanging two rows changes the sign of the deter-
minant

We start with the elementary row operation of exchanging two rows. For 2 x 2
determinants,

a b
dt[ d}—ad—bc,

while

c d
det [a b} =cb —da = —(ad — be),

so exchanging two rows changes the sign of the determinant.

We can do a similar calculation for 3 x 3 matrices. Its a a bit messier, but
still manageable. Again, we find that exchanging two rows changes the sign of
the determinant.

How about the n x n case? We will assume that we have already proved
the result for the (n — 1) x (n — 1) case, and show how we can use this to show
the result for an n x n matrix. Thus knowing the result for 2 x 2 matrices,
implies it for 3 x 3, which in turn implies it for 4 x 4 matrices, and so on. We
consider three cases, depending on which rows we are exchanging. Suppose A
is the original matrix and A’ is the matrix with two rows exchanged.

(1) Exchanging two rows other than the first row: In this case we cross out the
first row and any column from A’ we obtain Mj ; which is the same as the
matrix M; ; (corresponding to A) except with two of its rows exchanged.
Since the size of M j is n — 1 we know that det(Mj ;) = —det(M;,;) so

n

det(A") = Z(—l)j+1a1,jdet(M{7j)

= =) (~1)'ay; det(M ;)
= —det(A)

(2) Exchanging the first and second row. Do see that this changes the sign
of the determinant we have to expand the expansion. The following is a
bit sketchy. T’ll probably skip it in class, but give the argument here for
completeness. If we expand M; ; we get

Jj—1 n
det(M ;) = Z(—l)kHazk det(Mi2,5,,) + Z (—1)*ag , det(M 2,5 k)
k=1 k=j+1

where M; 2 j i is the matrix obtained from A by deleting the first and second
rows, and the jth and kth columns. Inserting this into the expansion for A
gives

n 1

n n
det Z aljagkdet M1 27J, Z Z aljagkdet(Ml 2,5,k )

Jj—
j=1k=1 Jj=1k=j+1
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The sum splits into two parts. Flipping the first two rows of A just exchanges
the two sums. In other words S — R becomes R — S which is —(S — R). So
exchanging the first two rows also changes the sign of the determinant.

(3) Exchanging the first row with the kth row. We can effect this exchange by
first exchanging the kth and the second row, then exchanging the first and
the second row, then exchanging the kth and the second row again. Each
flip changes the determinant by a minus sign, and since there are three flips,
the overall change is by a minus sign.

Thus we can say that for any n X n matrix, exchanging two rows changes
the sign of the determinant.

One immediate consequence of this fact is that a matrix with two rows
the same has determinant zero. This is because if exchange the two rows the
determinant changes by a minus sign, but the matrix doesn’t change. Thus
det(A) = — det(A) which is only possible if det(A) = 0.

4.8.7 The determinant is linear in each row separately

To say that the determinant is linear in the jth row means that if we write a
matrix as a matrix of row vectors,

a7
az
A= |
a;
La,, |
then
[ ar ] [ar ] [ag ]
ag ag ag
det : = sdet(] tdet(|
e(sb+tc)$e(b)+ et(| - |)
L an . —an_ _an_

It is easy to from the expansion formula that the determinant is linear in
the first row. For a 3 x 3 example we have

Sb1 + tCl Sbg + tCQ Sbg + th
det( @21 as 2 a2, 3 )
as,1 as 2 a3, 3

= (Sbl -+ tCl) det(MLl) — (Sbg -+ tCQ) det(MLQ) -+ (Sbg + th) det(Ml.g)
= S(bl det(MLl) — by det(MLg) + b3 det(M1_3))
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+t(cq det(My 1) — cadet(Mi 2) + c3 det(M.3))

b1 bo b3 C1 C2 C3
= s det( 2,1 Q22 a2,3 ) + tdet( as1 (22 a2,3 )
as.1  asz2 CL-?), 3 asi  as?2 CL3, 3

A similar calculation can be done for any n x n matrix to show linearity in the
first row. To show linearity in some other row, we first swap that row and the
first row, then use linearity in the first row, and then swap back again. So

ra; [sb+ tcT
as az
det( sb 4 te ) = —det( ap )
L an | L a, |
" b - e
ao a9
= —sdet( a, ) — tdet( ay )
_an_ _an_
Fay Fay
as ag
= sdet(] ; tdet(| -
sdet(| [ |)+eder(| )
Lan | Lan |

Notice that linearity in each row separately does not mean that det(A + B) =
det(A) + det(B).

Note that multiplying a row by a constant multiplies the determinant by the
constant. This is a special case of linearity.

4.8.8 Adding a multiple of one row to another doesn’t
change the determinant

Now we will see that the most often used row operation—adding a multiple of
one row to another—doesn’t change the determinant at all. Let A beann x n
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matrix. Write A as a matrix of rows.

ai

a;

a;

La, |

Adding s times the ith row to the jth row yields

aj
a;
A=
a; + sa;
L a,
So
P a1 Fag ]
a; a; a;
det(A") = det( : y=det(| : |)+sdet(| : |)=det(A)+0
a; + sa; a; a;
L a, Lay, L ap |

Here we used linearity in a row and the fact that the determinant of a matrix
with two rows the same is zero.

4.8.9 The determinant of QA

To begin, we compute the determinants of the elementary matrices. Recall that
if A’ is the matrix obtained from A by an elementary row operation, then

(1) det(A’) = —det(A) if the row operation is swapping two rows
(2) det(A’) = sdet(A) if the row operation is multiplying a row by s

(3) det(A’) = det(A) if the row operation is adding a multiple of one row to
another
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Recall that the elementary matrices are obtained from the identity matrix I by
an elementary row operation. So we can take A = I and A’ = @ in the formulae
above to obtain

(1) det(Q) = —det(I) = —1 if the row operation is swapping two rows
(2) det(Q) = sdet(I) = s if the row operation is multiplying a row by s

(3) det(Q) = det(I) =1 if the row operation is adding a multiple of one row to
another

Going back to the first set of formulae, we have that in each case A’ = QA. In
each case the factor in front of det(A) is exactly det(Q) So we see that in each
case

det(QA) = det(Q) det(A).

This formula can be generalized. If Q1, @2, . .., @k are elementary matrices then

det(Q1Q2Q3 - - QrA) = det(Q) det(Q2Q3 - - - QrA) = det(Q1) det(Q2) det(Qs -

and so on, so we arrive at the formula

det(Q1Q2Q3 - - - QrA) = det(Q1) det(Q2) - - - det(Qy) det(A).

4.8.10 The determinant of A is zero exactly when A is not
invertible

Recall that if R denotes the reduced form of A, obtained by performing the
sequence of row reductions corresponding to @1, Q2, ..., Qk, then

A=Q7'Qy" Q'R

Each Q; 1 is an elementary matrix, therefore
det(A) = det(Q7 ") det(Q5 ') - - - det(Qy ") det(R)

If A is not invertible, then R has a row of zeros along the bottom. Thus R is an
upper triangular matrix with at least one zero on the diagonal. The determinant
of R is the product of the diagonal elements so det(R) = 0. Thus det(A) = 0
too.

If A is invertible, then we can reduce A to to identity matrix. In other
words, we can take R = I. Then det(R) = 1. Each det(Q;l) is non-zero too,
so det(A) # 0.

4.8.11 The product formula: det(AB) = det(A) det(B)

If either A or B is non-invertible, then AB is non-invertible too. Thus det(AB) =
0 and one of det(A) or det(B) is zero, so det(A) det(B) = 0 too. Thus det(AB) =
det(A) det(B).

If both A and B are invertible, then

A= Q1—1Q2—1 o Q;l
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SO
det(A) = det(Q7 ') det(Q3 1) -+~ det(Q; ")
and o 3
B=0Q7'Qy" - Q;
SO B B ~
det(B) = det(Qy ') det(@5 1) -~ det(Q; )
Therefore o )
AB=Q7'Q" Q.10 Q5 - - Qj—l
SO

det(AB) = det(Qy ") det(Q ) - - det(Q; ") det(Q7 ) det(Q3 1) - - - det(Q; ") = det(A) det(B)

4.8.12 The determinant of the transpose

Recall that the transpose AT of a matrix A is the matrix you get when you flip
A about its diagonal. If A is an n x n matrix, so is A7 and we can ask what
the relationship between the determinants of these two matrices is. It turns out
that they are the same.

det(AT) = det(A).

If A is an upper or lower triangular matrix, this follows from the fact that the
determinant of a triangular matrix is the product of the diagonal entries. If A
is an arbitrary n x n matrix then the formula follows from two facts.

(1) The transpose of a product of two matrices is given by (AB)T = BT AT,
This implies that (A;Ag--- A,)T = AT ... AT AT,

(2) For an elementary matrix Q we have det(Q7) = det(Q).
If you accept these two facts, then we may write
A= Q1—1Q2—1 . ..lelR
where R is upper triangular. Thus
AT =RU@Q )T (@)1 (@)”
SO

det(AT)

I
(oW
D
-+
=)
Z
Q.
a@
-+
—~
—
O
= |
[u
~
S
~—
Q.
a@
-+
—~
—
O
=
[u
~
S
~—

I
o
12
+

(

det(R) det(Q; ") -+ - det(Q7 ")
Q1)+ det(Q, ") det(R)
(4)
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4.8.13 An impractical formula for the inverse

We can use the expansion formulae of the previous section to obtain a formula
for the inverse of a matrix A. This formula is really only practical for 3 x 3 matri-
ces, since for larger matrices, the work involved in computing the determinants
appearing is prohibitive.

We begin with the expansion formula

det(A) = Z(—I)H_jai’j det(Mw-)
j=1

If A is invertible, then det(A) # 0 so we can divide by it to obtain

1)i7 det(M; ;)
1= i
Za T det(A)

Now suppose we take the matrix A and replace the ith row by the kth row for
some k # i. The resulting matrix A’ has two rows the same, so its determinant
is zero. Its expansion is the same as that for A, except that a; ; is replaced by
ar,;. Thus, if k #1

n

0= Z(—l)iﬂak’j det(Mw')

j=1
Dividing by det(A) yields

1)i7 det(M; ;)
O‘Z“’” det(A)

Now let B be the matrix with entries

(71)i+j det(MM)
det(A)

bi,j =

This turns out to be the inverse A~'.
It gets a bit confusing with all the indices, but let’s think about what we
need to show. The k,ith entry of the product AB is given by

n
(AB)k,; = Zak,y 75

_ (=1)™ det(Mi,;)
- ;“’“’ det(A)

3

According to the formulae above, this sum is equal to 1 if k¥ = ¢ and equal to 0 if
k # . In other words, AB is the identity matrix I. This shows that B = A~L.
Remember that
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4.8.14 Cramer’s rule, an impractical way to solve systems

Given an impractical way to compute the inverse, we can derive an impractical
formula for the solution of a system of n equations in n unknowns, i.e., a matrix
equation

Ax=Db
X b1
The solution x is equal to A='b. Soifx = | %2 | and b= | 02 |, then using

the formula of the previous section for the inverse, we get

= 1, e (D) det (M)
n= D A= gy
j=1

Jj=1

but this is exactly (1/det(A)) times the formula for expanding the determinant
matrix obtained from A by replacing the ith column with b. Thus

_det(matrix obtained from A by replacing the ith column with b)

L4

det(A)

4.8.15 Problems
1 0 1

Problem 4.47 Find the inverse of |1 2 3| wusing the “impractical” for-
3 01

mula.

Problem 4.48 Solve the equation

1 0 1 L 1
1 2 3 2| = |0
3 01 T3 1

using Cramer’s rule.

4.9 Solutions to Chapter Problems

Solution 4.1

~13 7
w2 ]
1 2 -1
BA=|-2 -4 -8
-1 -2 -5

~14

AD:[—IS]
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CB=[4 2]
OD = [26]

4 —4 0

—22 22 0

bC = 4 —4 0

AC, CA, DA, BC, BD and DB are not defined.
Solution 4.2

0 1 1 4 2
A= *113 B_[o 0}’ C_[315}’

The matrix A is 3x2, the matrix B is 2x2, and the matrix C' is 2x3. For a product
of two matrices to be possible, the number of columns in the left matrix has to
be equal to the number of rows in the right matrix. Hence there are 5 possible
products:

0 3
. A-B=|0 -1
0 1
3 12 6
2. A-C=|5 -2 8
4 5 71
0 0
3 BB_{OO}
315
4 B~COOO}
110
s coa=| gy 7]

Solution 4.3 If

then ~
0 ac
A2 =10 0
10 0 0
0 0 O
A3=10 0 0
0 0 O
If
1 0 a
A=10 1 0
0 0 1
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then ~ _
1 0 2a
A*=10 1 0
10 0 1|
[1 0 3a]
A*=1]0 1 0
10 0 1|
Solution 4.4
, 1 k
ab) A" = {0 1}
c) Use the power series formula
2 a8
€ =lda+ o+t

and substitute in the matrix tA for each occurrence of x. Substitute the
identity matrix for 1. This gives

w10 1 1] 1 2

= o 1 *te 1]tz lo 1)t
o [lHtrL L 28 430 4
o 0 T+t+5 4L 4.
(it E 4o il 4 ]

0 T+t+5 4L 4.

et tet
I

d,e) We are looking for all matrices that satisfy B? = A. Let B = {Z Z]

a?+bc ab+bd

2 _
Then B = [ca—i—dc be + d?

} so we need to satisfy the equations

a?+be =
ab+bd =
ca+dc =
be+d® =

_ O = =

The third equation says c(a + d) = 0 so either ¢ = 0 or a + d = 0. But
a + d = 0 would contradict the second equations, so we must have ¢ = 0.

So
a® 1
bla+d) = 1
2 =1
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So a =41 and d = £1. If a = 1 then to satisfy the second equation we
must have d = 1 and b = 1/2. If If a = —1 then to satisfy the second
equation we must have d = —1 and b = —1/2. Thus the two square roots

are [(1) 1{2] and {01 1{2]. In general, a matrix may have more

than two square roots.

Solution 4.5

0100
001 0
A=10 0 0 1
000 0
0 0 1 07
s |0 0 0 1
A=100 0 0
Lo 0 0 0l
0 0 0 17
5 |00 0 0
A =100 0 0
Lo 0 0 0l

At=A=...=0

Solution 4.6 T(x +y) =x+y +a whereas T(x) + T(y) =x+a+y+a=
X +y + 2a. Since these are not equal, 7" is not linear.

Solution 4.7 It follows from the properties of the dot product that a-(sx+ty) =
sa-x+ta-y.

Solution 4.8 One way to do these problems is to determine the angle 6 that
the lines make with the z axis, and then substitute into the formula. So, for
part (a), we have § = w/4 (45°). Thus the projection matrix is

2| sin(260) 1 — cos(26) 2| sin(7/2) 1 —cos(7/2) 211 1

1 [1+cos(20)  sin(20) }:;{1+cos(7r/2) sin(7/2) ]: 1 [1 1}

Another way to do this problem is to go back to the derivation of the projection
matrix, and redo the formula for the matrix for projection in the direction of a
when a is not necessarily a unit vector. This gives

1 ai  ajas
R 9 |-
al +a3 [aa1 a3

For part (a) the vector a = [1,1] so this formula gives the same answer. For
part (b) the vector a = [4, —3] so the projection matrix is

116 -12
25 |-12 9 |
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Solution 4.9 Since we have already computed the corresponding projection
matrices, we can use the formula 2P — I to get the reflection matrices. This
gives

(a)
o)

[7/25 —24/25]
—24/25 —7/25

Solution 4.10 Here we can just substitute into the formula for the rotation
matrix. This gives

(a)

{1/\@ —1/\@]
1/V2 1/V2

Solution 4.11 We need to compute the matrix product

e o) [0 "]

This equals

{005(29) cos(2¢) + sin(20) sin(2¢) cos(20) sin(2¢) — sin(20) cos(2¢)}
sin(260) cos(2¢) — cos(20) sin(2¢)  sin(20) sin(2¢) + cos(260) cos(2¢)

Using the addition formulae for cos and sin this can be rewritten

cos(20 — 2¢) —sin(26 — 2¢)
sin(260 — 2¢)  cos(260 — 2¢)

This is the matrix for rotation by 26 — 2¢.
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]
Vo

Figure 4.12: Problem 4.12.

Solution 4.12 We first find the angle 6 between the line x = 2y and the x-axis.
Note that (using Pythagoras) cosf = %, sinf =
Now,
! 1 | cos(20)  sin(20)
10 | sin(20) —cos(20)

1
10
So, we need to calculate cos(26) and sin(26).
We have cos(20) = cos? —sin* 6 = 2 — L = 2, and sin(26) = 2sinfcosd =
2 _ 4
2V
S

5

[ I

5  5°

)

(o))

Therefore, the matrix of f is

o) g‘p

(SN {[JN]
[ (SN
S
—_
| —
—_

o -
—_
Il
G| =

173 4
514 -3

Solution 4.13 Notice that g is in fact the composition of Refp and R /s, that
is:
g=Rya0Refy
where 0 is the angle between the line z = —y and the x-axis (so, § = 7/24+7/4 =
3n/4).
The matrix of g is given by the product of the matrices Ry /5 and Refsr /4.
Note that

lg] = [er/z} [Refsw/z;]
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cosm/2 —sinm/2 cosbm/4  sin6m/4
sinm/2  cosm/2 sin6r/4 —cosb6m/4

_ 0 —1 0 -1] |1 0

o 1 0 -1 0 | |0 -1
Solution 4.14 Under this rotation, the vector e; = [1,0,0] gets transformed
to [cos(#),sin(h),0], ex = [0,1,0] gets transformed to [—sin(f), cos(d), 0], and

es = [0,0, 1] is transformed to itself (em i.e. it doesn’t change). Putting this in
the columns of a matrix yields

cos(d) —sin(6) 0
sin(d) cos(d) O
0 0 1

Solution 4.15 Let

X = (5[,'1,1'2,333,334)

Yy = (y1,92,¥3,v4)

T(x+y) = T(z1+y1, o2+ Y2, 73+ Y3, Ta + ya)

= ((w1+y1) +4(22 +y2) +5(x3 +y3),3(x1 +y1) — 2(22 + 92) + ...
(x3 +y3) — (x4 +ya), —(z1 + 1) — (23 + y3) + (¥4 + y4))

= (@1 +4xo + 5x3 + y1 + 4ys + 5ys, 3x1 — 2@0 + T3 — Ty + ...
31 —2y2 + Y3 — Y4, —xT1 — T3+ Ta — Y1 — Y3 + Ya)

= (a1 +4x2 + w3, 311 — 209 + T3 — T4, —T1 — T3 + T4) + ...
(y1 +4y2 +5y3,3y1 — 2y2 + Y3 — Y4, —Y1 — Y3 + Ya)

= T(x)+T(y).

This holds for any x,y € R*

T(ex) = T(cxy,cra,crs, cry)
= (exy +4cxo + bexs, 3cxy — 2¢xe + cxs — cxg, —CT1 — €T3 + CTy)
= (e(xy +4xo + 5x3),c(3x1 — 229 + k3 — 14), c(—x1 — T3 + 24))
= c(x1 +4xo + 523,311 — 2202 + T3 — T4, —X1 — T3 + T4)
= T(x).

This holds for any x € R, and any ¢ € R. It is clear then that T is linear.

Solution 4.16 First recall the definition: a vector y = (y1,y2,y3) is said to be
in the range of T if there exists a vector x = (1, z2) such that T'(x) =y.
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a) We should be looking for x = (21, x2), if any, such that T'(x) = (1,4,2). But

1 1 2 T1 + 229
s -aln] = - L
2 T2 T2 1 1 T2 xr1 + o

We get the following system of equations:

a:1—|z—2f24:1 :{x1+8—1 :>{$1——7
2 — — —
£L'1+£L'2:2 1'14*4—2 xr1 = 2

So, the system does not have any solutions.

In other words, there is no x = (x1,22) that satisfy the system above. So
there is no x such that T'(x) = (1,4,2). Hence, (1,4,2) is not in the range
of T.

b) We are looking for x = (z1,2), if any, such that T'(x) = (1,1,1). So
1

1 2 T1 + 229
([ ) =aln]=]o r [n]=]
1 2 2 11 2 21 + T

We get the following system of equations:

1+ 229 =1 v +2=1 o= —1
re=l =N p1=2 21 =0
1 +ao=1 ! - 1=

So, as in the previous case, the system does not have any solutions; in other
words, (1,1,1) is not in the range of T

Solution 4.17

a) Note that

1 1 1 0
21 =3[0 |-2|-1[+3]0
3 | 0] 0 !
So,
1 (1] 1 ] 0
T 2 = 3T 0 2T -1 + 3T 0
3 0 | 0 | 1
1 2 -1 —4
st K
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b) In order to write the matrix of T, we need to find T(0, 1,0). Note that

So,

() (L

Solution 4.18

ol 1] o8] o

a)

I
>
—
(=2}
.
|
|
[«
—
o
—
-3
~—

b) We first find the matrix of g. To do so, we need to know g¢(1,0,0), ¢(0,1,0),
and ¢(0,0,1).
We have that

e B A !

So, the matrix of g is
(11 4
9=lo —2 1 |

Now we find the matrix of h. As with g, we need to find h(1,0), and h(0,1).
We have that
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So, the matrix of h is

1 0

-1 0

h= 0 1

0 -1

¢) The matrix of h o g is given by

1 0 1 1 -1
-1 0 1 1 -1 -1 -1 1
hog = Maxalglzxa = | oy [04 1}: 0 -2 1
0 -1 0 2 -1

4x3

We can confirm them that hog:R3 — R*. So, the matrix of h o g will have
4 rows and 3 columns, as expected.

Solution 4.19 We can determine the transition matrix, since we know each
pii = 0, and the sum over each column is one. We are given that py; = 1/2.
Then, since p11 + p2,1 +p31 =1, we have 0+ 1/2 +ps; = 1, so p31 = 1/2.
Similarly p12 = 1/3, ps2 = 2/3, and p13 = 1/4, pa3 = 3/4. Thus

0 1/3 1/4
P=11/2 0 3/4
1/2 2/3 0
1
If we start out with the probability vector xg = | 0| (i.e., the walker is in
0
location 1) then after two time steps the probability vector is P%xo, i.e.,
7/24 1/6 1/4 1 7/24
xo=1|3/8 2/3 1/8 0of=13/8
1/3 1/6 5/8 0 1/3

So the probability that the walker is in position 2 after two time steps is 3/8.
Solution 4.20

a) Since P;; = 0, and the sum of entries in each column is 1, the matrix P is

0 2/5 1/4
P=|1/3 0 3/4
2/3 3/5 0

b) The random walker starts at location 1. So xg = (1,0,0)”. The positions
after three time steps will be

0 3/10 1/4
x1=Pxo=| 1/3 |, xo=Px;=| 1/2 |, x3=Pxs=| 1/4
2/3 1/5 1/2
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So, x3.2, that is, the probability that the random walker is in location 2 after
3 steps, will be 3 = 0.25.

4
c)
0 1/4 L[ 18
Xo = 0 5 X1:PXO: 3/4 N XQ:lez@ 5 5
1 0 37

So, X2,1, the probability that the random walker is in location 1 after 2 steps,
will be 5 = 0.333...

Solution 4.21
a)
1/4 1/4 1/4 1/4

1/4 1/4 1/4 1/4 1 (4.18)

~
|
[ e =

1
1

1

1/4 1/4 1/4 1/4 1
4 4 4 4 1
1

1

1

1
1
1
1
1
' (4.19)
1

I e T e T

—

So, P? = P, thus P> = P- P2 = P. P = P. Hence, P" = P for every n > 1
b) Let

1
Xp = 0
0
0
Then
1
111
X1 = 1 1
1

Hence, x,, = P"xy. But P" = P, for every n > 1. So,

1
” 111
Xn:PX():PXo:Xl:Z 1
1
Now, let
0 1
0 111
Xo = o |’ X1:PX0:Z 1
1 1
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Again
1
n 111
X, =P XOZPXOZE 1
1
Solution 4.22
1/3 1/4 2/5
P=1| 0 1/2 1/5
2/3 1/4 2/5
a) We are given
0
o = 1
0
Then
1/4
X1 = PXQ = 1/2
1/4

So, 11 = i is the probability that the random walker is location 1 after one
time step.

b) Again
0]
o= | 1
O -
Then
r 37
1/4 130 37
x1 = Pxg = 1/2 , xo = Px1 = E = X2,1:m-
1/4 | 15
c)
1/3
Xo = 1/3
1/3
We have
59 1853
180 5400
x1 = Px¢ = % , Xy = Px; = 22%3
180 5400
Therefore, x3 3 = %
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Solution 4.23 In this situation the transition matrix is

1 1 1 1
P= 3 1 1 1
1 1 1
so P = P2 = p? = ... P". In this case, if we start out with any probability
vector xog = [21 22 xscr] with 21 + 29 + 23 = 1, then
1/3
PXO = 1/3 = PnXO
1/3
for each n.
Solution 4.24
(a) The transition matrix is
1/2 0 1/3
P=|1/4 1/2 1/3
1/4 1/2 1/3
The system starts in state 3 so x(?) = e3. After one step, the probability
vector is
/2 0 1/37[o] [1/3
xW=pxO® =1 1/4 1/2 1/3 | |[0]| =|1/3
1/4 1/2 1/3 1 | 1/3

That is, there is a equal probability of being in any state. After another
step,

/2 0 1/3 /3] [ 5/18
xP=pxW=1|1/4 1/2 1/3 | |1/3| = | 13/36
1/4 1/2 1/3 | |1/3] |13/36

So the probability that the system is in state 2 is 13/36.

(b) Suppose that the initial probabilities are given by the vector

L1
X(O) = | T2
r3

Then after k steps, the probabilities will be x*) = P¥x(©)  After many
steps (using the limiting behaviour of P* stated in the question):

025 0.25 0.25 T
x® ~ 0.375 0.375 0.375 T
0.375 0.375 0.375 T3
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0.25z1 + 0.2525 + 0.25x3
0.375x1 4+ 0.375x5 4 0.375x3
0.37521 + 0.375z5 + 0.375x3

0.25
= (.’131 + 19 + .133) 0.375
0.375
0.25
= 0.375
0.375

where the last line follows because the initial probabilities must sum to one.
Note that the state tends to this probability distribution no matter what
the initial state is (or initial probabilities are). This is known as the steady
state probability vector of this random walk.

Solution 4.25
T+ 2x9 + 323
Ax =

o 4171 + 51‘2 + 6£E3
S0y - Ax = y1x1 + 2y122 + 3y123 + dysx1 + Hysxs + 6ysxz. On the other hand
y1 + 4y

ATy = | 2y1 +5y»
3y1 + 6y2

SO (ATy) ‘X = Y121 +4y221 + 2y1 22 + HYy222 4+ 3y1 23 + 6y2x3. These expressions
are equal.
Solution 4.26 (AT)T = A.

9 7
] so (AB)T = |12 11|. On the other
15 15

9 12 15

Solution 4.27 AB = {7 1 15

hand BTAT = |2 5 2 1 12 11

14[13}_97
3 6 15 15

Solution 4.28 If y = e; and x = e; (vectors that are all zeros except in one
spot) then y - (Ax) = e; - (Ae;) is the matrix entry a;;. So we can conclude
that all the matrix entries of A are the same as those for B. This means the
matrices must be the same.

Solution 4.29 x - (Ay) = xT Ay = (ATx)Ty = (ATx) -y

Solution 4.30 To determine whether these matrices invertible we reduce them
using Gaussian elimination. This gives

@ [ 2]
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1 2 3
(by O 3 4
0 0 -1/3
(1 2 3
(¢c) |0 3 4
0 0 2/3

Since these all have rank equal to their size, they are all invertible.

Solution 4.31 The inverse is

Solution 4.32

2 3 -1
(a) This matrix reduces to [0 1/2 7/2 | and so is not invertible
0 0 0
-1 0 1
(b) The inverseis | 1 1 0
3 1 -1
3 —5/2 1/2
(c) | -3 4 -1
1 —3/2 12
(-7 5 3
d 13 -2 -2
|3 -2 -1
[1 0 —a
() |01 0
[0 0 1
[1 —a ac—b
(f) (0 1 —c
0o 0 1

Solution 4.33 In order to find the inverse of A, we form the augmented matrix
[A]I]. Then we apply elementary row operations to A, to reduce A to its rref-
form. If A is invertible, then using this method [A|I] transfers to [I|B], where
B is the inverse of A.

Now, let

CU N =
— o
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and form the augmented matrix:

11 1]1 0 0
0 2 3010
5 5 1|10 0 1

The reduced row echelon form of the augmented matrix is
13/8 —-1/2 -1/8

100
0 1 0|-15/8 1/2 3/8
00 1| 54 0 —1/4

Therefore, the inverse of A is

13/8 —1/2 —-1/8
A7l =| —-15/8 1/2  3/8
5/4 0 —1/4

Let
1 2 -3 1
-1 3 -3 -2
B = 2 0 1 5
3 1 -2 5

Applying the same method, we observe that B is not invertible because

rref(B) =

o O O
o O = O
O = O O
O = =N

Note that rank of B = 3, which is the number of non-zero rows in rref(B).

Solution 4.34

a) Let
1 0 5
A=|1 -2 3
2 1 =3
be the coefficient matrix. Then
6
Ax = 14
-2
b)
3/28 5/28 5/14 1 3 5 10
Al =1 9/28 —13/28 1/14 | =—1]9 —13 2

5/28 —1/28 —1/14 | B |5 -1 -2
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¢) In order to solve the system Ax = b, we multiply both sides by A1

6 17
A" Ax=A""b=A4"1| 14 | =2]| -33
_9 T s
17
= Ix=x=| =33
5

So, the system has the unique solution

17
x=| —33
5

Solution 4.35 We reduce the matrix as follows:

11 1 1
1 2 4 8
1 3 9 27
1 4 16 64
11 11
01 3 7| (R2)-(R1
0 2 8 26| (R3)—(Rl)
Lo 3 15 63] (R4)— (R1)
111 17
013 7
0 0 2 12| (R3)—2(R2)
Lo 0 6 42] (R4)-3(R2)
r1o1 1 17
013 7
00 2 12
L0 0 0 61 (R4)—3(R3)

None of these operations affect the determinant. So the determinant of the
original matrix is the same as the determinant of the reduced diagonal matrix.
This determinant is the product of the diagonal elements which equals 12.

Solution 4.36 We reduce the matrix as follows:

1 -1 1 -1
1 2 4 8
1 -2 4 -8
1 1 1 1
1 -1 1 -1
0 3 3 9 | (R2)—(RI
0 -1 3 —7| (R3)—(R1)
0 2 0 21 (R4)—(R1)
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1 -1 1 -1
0 1 1 3| (1/3)(R2)
0o -1 3 -7
0o 2 0 2

0 1 —1]| (1/4)(R3)

0 -2 —4
1 -1 1 -1
0O 1 1 3
0 0 1 -1

0 0 0 —6J] (R4)+2(R3)

The two operations that changed the determinant were multiplying the the
second row by 1/3 and multiplying the third row by 1/4. Thus the determinant
of the diagonal matrix is (1/3)(1/4)x the determinant of the original matrix.

Hence the determinant of the original matrix is 3 x 4 x (—6) = —72.
Solution 4.37
2)
2 0 2
det A = det g (2) i
3 0 6

S N e
SN Ssvo
o A w

= 2(0—-3(4-0)+2((2—-10))+4(0—6) — 12(0 — 6)
= 2(12)—-24+72="72.
b)
2 0 2 4
00 3 2
detA = det 9 9 4 4
3 0 6 2
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2 2 4
= —0+0—2det| 0 3 2| +0

3 6 2

2 4 2 2
= —2(—O+3det{3 2}—2det[3 6])

= —2(3(4—12) —2(12 — 6))
—2(—24—12) =72

Solution 4.38

1 0 1
det [1 2 3| = —1det|® Y s2det|! 1] —3det|! ©
0 1 31 30

3 0 1)

= —1x0+42x(1-3)—3x0=-4

(1 0 1]
det {1 2 3 = 1det L2 — 3det 10 + 1det 1o
30 1 30 3 0 1 2

= 1x(0—-6)—3x04+1x(2—-0)=—4

Solution 4.39

D = det

-D = det

MR NN N R N

1
5 D = det

\
W~

N DN

1
5 D - det

|
- ©

1

OO O, OO0 OOOHF WNhNOHF WihhoN

OO NODO OO ONODO OO ON OO

O WNH ONWHE WNWEFE O W O Wi
S NN

Therefore, —3D = (1)(2)(3)(—6) = —36 — D ="72.
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n

2
matrix to a diagonal matrix. Therefore, the determinant is (—1)™/“ajas - - a,.

If n is odd, then "7_1 row interchanges are required to reduce the matrix to

a diagonal matrix (note that the centre row stays). Therefore, the determinant

row interchanges are required to reduce the
n/2

Solution 4.40 If n is even, then

is (—1)%(11@2 Q.
In other words:

ag

det = (—=1)* det
as
a1 an

(—l)kalag g,

where
n

B 2 n even
k_{ "T_l n odd

Alternatively, we can expand the determinant on the first row:
ap, anp—1

det = (=1D)'"™a, det

Gp—2

= (=D"*a, (=) Vg, det
az

ai

_ (71)1+nan(71)1+(n71)an_1 . (71)1+1a1
(_1)(1+ﬂ)+71+~-+2a1a2 st ln

(n+1)(n+2) _
= (-1 2 Yajag - - ap

Solution 4.41 A matrix is not invertible if and only if its determinant is equal
to zero. Therefore, all we need to do is find the determinant of the matrix, and
determine the values of A that make the determinant zero.

R | (Q—A)det{_)‘ 1 }—det[_l ! :|+

det -1 —-A 1
1 3 1-A

o

3 1—-2A 1 1-A

= A=2-1
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Solution 4.42

2)

c)

d)

False Counterexample:

11
det[1 1}:07&1

The correct statement should be:

The determinant of a triangular (or diagonal) matrix is the product of
the entries of its main diagonal.

False Counterexample:

Then

det(AAT)

Il

o,

)

-+
N

—

)
(S S —
[NORE
—_

)
det(ATA) = det<[;][1 2]>
1 2 0

2 4

Therefore, det(AAT) # (AT A).
The correct statement should be:

For every square matrix A, we have det(AAT) = (AT A).

True Since
_ _ det(A) det(B)
1 _ 1 — . =
det(B~"AB) = det(B ")det(A)det(B) = det(B) det(A)
_ _ det(B) det(A)
1y _ 1y = =
det(BAB™") = det(B)det(A)det(B™") = det(B) det(A).
False Counterexample: Let
10
=0 7]
Then
det(A) = 1
20
det(24) = det { 0 2 } =4

= det(A) # 2det(A).
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The correct statement should be:
If an n x n matrix A is multiplied by a scalar ¢, the determinant of the
resulting matrix is det(cA) = c™ - det(A).

True Since suppose the column vectors of A € R™*™ are linearly inde-
pendent, then Ax = 0 has a unique solution x = 0. The row vectors of AT
will also be linearly independent, hence A”x = 0 also has a unique solution
x = 0. Furthermore, since the columns are linearly independent,

det(A4) #0 = det(AT) = det(A) # 0.

1

11
Solution 4.43 B= |1 0| andb= |[1]| so BB = 3 2 and BTb =
2 2
11 0
ﬂ The equation BT Bx = BTb has solution x = [_11/2 . For this vector
1/2
x we have Bx = | 1
1/2
zp 1 Y1
Solution 4.44 We obtain B = [z 1| and b = |y, | so that BTB =
xzz 1 Y3

2 , -
[%Z’ anl} (where n = 3 in this example) and BTb = {Zz:xlyl} . Thus

we end up with the same equations as before.

Solution 4.45 The inverse operation to multiplying the first row by two is
multiplying the first row by 1/2. Therefore the inverse elementary matrix to

2 0 0 1/2 0 0
01 0fis|0 10
00 1 0 0 1

The inverse operation to subtracting twice the first row from the second
row is adding twice the first row to the second row. Therefore the inverse

1 00 1 00
elementary matrix to [ =2 1 0| is [2 1 0
0 0 1 0 0 1
The inverse operation to exchanging the last two rows is exchanging them
100
again. Therefore the inverse elementary matrix to |0 0 1| is the same
0 10

matrix

O O =
_ o O
o = O
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In each case one can check directly that the inverse matrices when multiplied

by the original matrices give the identity matrix.

Solution 4.46 We can reduce A to the identity with the following row
operations: (R2)— (1/2)(R1), (R3)+ (1/2)(R1), (R3) — (R2), (R1) — 6(R2),

(R2) — (5/4)(R3), (R1) + 7(R3), (1/2)(R1),

10 o0 100 1/2 0 0 10 7 10

01 o 0 2 0 0 1 0 01 0 0 1

0 0 1/2 0 0 1 0o 0 1 0 0 1 0 o
SO

1 0 0 1 0 o0 10 0 16 0

A= 1|12 1 o 0 1 0 01 0 01 0

0 o0 1 —1/2 0 1 0o 1 1 0 0 1

(2 3] 1
M, = 0 1) M 2 3
[0 1] 1
My, = 0 1) My o = 3
(0 1] 1
M, = 2 3] Ms3 o = B
Thus the inverse is
1 2 -0 -2
=1 —(-8) -2 2| =
- —6 -0 2

Solution 4.48 According to Cramer’s rule

1 1 0
r1 = 74det 0 2
1o
1 [1 1
To = 74det 1 0
R ER
1 [1 0
Tr3 = 74det 1 2
30
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Chapter 5

Complex numbers

5.1 Complex arithmetic

Complex numbers can be thought of as points on the zy plane. The point
(z,y), thought of as a complex number, is written x + iy (or = + jy if you are
an electrical engineer). The i stands for an “imaginary” quantity such that
i = —1. If 2 = x + iy then x is called the real part of z and ¥ is called the
imaginary part of z.

Complex numbers are added just as if they were vectors in two dimensions.
If z =2 + iy and w = s + it, then

z+w=(zx+iy)+ (s+it)=(x+s)+i(y+1)
To multiply two complex numbers, just remember that i2 = —1. So if
z=x+ iy and w = s + it, then
2w = (z +iy) (s +it) = xs + i2ytr + iys + izt = (s — yt) +i(xt + ys)

The modulus of a complex number, denoted |z| is simply the length of the
corresponding vector in two dimensions. If z = x + iy

2| = |z + iyl = Va2 +y°

An important property is
|zw| = [2|[w]

just like for real numbers.

The complex conjugate of a complex number z, denoted Z, is the reflection
of z across the x axis (also called the real axis). Thus = + iy = = — iy. Thus
complex conjugate is obtained by changing all the ¢’s to —i’s. We have

ZW = ZW

and
2z = |2|?
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This last equality is useful for simplifying fractions of complex numbers by
turning the denominator into a real number, since

Z _ zZW
wo |wl?
For example, to simplify (1 +14)/(1 —4) we can write

1+i  (1+4*  1-1+2
1—i (1—d)(1+1) 2

A complex number z is real (i.e. the y part in z+1iy is zero) whenever z = 2. We
also have the following formulas for the real and imaginary part. If z = = + iy
then ¢ = (24 2)/2 and y = (z — 2)/(29)

Complex numbers are indispensable in many practical calculations. We will
discuss complex exponentials when we talk about differential equations. The
reason why we are interested in them now is the following fact:

Theorem 5.1 If we use complex numbers, every polynomial can be completely
factored. In other words, given a polynomial A" 4 a,_1 A" ! + - + a1\ + ao,
there exist (possibly complex) numbers 71,74, ..., 7, such that

)\n+an71)\7L—1+...+a1)\+a0 — ()\_Tl)<>\_r2)"'()\_7'n)
The numbers r; are the values of A for which the polynomial is zero.

So for example the polynomial A2+ 1 has no real roots, since there is no real
number A for which it is zero. However there are two complex roots, +i and

M41l=A+49)\—1)

Of course, actually finding the roots of a high degree polynomial is difficult.
Here are some points to keep in mind.

You can always find the roots of a quadratic polynomial using the quadratic
formula. In other words, the roots of aA? + b\ + ¢ are

—b+ Vb2 — dac
2a

If the quantity inside the square root is negative, then the roots are complex.
So, for example the roots of A2 + X + 1 are

—1+v/12-4 —-1++/=-3 —-1++/-1V3 -1 j[,\/3
= = = —_— 1T—.
2 2 2 2 2

5.2 Complex exponential

We begin by considering the differential equation
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In other words we are looking for a function whose derivative is equal to the
function. The exponential is such a function, so y(t) = e’ is a solution to this
differential equation. So is y(t) = Ce?, where C' is a constant.

Now consider the equation

y'(t) = ay(t)

where a is a real number. Then, using the chain rule, we see that y(t) = Ce® is
a solution for any choice of constant C. Notice that the constant C' is y(0), the
value of the solution at time zero. If we insist that the solution at time ¢t = 0
take on a particular value

y(0) = yo
Then this forces the constant C' to be yq
Now consider the equation

y'(t) = iy(t)
A solution to this equation is given by
y(t) = cos(t) + isin(t)
To check this, just differentiate.

y'(t) = —sin(t) +icos(t)

= i(cos(t) + isin(t))

= iy(t)
So it is natural to define the exponential, e, of a purely imaginary number it
to be ‘

et = cos(t) +isin(t)

The complex exponential satisfies the familiar rule e?(sTt) = ¢?s¢it since by the
addition formulas for sine and cosine

T = cos(s+t) +isin(s + )
= cos(s) cos(t) — sin(s) sin(t) + i(sin(s) cos(t) + cos(s) sin(t))
(cos(s) + isin(s))(cos(t) + isin(t))

els ezt

Now it easy to check that solutions to

y'(t) = iby(t)

are given by y(t) = Ce™*, where C is an arbitrary constant. Since we are dealing
with complex numbers, we allow C to be complex too.

The exponential of a number that has both a real and imaginary part is
defined in the natural way.

€a+ib _ eaeib = ea(COS(b) + ’LSIH(b))
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rel®

L)

Figure 5.1: Polar representation of a complex number.

and it is easy to check that the solution to the differential equation

Y'(t) = Ay(t) = (a+1ib)y(t)

is given by y(t) = Cer = Cel*t®)t As before, if we insist that the solution at
time ¢ = 0 take on a particular value

y(0) = yo,

then this forces the constant C' to be .

5.3 Polar representation of a complex number

Notice that the number e = cos(#) + isin(f) lies on the unit circle on the
complex plane, at the point making an angle of § (radians) with the z axis. If
we multiply e’ by a real number r, then we obtain the complex number whose
polar co-ordinates are r and #. This is shown in Figure 5.1.

Notice that r is exactly the length (sometimes called the modulus) of the
complex number re?. The angle 6 is called the argument. This representa-
tion of complex numbers makes the definition of complex multiplication more
transparent. We have

r1e%1rgei®2 = pipyei(f1+02)
In other words, when we multiply two complex numbers, the moduli get
multiplied and the arguments get added.

54 MATLAB

Complex numbers are handled naturally by MATLAB. Specifying a complex
number is done with the syntax z = 1+3i. The commands real(z) and imag(z)
return the real and imaginary parts of a complex number z. The commands
abs(z) and conj(z) return the length and conjugate of z. Typing sqrt(-1)
returns
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ans =
0 + 1.00001

5.5 Problems

Problem 5.1 Show that |zw| = |z||w| for complex numbers z and w.
Problem 5.2 Show that Zw = zZw for complex numbers z and w.
Problem 5.3 Show that 2z = |z|? for every complex numbers z.
Problem 5.4 Simplify the following expressions to the form x + iy.

1. i(2—3i)(—2+1)

. (1—-14)(2 i 1)(3—1)

3. (=1 +414)>°

Problem 5.5 Prove that

_ lml

Z1
|22’

1.

22

2. (2™) = ()" for alln € N;

3. —=ZzZif|z|=1;

4. z is either real or pure imaginary if (2)* = 2%

Problem 5.6 There are three values of z which gives 23 = —i. Find all three
values in the form x 4+ iy.

5.6 Solutions to Chapter Problems

Solution 5.1 If z = z + iy and w = s + it then zw = xs — yt + i(at + ys) so
2w|” = (s — + (2t +ys)” = x°s” + — 2xyst + x°t° + y°s° + 2xyst =
2 yt2 t y 2 2.2 y2t2 2 yt 2t2 y2 2 2 Y t

(2% +y2)(s* + %) = [2]*w]?.

Solution 5.2 If z = z 4+ iy and w = s + it then zw = xs — yt + i(at + ys)
so zw = xs — yt — i(xt + ys). On the other hand zw = (z — iy)(s — it) =
xs — yt —i(xt + ys).

Solution 5.3 If z = x + iy then 2z = (z + iy) (v — iy) = 2% + y* = |2|*.
Solution 5.4
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i(2=3i)(=24i) = (B+2)(-2+1)
= —6—4i+ 3i+2i°
= —8—i
b)
5 _ 5(1+1)(2+1)(3+14)
(1—-149)(2—14)(3—1) (1-9)(2-9)B—-9)(1+4)(24+1%)(3+1)
5(1+3i)(341)
2-5-10
_5(100)
= w0 2

(—1+40)”

(\/Qei%r)50
225 1757”
925 (%5 +367)

= 2%(—i) = —2%

Solution 5.5

a) Let 2y = |21]e", zp = |21e?2,
z1 |21|e’i6’1 @61(91—92) _ &l
2 | 22|02 |22 |22
Alternatively,
2 7N — — 2
- ()%
Z2 22 Z2 22 Z2 2073 |2a|?
Since |28 >0, |z1] > 0, |22| > 0, we have that

2| _ lal

|zl

Z2

b) Let z = re?’. Then
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c) If |z| = 1, then z = €¢?. So

d) Let z = x +iy. Then

(2)? = (¢ —iy)? = 2® — y* — 2ixy

22 = (z +iy)? = 22 — y? + 2izy.

If (z)? = 22, then 22 — y? — 2ixy = 22 — y? + 2izy, therefore the condition
is that —2ixy = 2ixy, that is, xy = 0.

Hence, (z)? = 22 only when z is either real or pure imaginary.
Solution 5.6 If 23 = —i, then

2= (i) = (etprn)

g\ /3 Ix T .. Tm
k=1 = (e 2) =e'6 =cos— +isin— = —
6 6
ill—")l/S 1l 117 . 117 \/g
= e = — —

1
6 ZCOS?-F?;SHI?— 5 3
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Chapter 6

Eigen-analysis

6.1 Eigenvalues and eigenvectors

Definition 6.1 Let A be an n X n matriz. A number X\ and a vector X are
called an eigenvalue eigenvector pair if

(1) x#0
(2) Ax = Ax

In other words, the action of A on the vector x is to stretch or shrink it by
an amount A without changing its direction. We say A is an eigenvalue of A if
there exists a vector x so that A and x are an eigenvalue eigenvector pair. Notice
that we do not allow x = 0. If we did, any number A would be an eigenvalue.
However we do allow A = 0. Saying that 0 is an eigenvalue of A means that
there is a non-zero solution x (the eigenvector) of Ax = 0x = 0. So we see that
0 is an eigenvalue of A precisely when A is not invertible.

Let’s look at some examples. Consider first the matrix of reflection about
a line making an angle of # with the = axis shown in Figure 6.1. Let x be
any vector that lies along the line. Then the reflection doesn’t affect x. This
means that Rx = x. In other words, x is an eigenvector with eigenvalue 1. On
the other hand, suppose that y is a vector at right angles to the line. Then
the reflection flips y into minus itself. So Ry = —y. In other words, y is an
eigenvector with eigenvalue —1. If we take any other vector and reflect it, we
don’t end up with a vector that lies on the same line as the original vector.
Thus there are no further eigenvectors or eigenvalues.

An important point to notice is that the eigenvector is not uniquely deter-
mined. The vector x could be any vector along the line, and y could be any
vector orthogonal to the line. In fact, if we go back to the original definition of
eigenvalue and eigenvector we can see that if A and x are an eigenvalue eigen-
vector pair, then so are A and sx for any non-zero number s, since sx # 0 and
Asx = sAx = s Ax = Asx. So the important thing about an eigenvector is its
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Ry=-y

Figure 6.1: Eigenvalues and eigenvectors of a 2D reflection.

direction, not its length. However, there is no such ambiguity in the definition
of the eigenvalue. The reflection matrix has exactly two eigenvalues: 1 and —1.

In some sense, the reflection matrix R illustrates the most satisfactory sit-
uation. R is a 2 x 2 matrix with two distinct eigenvalues. The corresponding
eigenvectors x and y are linearly independent (in fact they are orthogonal) and
form a basis for two dimensional space. It will be important in applications to
determine whether or not there exists a basis of eigenvectors of a given matrix.
In this example, x and y are a basis of eigenvectors of R.

As our next example, consider the identity matrix I. Since the identity
matrix doesn’t change a vector, we have Ix = x for any vector x. Thus any
vector x is an eigenvector of I with eigenvalue 1. This example shows that a
given eigenvalue may have many eigenvectors associated with it. However, in
this example, there still exists a basis of eigenvectors: any basis at all is a basis
of eigenvectors of I.

Next we will consider the rotation matrix ... and run into trouble. Suppose
R is the matrix of rotation by w/4 (i.e. 45°). Then Rx is never in the same
direction as x, since R changes the direction of x by /4. So R has no eigenvalues
and no eigenvectors. This unfortunate state of affairs will cause us to make a
considerable detour into the theory of complex numbers. It turns out that if we
work with complex numbers rather than real numbers, then the rotation matrix
has eigenvalues too.

6.1.1 Computing the eigenvalues and eigenvectors

We now consider the problem of finding all eigenvalue eigenvector pairs for a
given n X n matrix A. To start, suppose someone tells you that a particular
value A is an eigenvalue of A. How can you find the corresponding eigenvector
x? This amounts to solving the equation Ax = Ax for x. This can be rewritten

(A—M)x =0,

where I denotes the identity matrix. In other words x is a non-zero solution to
a homogeneous equation. It can be found by Gaussian elimination.
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For example, suppose you know that 4 is an eigenvalue of

3 -6 =7
1 8 5
-1 -2 1

To find the corresponding eigenvector, we must solve

3 —6 -7 1 00 x1 0
1 8 5 |—-4(0 1 0 z2 | =10
-1 -2 1 0 0 1 Z3 0

This can be written

-1 -6 -7 T 0
1 4 5 Ty | = 0
-1 -2 -3 T3 0

To solve this we reduce the matrix. This yields

-1 -6 -7
0 -2 =2
0 0 0

The fact that the rank of this matrix is less than 3 confirms that 4 is indeed
an eigenvalue. If the rank of the matrix were 3 then the only solution to the
equation would be 0 which is not a valid eigenvector.

Taking x3 = s as a parameter, we find that zo = —s and 1 = —s. Thus
-1
x=s|—1
1

is an eigenvector (for any non-zero choice of s). In particular, we could take
s =1. Then
-1
x=|-1
1

When doing calculations by hand, it makes sense to take the scalar multiple s
in the eigenvector calculation so that it simplifies the form of the eigenvector
(clears common denominators in the components, for example). Eigenvectors
computed in MATLAB are normalized (scaled so that they have length 1).

Now that we have a method for finding the eigenvectors once we know the
eigenvalues, the natural question is: Is there a way to determine the eigenvalues
without knowing the eigenvectors? This is where determinants come in. The
number A is an eigenvector if there is some non-zero solution x to the equation
(A —AI)x = 0. In other words, A is an eigenvalue if the matrix (4 — AI) is not
invertible. This happens precisely when det(A — AT) = 0.
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This gives us a method for finding the eigenvalues. Compute det(A — \I).
This will be a polynomial in A. The eigenvalues will be exactly the values of A
that make this polynomial zero, i.e., the roots of the polynomial.

So here is the algorithm for finding the eigenvalues and eigenvectors:

(1) Compute det(A — AI) and find the values of A for which it is zero. These
are the eigenvalues.

(2) For each eigenvalue, find the non-zero solutions to (A — AI)x = 0. These
are the eigenvectors.

I should mention that this is actually only a practical way to find eigenvalues
when the matrix is small. Finding eigenvalues of large matrices is an important
problem and many efficient methods have been developed for use on computers.

Example 6.1 Find the eigenvalues and eigenvectors of

2 1
A_[l 2].
First we compute
det(A—X) = (2-XN(2-)N)-1
= AN —4)\+3

We can find the roots of this polynomial using the quadratic formula or by
factoring it by inspection. We get

M —4A+3=\N-1)(A-3),

so the eigenvalues are 1 and 3. Now we find the eigenvector for A = 1. We must
solve (A — I)x = 0. The matrix for this homogeneous system of equations is

b
o o)
-]

Next we find the eigenvector for A = 3. We must solve (A — 3I)x = 0. The
matrix for this homogeneous system of equations is

o
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Reducing this matrix yields

so an eigenvector is
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oo
H

Example 6.2 Let us find the eigenvalues and eigenvectors of

Reducing this matrix yields

so an eigenvector is

3 -6 -7
A=1|1 8 5
-1 -2 1
First we compute
3—-X —6 -7
det(A— M) = det 1 8-\ 5
-1 -2 1-=A

= B=XN(B=N(1=X)+10)+6((1—=X)+10) —7(=2+ (8 = N))
= A3+ 12)\2 —44) + 48

It is not always easy to find the zeros of a polynomial of degree 3. However, if
we already know one solution, we can find the other two. Sometimes, one can
find one solution by guessing. In this case we already know that 4 is a solution
(since this is the same matrix that appeared in the example in the last section).
We can check this:

—64+12x16—-44x4-48=0

This means that A2 + 122 — 44\ +48 can be factored as —\3+12\% —44)\ 448 =
(A —4)g(N), where ¢()\) is a second degree polynomial. To find ¢(\) we can use
long division of polynomials.

) -
A—4 ) A3 41202 —44) 448

=A% 42
8A\2 —44)
82 —32)
—12\  +48
—12X  +48

This yields g(\) = —A2 4+ 8\ — 12 This can be factored using the quadratic
formula (or by inspection) as g(A) = —(A — 2)(A — 6) So we conclude

A 120% — 440 448 = — (A —4) (A —2)(A — 6)
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and the eigenvalues are 2, 4 and 6. Now we find the eigenvector for A = 2. We
must solve (A—27)x = 0. The matrix for this homogeneous system of equations
is

1 -6 -7
1 6 5
-1 -2 -1
Reducing this matrix yields
1 -6 -7
0 -8 -8
0 0 O
so an eigenvector is
1
-1
1

Next we find the eigenvector for A = 4. We must solve (A — 4I)x = 0. The
matrix for this homogeneous system of equations is

[-1 -6 —7]
1 4 )
| -1 -2 3]
Reducing this matrix yields
[-1 -6 —7]
0 -2 -2
| O 0 0 |
so an eigenvector is
-1
-1
1

Finally we find the eigenvector for A = 6. We must solve (A — 6I)x = 0. The
matrix for this homogeneous system of equations is

-3 -6 -7
1 2 )
| -1 -2 5]
Reducing this matrix yields
[-3 —6 —7]
0 0 8
| 0 0 0 |
so an eigenvector is
-2
1
0
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Example 6.3 (Repeated Eigenvalues) Find the eigenvalues and eigenvec-
tors of

1 1 0
A=10 2 0
0 -1 1
Consider
1-A 1 0
det(A — M) = det 0 2—-X 0
0 -1 1-AX

In this case it makes sense to expand along the last column. This yields
det(A— A =0-0+(1-N1-=X)2-N)=(1-N?*2-)N)

This is already factored, so the zeros are A = 1 and A = 2. Notice that the
factor (1 — \) occurs occurs to the second power. In this situation there are
fewer distinct eigenvalues than we expect. Lets compute the eigenvectors. To
find the eigenvectors for A = 1 we must solve the homogeneous equation with
matrix A — I, i.e.,

0 1 0

0 1 0

0 -1 0
This reduces to

01 0

0 0 O

0 0 O

and we find that there are two parameters in the solution. The set of solutions
in parametric form is

1 0
s|0]+¢t]|0
0 1

We can find two linearly independent solutions by setting s = 1, ¢ = 0 and
s =0, t=1. This gives

17 o
0l,]o0
o] |1

To find the eigenvectors for A = 2 we must solve the homogeneous equation
with matrix A — 21, i.e.,

(-1 1 0]

0 0 0

| 0 -1 —1]

This reduces to _ _
-1 1 0

0o -1 -1

| 0 0 0 |
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and we find that the set of solutions in parametric form is

Setting s = 1 gives the eigenvector

1
-1

In this 3 x 3 example, even though there are only two distinct eigenvalues, 1
and 2, there are still three independent eigenvectors (i.e., a basis), because the
eigenvalue 1 has two independent eigenvectors associated to it.

Example 6.4 (Repeated Eigenvalues with “Missing” Eigenvectors) Find
the eigenvalues and eigenvectors of

a2 1.

det(A — AI) = (A — 2)2

Here

so there is only one eigenvalues A = 2. To find the eigenvectors, we must solve
the homogeneous system with matrix

o o]
1o

so there is only one eigenvector direction. So here is a matrix that does not
have a basis of eigenvectors. Matrices like this, that have too few eigenvectors,
will not be studied further in this course, but they do occur in applications.

The solutions are

6.1.2 Complex eigenvalues and eigenvectors

Since eigenvalues are found as roots of polynomials, we now see that they can be
complex. A discussion of complex eigenvalues and eigenvectors is given below.

Example 6.5 Lets consider the matriz of rotation by 7/2. This is the matriz
0 1
)

-2 1
-1 =X

We compute
det(A — M) = det [
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The roots are +¢ so the eigenvalues are ¢ and —i. Now we compute the eigenvec-
tor corresponding to the eigenvalue . We must solve the homogeneous equation
with matrix
—i 1
.

Notice that we will have to do complex arithmetic to achieve this, since the
matrix now has complex entries. To reduce this matrix we have to add 7 times
the first row to the second row. This gives

—i 1 -1
—14+—-2 —i4+4i| |0 O

So if we let the x5 = s, then —iz; + s =0, or x1 = —is. So the solution is

7]

and we may choose s = 1. Lets check that this is really an eigenvector:

ol =E

To find the other eigenvector we can use a trick. Suppose that the original
matrix A has only real entries. This will always be the case in our examples.
Suppose that A has a complex eigenvalue eigenvector pair A and x. Then
Ax = Mx. Taking the complex conjugate of this equation, we obtain AX = AX.
(Here conjugating a matrix or a vector just means conjugating each entry).
Now, since A has real entries, A = A. Hence Ax = Ax. In other words X is an
eigenvalue with eigenvector X. In the present example, we already know that
i = —i is an eigenvalue. But now we don’t have to compute the eigenvector that
goes along with it. It is simply the conjugate of the one we already computed.
So the eigenvector corresponding to —i is

i

The eigenvalues of A are the zeros or roots of the polynomial det(A — AI).
If we use complex numbers then det(A — AI') can be completely factored, i.e.,

det(A—X) =£(A=A)A=X2)--- (A= Ap)

Finding the roots may be difficult. However for 2 x 2 matrices we may use the
quadratic formula.

If all the roots are distinct (i.e., A\; # A, for ¢ # j) then the corresponding
eigenvectors X1, Xa, . .., X, are linearly independent (I didn’t show you why this
is true, so I'm just asking you to believe it!) and therefore form a basis.

If there are repeated roots, then there are fewer than n distinct eigenvalues.
In this situation, it might happen that there are not enough eigenvectors to
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form a basis . However it also might happen that more than one eigenvector
associated to a given eigenvalue, so that in the end there are enough eigenvectors
to form a basis. Compare Examples 6.3 and 6.4 from earlier, where we saw that
either situation can occur. Unfortunately, the only way we have to find out is
to try to compute them all.

6.1.3 MATLAB

When applied to a square matrix A, eig(A) will return the eigenvalues and the
eigenvectors of A. To use this command enter the following in MATLAB:

>> [P,D] = eig(A)

What will be returned is a matrix P with the normalized (unit length) eigen-
vectors of A in its columns, and a matrix D with the eigenvalues of A along
it’s diagonal. The eigenvalue corresponding to the i*” column of P is found
in the (i,4) position of D. Using the eig command above will return complex
eigenvalues and eigenvectors when present.

Example 6.6 Consider A

1 4 5
A=|6 3 9
2 7 8

(6.1)

We can enter A into MATLAB and find its eigenvectors and eigenvalues with
the following commands:

>> A=[1 45; 6 39; 27 8];
>> [P,D] = eig(A)

P =
-0.3919 -0.5895 0.2238
-0.6401 -0.5446 -0.8511
-0.6609 0.5966 0.4750

D =
15.9657 0 0

0 -0.3653 0
0 0 -3.6004

These results tell us that A has eigenvectors {vi,ve,v3} and corresponding
eigenvalues {1, A2, A3} as follows:

~0.3919 —0.5895 0.2238
{v1,v0,03} =~ —0.6401 |,| —0.5446 |, —0.8511
—0.6609 0.5966 0.4750
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{A,d2, A3}~ {15.9657, —0.3653, —3.6004}

6.1.4 Problems

Problem 6.1 Show that {ﬂ and {11

What are the corresponding eigenvalues?

Problem 6.2 Suppose P is a projection matrixz. What are the eigenvalues and
eigenvectors of P?

Problem 6.3 Find the eigenvalues and eigenvectors for
0 3 -2 -8 29 -10 -9 -14
@) [3 0} ) { 4 10} °) {105 —36} 9) { 712 ]
Problem 6.4 Find the eigenvalues and the corresponding eigenvectors of the

matriz
2 3
2 1|

Problem 6.5 Find the eigenvalues and eigenvectors for

0 -1 1 1 1 1 7 -9 -15 31
a) [1 0 2] b |1 0 =2 ¢ |0 4 0| 4 |18
2 0 2 1 -1 1 3 -9 —11 12

Problem 6.6 Let P be a 2 X 2 transitional probability matriz in the form

1 —pa
D22

P11
1—pn

Prove that one of the eigenvalues of P must be 1, and another one must be in
the interval [—1,1]. (Hint: Let ¢ = p11 + paz.)

Problem 6.7 Find the eigenvalues and the corresponding eigenvectors of the
following matriz.

01 -1
A=15 0 1
01 -1

Problem 6.8 Find the eigenvalues and the corresponding eigenvectors of the
following matriz.

b
I
= O N
o N O
N~ =
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Problem 6.9 Is there a rank two matriz M, such that vectors v, = [1,2,3]T
and 7;12 = [3,2,1]T are eigenvectors of M, both corresponding to the same
eigenvalue py = po = —12 If your answer is yes then find such a matriz, and
if your answer is no, then justify your answer.

Problem 6.10 Find the eigenvalues and the corresponding eigenvectors of the
matric

2 3

-2 -1 |

Problem 6.11 Given a 2 x 2 matriz
)
b

a
i
a, Find values for a and b that A2 = A.
b, Find values for a and b that A*> = A and A* # A.
¢, Find values for a and b that A® # A and A° = A.
Problem 6.12 Like in the previous question, given a 2 X 2 matriz

a 1
=[]
a, Find values for a and b that the two eigenvalues of A are 1 =2+ i and
Mo = 2 — 7.
b, Find the eigenvectors of A in the previous question. (where the two eigen-
values are 2 + 1)

6.2 Eigenanalysis simplifies matrix powers

In the previous section we learnt how to find eigenvalues and eigenvectors of a
matrix, including the case when they are complex. There are two main uses
of this eigenanalysis: efficiently computing powers of a matrix (studied in this
section) and in the solution of differential equations considered in Section 6.3
below.
Recall that in the random walk application in Section 4.3 we were interested

in high powers of a matrix, specifically

lim P"x(©

n—oo
where P is the matrix of transition probabilities and x(©) is the column vector
of initial probabilities. We will explore the use of eigenanalysis to simplify our
understanding of these kind of problems in two examples below.
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Example 6.7 We consider again the sorcerers’ duel in Example 4.1. We will
consider what happens if the duel is allowed to continue without limit until there
is a winner. Rather than compute

lim P"x(©

n—oo
numerically in MATLAB as was done in Section 4.3 we will use an eigenanalysis
of P to understand this limit. The transition matrix for this problem is

0 1/2 0 0
123 0 0 0
P=113 0 1 0
0 1/2 0 1
with initial state x(®) = (1,0,0,0)”. The eigenanalysis of P is summarized

below:

M=1  k; =(0,0,1,0T
M=1  ky=(0,0,0,1)"
=k —(1—\/51(1—\/§)i1)T
3 = 3 — 7\/§ 7\/§7
2 1
M=——  ky=(1+V3-—"F(1+V3),——
4 1= ( \/3( ) 7

Note that A = 1 is a repeated eigenvalue but there there is still a basis of
eigenvectors (the set of eigenvectors associated with A = 1 is two-dimensional).
We can write

S

X(O) = c1ky + coks + csks + c4ky (62)
for some coefficients ¢, ¢, ¢3 and ¢4 uniquely determined. Equation (6.2) can
be written in matrix-vector form

Tc =x (6.3)
where ¢ = (¢1, 2, c3, 04)T and T is the 4 x 4 matrix with eigenvectors ki, ko, k3
and k4 in its columns. Solving (6.3) (I used MATLAB) gives ¢; = 1/2, ¢ = 1/2,
cg ~ —0.6830 and ¢4 ~ 0.1830. With these values of ¢ (6.2) is a representation
of x( as a linear combination of eigenvectors of P. This makes working out
later states x(™) easy, as shown below.

X(l) = PX(O) = P(Clkl + coko + c3ks + C4k4)
= c Mk + codoko + c3Asks + caiky

1 1
= Clkl + CQkQ + 7631{3 — 7041{4

V3 V3

where in the middle line we have remembered that the k; vectors are eigenvec-
tors, so Pk; = M\k; for ¢ = 1,2, 3,4. Similarly

1 1
x?) = pxW = p2x(O) — ¢k + eoky + §03k3 + §C4k4

212



CHAPTER 6. EIGEN-ANALYSIS 6.2. EIGENANALYSIS SIMPLIFIES MATRIX POWERS

and

1\" 1"
x(™ = Px(0) = ¢k + eoko + (\/5) csks + <—\/§> caky (6.4)

This formula (6.4) is a simple formula for the state at any time n that does
not involve much computational work. In addition, it is easy to see from this
formula that

lim x™ = (0,0,1/2,1/2)T

n—oo

as found numerically in Example 4.1

Example 6.8 The weather in Vancouver is either good, average or bad on any
given day. If the weather is good on any day, there is a 60% chance the weather
will be good, 30% chance average, and 10% bad on the next day. If the weather
is average, then on the next day there is a 40% chance of good, 30% of average
and 30% of bad weather. If the weather is bad then on the next day there is
a 40% chance of good, 50% of average and 10% of bad. If the weather is good
today, what will the weather be like a long time from now? We number the
states

1) good
2) average
3) bad

The corresponding transition matrix is

1 6 4 4
1 3 1
The initial state is x(°) = [1,0,0]”. The eigenanalysis of P is summarized below:

M=1,  ky=[1/2,1/3,1/6]"
Ao =0.2, ky=[-21,1]T
A3 =-0.2, k;=[0,-1,1]

As above, we put the eigenvectors into the columns of a matrix 7" and solve
Tc = (1,0,0)"
for ¢ = (1,—1/4,1/12). The right hand side (1,0,0)T of the system above

corresponds to the initial state x(?) of good weather. As before, this gives us
the representation of the initial state as a linear combination of the eigenvectors:

1 1
O —k; — —ky + —Kks.
X 1 42+123
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Again, we see that multiplying by P in this representation leads to an easy
formula since k; are eigenvectors:

1 1
xW = Px(® = k) — 2(0.2)"ks + —(—0.2")ks
4 12
Note that after a long time (n — o) the second and third terms above tend to
Z€ero, SO

lim =™ =k, = (1/2,1/3,1/6)

n—oo
so after a long time after the first nice day, the weather will have a 1/2 chance
of being good, 1/3 average and 1/6 bad.

Let us consider the example above a bit more closely. Intuitively, the weather
after a long time should not depend on what it was like the day you started. In
fact, we can show that

lim ™ =k, (6.5)

n—oo

for any starting probability (%) (for which the entries must be non-negative and
sum to one).
To show this, we have to show that writing

X(O) == Clkl + 02k2 + Cgkg (66)

always gives ¢; = 1 no matter what x(©) is. Note that the entries of ko and
k3 sum to zero and the entries of k; and z(°) sum to one. So by summing the
entries of (6.6) we see that ¢; = 1 which shows that (6.5) is true for any starting
probability (°) as our intuition predicted. The probability k; that all initial
states tend to is called an equilibrium probability. In some cases described in the
theorem below you can guarantee the existence of an equilibrium probability.

Theorem 6.1 If P is a transition matriz (non-negative entries with all columns
summing to one) that in addition has all positive entries then P has an eigen-
value 1 with a single eigenvector ki that can chosen to be a probability vector.
All other eigenvalues \ satisfy |\ < 1 with eigenvectors with components that
sum to zero. Thus,

lim z™ =k,
n—oo

for any z(©). That is, ky is an equilibrium probability.

Note that the Example 6.8 the transition matrix satisfied the conditions
of the theorem and had a equilibrium probability. The transition matrix of
Example 6.7 did not satisfy the conditions of the theorem and does not have an
equilibrium probability (depending on the initial state, you can tend to different
fractions of times that each sorcerer wins the duel).

We can summarize the process used to analyze these examples: writing
a vector x (the initial probability in our examples) as a linear combination
of eigenvectors of a matrix A (the transition matrix for our examples) then
easily writing A"x as a linear combination of eigenvectors. This process can
be summarized in matrix-vector notation as Diagonalization discussed in more
detail in Section 6.5.1.
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6.2.1 Problems

Problem 6.13 Find the eigenvalues and corresponding eigenvectors of the stochas-
tic matriz P below. Use the eigenvectors and eigenvalues to describe

lim Pz,
n—oo
where (9 = [1,0,0]", and
o 1 1
p=1|1 i i
P72
2 1

Problem 6.14 What is the necessary condition on a and b, for P having an
equilibrium probability? Find the equilibrium probability vector (if it exists) for
a=b=1/4.

P =

ISIESNIE

S0 | [ =
QO | 00 | =

6.3 Systems of linear differential equations
Consider the system of differential equations

yi(t) =aiay(t) +ar2y2(t)
B —asin(t) +assys(d (6.7)

This system of equations describes a situation where we have two quantities y;
and ys, where the rate of change of each one of the quantities depends on the
values of both. We can rewrite this as a matrix equation. Let y(¢) be the vector

yl(t)}
t) = ,
Y( ) {yQ(t)
and define the derivative of a vector to be the vector of derivatives, i.e.,
/ t)
/ t — |:y1( :| .
Y=y

Define A to be the matrix

A= [al,l 01,2] )

a1 a2

Then the system of equations (6.7) can be rewritten

A general system of linear equations has this form, except y(¢) is an n-
dimensional vector and A is an n x n matrix. How can we find solutions to such
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a system of equations? Taking a hint from the scalar case, we can try to find
solutions of the form
y(t) = eMx

where x is a fixed vector (not depending on ¢). With this definition
y'(t) = AeMx
so that y’ = Ay whenever
AeMx = AeMx = M Ax
Dividing by e, this condition becomes

Ax = Ax.

In other words, y(t) = e*x is a solution exactly whenever A and x are an

eigenvalue eigenvector pair for A. So we can find as many solutions as we have
eigenvalue eigenvector pairs.

To proceed we first notice that if y;(¢) and y2(t) are two solutions to the
equation y’ = Ay, then a linear combination ¢1y; (¢) + cay2(¢) is also a solution,
since

%(Clyl(t) + 62}’2(75)) = cayi(t) + coys(t)
= Ayi(t) + 2 Aya(t)
= A(Cl}’l(t) + C2Y2(t))

Notice that we are assuming that the constants ¢; and ¢, do not depend on t.
Similarly, if y1(t), y2(t), ..., yn(t) are n solutions then c1y1(t) + coy2(t) +- -+

cnyn(t) is a solution for any choice of constants ¢y, ca, ..., Cy.

Now suppose that A is an n X n matrix. Suppose that Ay, Ag, ..., Ax are its
eigenvalues with eigenvectors x1,Xs,...,X,. Then we have that for any choice
of constants ¢y, co, ..., g,

y(t) = c1e™Mixy + coe™txo + -+ ety (6.8)

is a solution. Have we found all solutions? In other words, could there be a
solution of the equation that is not this form, or is every solution of the form
(6.8) for some choice of ¢, ca, ..., c;?

There is a theorem in differential equations that says that given an initial
condition x( there is one and only one solution of y’ = Ay satisfying y(0) = yo.
So our theoretical question above is equivalent to the following quite practical
question. Given an initial vector yo, does there exist a solution y(¢) of the form
(6.8) whose value at zero is the given initial condition, i.e., y(0) = yo?

This will be true if, given any vector xg, one can find ¢y, ca, ..., ¢, so that

v(0) = e1x1 + coxo + - - + Xy = X0
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This is exactly the condition that the eigenvectors form a basis. It turns out
that in the “bad” cases where there are not enough eigenvectors of A to form a
basis, there are solutions that don’t have the form (6.8).

Now suppose that there are n eigenvectors that do form a basis. How can
we actually find the numbers ¢y, co, ..., ¢, such that

C1X1 + CcoXg + -+ - + Xy = Xo?

Just notice that this is a system linear equations

Example 6.9 Find the general solution to the system of equations

vi(t) =2u(t)  +ya(t)
ya(t)  =w(t)  +2u2(t)
This is equivalent to the matrix equation
1201
=7 3]0

The matrix B ;] has eigenvector and eigenvalues \; = 1, x; = [

C1
C2
Xn . = Xy

Cn

X2

so you know what to do.

1

_1} and

Ao = 3, Xg = E] The eigenvectors x; and x, form a basis, so the general

solution is
y(t) = cleAltXI + CQ@AQtX2 = Cl@t |:_11:| _|_ c2e3t |:1:|

Example 6.10 Continue Fxample 6.9 above and find the solution satisfying
the initial condition
2

We have to find constants ¢; and ¢ so that

oA e li]= 1]

This is the same as solving

The solution is
c1| 1/2
Co o 3/2
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Example 6.11 Now let’s do an example where the eigenvalues are complex.
Consider the equation

o= o]y

Find the general solution of this differential equation. The matrix [ 0 1

1 0] has

12] and complex conjugate Ay = —i,

eigenvector and eigenvalues \; = i, x; = [

X9 = B] . The eigenvectors x; and x5 form a basis, so the general solution is

y(t) = c1eM'x) + e 'xy = cre {_12} + e {ﬂ

In most applications, the solutions that we are interested in are real. The
solution above looks decidedly complex! Remember, however, that the constants
c1 and cp can be complex too. Perhaps for special choices of ¢; and ¢y the
solution will turn out to be real. This is in fact always true when the original
matrix is real. In this case the complex eigenvalues and eigenvectors occur in
conjugate pairs. So if

yi(t) = eMx

is a solution, then so is

y1(t) = eMx

So if we choose ¢; = a/2 and ¢3 = a/2 for a real number a, then

c1eMx + cpeMx = a/2(eMx + ej‘ti)

= aR(eMx)

(here R stands for the real part. We used that for a complex number z, z+z =
2Rz). Similarly, if we choose ¢; = a/2i and ¢o = —a/2i, then
creMx 4 cpetx = a/2i(eMx — ej‘t)’c)

a¥(eMx)

where () denotes the imaginary part of the argument. The upshot is that the
real and imaginary parts of a solution are also solutions. Its sometimes easier to
just start with one the complex solutions and find its real and imaginary parts.
This gives us two real solutions to work with. Notice that it doesn’t matter
which one of the complex solutions we pick. Because they are conjugate, their
real parts are the same, and their imaginary parts differ by only a minus sign.

Example 6.12 Continuing Example 6.11 In the example we have

yi(t) = eit[li}
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j - js( + zsm(t))]
: cos(t) + isin(t)

_ | —icos(t) + .sm( )}
| cos(t) +isin(t)

[ sin(t )] Y [—cos(t)}

| cos(t) + sin(t)

The real part and imaginary part are
sin(t)
cos(t)

— cos(t)
sin(t)
One can check directly that these are solutions to the original equation. The
general solution can also be written

. [sin(t)} s [—'cos(t)}

cos(t) sin(t)

and

The advantage of this way of writing the solution is that if we choose a; and as
to be real the solution is real too.

Example 6.13 Continuing Example 6.12 Now suppose we want to satisfy
an ingtial condition. Let’s find the solution y(t) of the equation that satisfies

There are two ways to proceed. we could use the complex form of the general
solution. Then we must find ¢; and ¢y such that

o[l = [2)

This amounts to solving

The solution is
al - il 2
Co o 1 1 -2
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Soecy =i+1/2 and ¢o =i — 1/2. If we plug these into the expression for the
general solution we get the right answer. However, there is still a fair amount
of complex arithmetic needed to show explicitly that the solution is real. It’s
easier to start with the real solutions. In this approach we must find a; and as

so that
o[+ | e [2] e [01] 2]

Thus a; = as = —2 so the solution is

o [sin(t)] N 2[ cos(t)} _ [—QSin(t) —l-QCOS(t)]

cos(t) sin(t) —2cos(t) — 2sin(¢)

Example 6.14 Now let’s do an example where the eigenvalues are complex,
and have both a real and imaginary part. Let’s solve

-1 1

yo=|Tp L]y

with initial condition

The first step is to find the eigenvalues and eigenvectors. I'll omit the compu-

. . - . 1
tations. The result is Ay = —1 + ¢ with eigenvector x; = [J and the complex

. C 1 .
conjugates Ao = —1 — ¢ with eigenvector x5 = {J . Thus a solution is

Ne | 1
— o(=14i)t

To find real solutions we calculate the real and imaginary parts of this.

[ (=140t
yi(t) = Z-e(—l+i)t:|

_ ~t(cos(t) + isin(t)) }

t(cos(t) +isin(t))

_ e tcos 8):|+i|:ZtSin(t):|

sin cos(t)

So the general solution can be written
e tcos(t e tsin(t
ay [ - ( ) as 1 ( )

~tsin(t)
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To satisfy the initial condition, we need

o] e 3] ]

so that a; = 1 and as = 1. Thus the solution is

4| cos(t) +sin(t)
y(t)=e {— sin(t) + COS(t):|

6.3.1 Problems

Problem 6.15 Find the general solution to 'y’ = Ay when A = {_2 _8}

4 10
(Hint: This matriz appeared in the problems of last chapter). Find the solution
satisfying the initial condition y(0) = [}
, ) , 1 -2
Problem 6.16 Find the general solution to 'y’ = Ay when A = 9 1
Find both the complex form and the real form. Find the solution satisfying the
ingtial condition y(0) = 1
6 0 13
Problem 6.17 Find the general solution toy’ = Ay when A= | 5 1 13
-2 0 —4
Find both the complex form and the real form. Find the solution satisfying the
1
ingtial condition y(0) = |1
1

Problem 6.18 Find the general solution of the following system of differential
equations:

Yo =5 1|0

Problem 6.19 Find the solution of the following system of differential equa-
tions, that satisfy the initial condition y(0) = [0,1]%.

v -7 3]y

Problem 6.20 Find the real form of the solution of the following system of
differential equations, that satisfy the initial condition y(0) = [2, —1]7.

o= 7 o

Problem 6.21 Is it true that every 3 x 3 matriz with real entries always has
at least one real eigenvalue? Why?
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Copoweatoy- T danctor

Figure 6.2: Diagrams of capacitors and inductors.

6.4 LCR circuits

6.4.1 Capacitors and inductors

We introduce new elements into our study of electrical circuits: capacitors and
inductors. At an instant in time ¢, a capacitor acts as a voltage source with
voltage V(t). At a given instant in time an inductor acts as a current source
with current I(¢). These circuit elements are shown in Figure 6.2.

The voltage across the capacitor changes proportional to the current i (with

direction as in Figure 6.2) through it
av __ (6.9)
dt C
where the constant of proportionality C' is the capacitance of the capacitor with
MKS units of Farads. Note that a capacitor with large capacitance can provide
more current for the same drop in voltage.

The current through an inductor changes proportional to the voltage v across
it (with direction as in Figure 6.2)

dI v

7T (6.10)
where the constant of proportionality L is the inductance with MKS units of
Henrys.

We consider here at a high level how the behaviour in time of circuits with
many capacitors, inductors and resistors. At a given instant in time, capacitors
can be treated as a voltage sources and inductors as current sources. To de-
termine how these sources change in time, the current through the capacitors
(6.9) and the voltage across the inductors (6.10) is needed. However, deter-
mining these from the sources is the fundamental circuit problem considered in
Section 3.5.3 and Section 4.6. Thus, a system of differential equations can be
derived for circuit networks with capacitors and inductors by solving the fun-
damental problem for the circuit and scaling the result by the capacitance and
inductance of the elements. Some specific examples are given below.
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T}j\m TU\L§L’§V

|

Figure 6.3: A simple LRC circuit.

6.4.2 Differential equations for LCR circuits

Example 6.15 The simplest example of an LRC circuit is the simple series
circuit shown in Figure 6.5. We will derive a system of differential equations
for V(t) and I(t) in the circuit and determine what combination of values for
the components L, R, and C' lead to oscillations. The equation is simple enough
that the solution to the fundamental problem can just be written down. The
current through the capacitor is I and the voltage v across the inductor is
IR — V. Using the relationships (6.9, 6.10) we write

av

=7 = 7
dt /¢
dl
il —(IR-V)/L=V/L—-IR/L
or in matrix vector form
x = Ax
where x = (V, )T and
A— 0o -1/C
" |1/L —R/L
The eigenvalues A of A satisfy
1
A=) =N —
det( A =\ + /\+LC 0

with solutions 1
_ /2

Considering this expression carefully you can see that if the A values are real
they are negative. If they are complex, the real part is —R/(2L). Thus solutions
always decay exponentially. This is to be expected in a circuit with no external
power. For the circuit to have oscillations, the eigenvalues must be complex, so

R* —4L/C <0
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50.
12 I }+ e (%)

Figure 6.4: Circuit diagram for Example 6.16.

which is commonly rewritten as

2V L ’

Example 6.16 Consider the circuit shown in Figure 6.4. The capacitor has
capacitance C = 1 Farad and the inductor inductance L = 1 Henry. The
capacitor is charged up to 12V and then the switch is closed (so E(0) = 12 and
I(0) =0).

(a) Derive a system of differential equations for 1(t) and E(t).

(b) We expect that E(t) and I(t) — 0 ast — oo (no external power). Will there
be oscillations in E and I in time?

Remember that if i(¢) is the current upward through the capacitor then

dE i

= = 6.11

a o (6.11)
since C = 1. If e(t) is the voltage across the inductor as shown then

dl e

- = 6.12

a - L~ ° (6.12)
since L = 1. It is still necessary to work out i(¢t) and e(t) in terms of E(t) and
I(t). This is the fundamental problem for the circuit. We solved this problem
in Example 3.13 in Section 3.6 and considered it from a different perspective in
the additional notes to Chapter 4. We found that

5 1
- 2p_Zg
‘ 367 6
1
— —E+6l
e 6 +
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Figure 6.5: Circuit diagram.

Inserting these into (6.11) and (6.12) gives the desired system for F and I:

dE 5 1
= = _2F4oT
dt 36 6
dI 1

= = _CE-—6I
dt gt 0

or in vector form x’ = Ax where

e [E] wa 4o 1]

An eigenanalysis of A gives A\; = —0.1436 and A2 ~ —5.9953. Since these are
not complex, the circuit does not exhibit oscillations.

6.4.3 Alternate description of LCR circuits

LCR circuits were presented differently in a previous version of the notes. That
approach is reproduced below starting in the next paragraph. It follows the
discussion in Section 3.5.4.

We now return to the circuit that we discussed previously, shown in Fig-
ure 6.5. Recall that we chose as basic variables I3 and V; and solved for all the
other variables in terms of these. The result was

L = I

L= Vi

Iy = IsfiVAL
Ry

Vi = Ril3

Vo = V4

Vi = —-Ril3-V,

Now we can complete the job and determine I3 and V;. We have to take into
account now that the currents and voltages are functions of time. The relations
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between currents and voltages across capacitors and inductors involves the time
derivatives.
If I and V are the current flowing through and the voltage across a capacitor
with capacitance C', then
av._ 1
d C
If I and V are the current flowing through and the voltage across an inductor

with inductance L, then

dl 1
a1V

Notice that we have chosen as basic the variables that get differentiated.
Using these relations for I3 and Vj yields

dls 1
@ - 1™
vy 1
o~ oh

Now we re-express everything in terms of I3 and V4 using the equations we
derived previously.

ary 1 R 1
T A ey sy AL
vy 1 1 1 1

o (- —V)) ==l — —V,
dt olls Ry =gl R,C*

This can be written as

2= LI

Lets try to determine for what values of Ry, L, C and Ry the circuit exhibits
oscillations. Recall that the solution will involve sines and cosines whenever the
matrix has complex eigenvalues.

The polynomial det(A — AI) = A2 4 b\ + ¢, where

Ry 1
"=T "R

and

Ry 1
_l’_ -
R2 LC LC’

The eigenvalues are the roots of this polynomial, given by (—b & v/b? — 4¢)/2.
These will be complex if b? < 4c, i.e., if

LN 2<4 o1
L " R,C R,LC ' LC

Notice that this can be achieved by decreasing R; and increasing Rs
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Figure 6.6: Circuit diagram for Problem 6.23.

6.4.4 Problems

Problem 6.22 In the circuit in Figure 6.5, suppose that Ry = Rs = 1 ohm,
C =1 farad and L = 1 henry. If the initial current across the inductor is
I3(0) = 1 ampere and initial voltage across the capacitor is V4(0) = 1 volt, find
I5(t) and V4(t) for all later times. What is V1 (t)?

Problem 6.23 Consider the circuit with diagram in Figure 6.6 Write down the
system of equations satisfied by I and V. For what values of L, C' and R does
the circuit exhibit oscillations? Suppose that R =1 ohm, C =1 farad and L = 1
henry. If the initial current across the inductor is I(0) = 1 ampere and initial
voltage across the capacitor is V(0) = 1 wolt, find I(t) and V (t) for all later
times.

6.5 Additional Topics

6.5.1 Diagonalization

Diagonal matrices (that is, matrices that have zero entries except on the diago-
nal) are extremely easy to work with. For a start, the eigenvalues of a diagonal
matrix are exactly the diagonal entries. If

M 0 - 0

0 X -+ 0

0 0 - A\,
then det(D — AI) = (A1 — A)(A2 — A) -+ - (A, — \) which is zero precisely when
A equals one of A\1, Ao, ..., A\y. The corresponding eigenvectors are just the
standard basis vectors eq, eq, ..., e,.
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It is also easy to compute powers of a diagonal matrix. We simply obtain

Mo o0
D 0 X ...
0 0 - M

This formula makes it easy to compute the matrix exponential of D. Recall
that the matrix e*? is defined to be the matrix power series

t2 t3
etD:I+tD+§D2+§D3+-~-
Using the formula above we find that
242
1T 0 --- 0 thi1 0 -+ 0 % 2O2
£2)
PR R ORI N
0 0 - 1 0 0 - A, o o0 ... A
2
1+tA + 20 4 0 0
B 0 1+t)\2+t22>\§ 0
i 0 0 1+t)\n+t2£\i+-~-
M eth 0 o0
0 e ... 0
L 0 0 et

Things are not quite so simple for an arbitrary n x n matrix A. However, if
A has a basis of eigenvectors then it turns out that there exists an invertible
matrix B such that AB = DB, where D is the diagonal matrix whose diagonal
elements are the eigenvalues of A. Multiplying by B~! from either the left or
right gives

A=BDB™', D=B'AB

In fact, B is simply the matrix whose columns are the eigenvectors of A. In other

]

words, if x7, X2, ..., X, are the eigenvectors for A then B = |:X1‘X2‘ ‘e

To see this notice that

)

= [Axl'Ax2‘ ‘Axn}

AB = A |:X1‘X2""

s -

/\nxn]
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A O - 0

0 XA -+ 0
= e |

0 0 - A\,
= BD

The assumption that A has a basis of eigenvectors implies that the matrix B is
invertible.
Using the representation A = BDB™! it is easy to calculate powers of A.
We have
A? =BDB 'BDB™' = BDIDB™ ' = BD*B!

and similarly
AF = BDFB™!
Therefore we can now also sum the power series for the exponential and obtain

etA _ B@tDB71

6.5.2 Computing high powers of a matrix

Recall that when we were discussing the random walk problem, we ended up
with the problem of computing the limit for large n of P"xy where P is the
matrix of transition probabilities.

We can now solve this problem using diagonalization. Lets do an example.

Suppose that
11
p=[g 1]
3 4
We wish to compute P" for large n.

We begin by diagonalizing P. This involves finding the eigenvalues and
eigenvectors. I won’t give the details of this computation. The results are

AM=1x1 = [8}3} and A2 = 1/12, x; = [_1}. So

=3 gl T

el 20 el

But 1™ =1 for all n and (1—12)n — 0 as n — o0, since 1—12 < 1. So

and

1 —11[1 0o][1 —11"
lim P" =
N0 | 3 1“0 ng 1}
(1 —1][1 o] [ 2
= [ 7l o) (B 8
T3 3
- ¥ ¥
L 11 11
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6.5.3 Another formula for the determinant

If A has a basis of eigenvectors, then we can get another formula for the deter-
minant. Using the multiplicative property of the determinant, we have

det(A) = det(BDB™') = det(B) det(D) det(B)™* = det(D).

But det(D) is just the product of the diagonal elements, i.e., the eigenvalues.
Thus the determinant of A is the product of its eigenvalues:

det(A) = )\1)\2 s )\n
Actually, this is true even if A doesn’t have a basis of eigenvectors and isn’t
diagonalizable.

6.5.4 The matrix exponential and differential equations

The matrix exponential e can be used to solve the differential equation
y'(t) = Ay (t)

with initial condition

y(0) =xo
To see this notice that e* satisfies the differential equation %em = Ae'A. This
follows from the power series representation

t? t3
etA=I+tA+5A2+§A3+---

since
d .4 2t o 3t? o
- = A4+ 2A24 7 A3 4 ...
€ IR R
t2
= AftAT4 AT
gz
= A(I+tA+§A2+-~-)
= AetA
Also
€OA=I

Axo is the solution to our differential

These two facts imply that y(t) = ef
equation and initial condition, since y'(t) = $e'txy = Ae'*xo = Ay(t) and
y(0) = e®4x¢ = Ixg = xq.

The matrix exponential is a nice theoretical construction. However, to actu-
ally compute the matrix exponential using diagonalization involves just the same
ingredients—computing the eigenvalues and vectors—as our original solution.

In fact it is more work.
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However, there is one situation where the matrix exponential gives us some-
thing new. This is the situation where A does not have a basis of eigenvectors.
The power series definition of the matrix exponential still makes sense, and can

.. . . . . 1 1 .
compute it in certain special cases. Consider the matrix A = 0 1l This
matrix does not have a basis of eigenvectors. So it cannot be diagonalized.

t t

. t

However, in a homework problem, you showed that e!4 = [% ec; ] . Thus the

solution to

with initial condition

o= ] =[5 €[ [3]

Notice that this solution involves a power of ¢ in addition to exponentials.

6.5.5 Converting higher order equations into first order
systems

So far we have only considered first order differential equations. In other words,
the equations have only involved first derivatives 3’ () and not higher derivatives
like " (t). However higher order equations, especially second order equations,
occur often in practical problems. In this section we will show that a higher
order linear differential equation can be converted into an equivalent first order
system.

Suppose we want to solve the equation

y" () +ay'(t) + by(t) =0

with initial conditions
y'(0) =

Define the new functions z1(t) and 25(t) by

Then
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and
z1(0) = wo
2(0) = 3/6
Zl(t)

2a(t)
i lai] =[5 L [20)

20 ]= 1]

Example 6.17 Suppose we want to solve the second order equation

In other words the vector [ ] satisfies the equation

with initial condition

y'+4y' +y=0

with initial conditions

y(

If we let 21(t) = y(t) and zo(t) = ;t) then
] ]

To solve this we first find the eigenvalues and eigenvectors. They are A\; =
1 1
—24+43,x1 = [_2+ \/3} and A\ = —2—\/3, X1 = {_2 B \/§] So the general

solution is

y/(0) =0

with initial condition

(—2+VB)t 1 (~2-V3)t 1
ce [_24_\/3}4—026 {_2_\/5

To satisfy the initial condition, we need
1 N 1 [
Dl 243 T2 —2-v3] " |0
[cl] - [ V3/3+1/2 ]

The solution is

2 V3/3+1/2
Thus
{283] =(\/§/3+1/2)e<—2+ﬁ>t[ 2+f} (—V/3/341/2)e! Z—ﬁﬂ[_;ﬁ}
and so

y(t) = 21 (t) = (V3/3 4+ 1/2)e2HVI 4 (_\/3/3 4+ 1/2)e( -2 V3N
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(1)
i

Figure 6.7: A simple mass-spring system.

Actually, to solve the equation
y"'(t) +ay'(t) + by(t) =0

it is not really necessary to turn it into a first order system. We can simply try
to find solutions of the form y(t) = e*. If we plug this into the equation we get
(A2 + a) +b)er which is zero if A is a root of A2 4 a\ + b. This polynomial has
two roots, which yields two solutions.

Still, the procedure of turning a higher order equation into a first order sys-
tem is important. This is because on a computer it is much easier to solve a first
order system than a high order equation. If the coefficients a and b are functions
of ¢, then exact solutions (like exponentials) usually can’t be found. However,
one can still turn the equation into a first order system y’(¢) = A(t)y(¢) where
the matrix now depends on ¢ and solve this on a computer.

6.5.6 Springs and weights

To begin, lets consider the situation where we have a single weight hanging on
a spring shown in Figure 6.7. We want to determine how the weight moves in
time. To do this we calculate the forces acting on the weight and use Newton’s
law of motion F = ma.

One force acting on the weight are the force of gravity. This acts in the
positive z direction (i.e., downward) and has magnitude mg. The other force
is due to the spring. It’s magnitude is k(z — [) in the negative z direction.
The acceleration is the second derivative x”(t). Thus the total force is F =
mg — k(z(t) — 1) and ma = maz” (t) Newton’s law reads

ma” (t) = mg — k(z — 1) = —kz +mg + Ik

This is not quite in the form we can handle, due to the term mg + lk on
the right. What we must do is first find the equilibrium solution. In a previous
lecture we found the equilibrium position by minimizing the potential energy.
There is another, equivalent, way. That is to find the value of x for which the
total force is zero. In other words

—kxeq +mg+1lk=0
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or
Teq = (mg + 1K)/

Notice that the total force can be written
—kx +mg+ 1k =—k(z — 2cq)

Now let y(t) = x(t) —xeq be the displacement from the equilibrium point. Notice
that y/(t) = 2/(t) and y”(t) = 2’ (t), since xeq is a constant. So the equation for
y(t) is

my" () = —ky(2)

or

k
11
t)+ —y(t)=0
Y1)+ ()
We could turn this into a first order system. However, it is easier to try

solutions of the form e*. Substituting this into the equation yields
AN+ E/m)eM =0

so we require that A% +k/m = 0, or A = +i/k/m. Thus, solutions are ¢'V*/m

and e~ V*/m Ty obtain real solutions, we can take the real and imaginary
parts. This gives as solutions sin(y/k/mt) and cos(y/k/mt) , and the general
solution is

c1 sin(y/k/mt) + co cos(y/k/mt)

We can make the equation a little more interesting by adding friction. A
frictional force is proportional to the velocity and acts in the direction opposite
to the motion. Thus the equation with friction reads

V(1) + By (1) + () =0

Ey
This can be solved by turning it into a first order system, or directly, using trial
solution of the form e* as above.

Now we turn the problem with several weights and springs shown in Fig-
ure 6.8. In this problem matrices play an essential role.

We begin by computing the forces acting on each weight. Let us start with
the first weight. Gravity is pulling down, and the springs above and below are
pushing or pulling with a force proportional to their extensions. Thus the total
force on the first weight is myg — k1(z1 — l1) + k2(22 — 21 — l3). To get the
signs right on the spring forces, think of what happens when one of the x;’s gets
large. For example, when x; gets large, the first spring stretches and pulls up,
so the sign of the force should be negative for large x1. So Newton’s equation
for the first weight is

mixy (t) = mig—ki(z1—11)+ko(xvo—21—12) = —(k1+k2)z1+kowo+mig+kili—kalo

or

ki +k k kily — kol
oM 2$1+—2x2+g+ 101 202
mi mi mi

i (t) =
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Figure 6.8: A more complicated mass-spring system.

Similarly the equations for the second and third weights are

k ko + K k: kolo — ksl
Pit) = m - St —a gt
meo mo ma ma
k k ksl
Tit) = —ap— —aztg+——
ms ms ms

Thus can be written as a second order matrix equation

x"(t) = Kx(t) + b

where
z1(t)
X(t) = x2(t) ’
T3 t)
_kitks ko 0
mi mi
K= ko ka+ks ks
mo mo mo
0 ks k3
ms3 m3
and
+ kili—kolo
g mi
_ kola—ksls
b= g+ e
ksls
9+ s

With this notation, the equilibrium solution is the value of x that makes all the
forces zero. That is,
Kxeq+b=0

or,
Xoq = —K b

As in the case of one weight the force side of the equation can now be written

as
Kx+b=K(x+ K 'b) = K(x — Xeq)

235



CHAPTER 6. EIGEN-ANALYSIS 6.5. ADDITIONAL TOPICS

so if we define
y(t) = x(t) = Xeq,
the equation for y(t) is
y'(t) = Ky(t)

To solve this second order 3 x 3 system, we could turn it in to a first order
6 x 6 system. However, just as in the case of a single higher order equation we
can proceed directly. We try trial solutions of the form e"'y. Substituting this
into the equation, we see that the equation is satisfied if

K’y = Ky

in other words, x2 is an eigenvalue of K with eigenvector y, or x is one of the
two square roots of and eigenvalue.

So, if K has eigenvalues A1, Ay and A3 with eigenvectors y;, y2 and ys,
then six solutions of the equation are given by emtyl, e*mtyl, e\/gtyg,
e~ Vi2ty, eVistys and e~ VAstys. If some of the \;’s are negative, then these
solutions are complex exponentials, and we may take their real and imaginary
parts to get real solutions. The general solution is a linear combination of these,
and the coeflicients in the linear combination may be chosen to satisfy an initial
condition.

To make this clear we will do an example. Suppose that all the masses m;,
lengths [; and spring constants k; are equal to 1. Then

-2 1 0
K=|1 -2 1
0 1 -1

Suppose that the initial position of the weights is 1 = 30, zo = 60 and x3 = 70,
and that the initial velocities are 7 = 1 and 2%, = 2§ = 0. We will determine the
positions of the weights for all subsequent times. The numbers in this problem
don’t turn out particularly nicely, so I'll just give them to 3 significant figures.
The first step is to find the eigenvalues and eigenvectors of K. They are
given by
A1 =—-0.198 Ay =-1.55 A3 =-3.25

0.445 —1.25 1.80
x; = | 0.802 X = | —0.555 x3 = | —2.25
1.00 1.00 1.00

Let p1 = +/0.198 = 0.445, po = v/1.55 = 1.25 and p3 = v/3.25 = 1.80 Then if
y(t) = x(t) — Xeq, then general solution for y(t) is

y(t) = (cre™t 4 die” "%y + (cpe™2t + doe 2N xy + (c3e™3t + dze™3t) x5

where c1,dy,co,ds, c3,ds are arbitrary constants. Taking real and imaginary
parts, we can also write the general solution as

v(t) = (ay cos(p1t)+by sin(p1t))x1+(az cos(uat)+ba sin(pat))xa+(az cos(ust)+bs sin(ust))xs
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where aq, by, as,ba, as, by are arbitrary constants. Notice that we can find the
general solution for y(t) = x(t) — Xeq Without knowing x.q. However, since the
initial conditions were given in terms of x and not y, we now have to find x¢q
to be able to convert initial conditions for x to initial conditions for y. If we
work in units where g = 10 then

10
b= 110
11
and
31
Xeq = —K 'b= |52
63
SO
30 31 -1
v(0) =%x(0) —Xeq = [60 | — [52| =] 8
70 63 7
Also

So to satisfy the first initial condition, since cos(0) = 1 and sin(0) = 0, we need
that

-1
v(0) = a1x1 + agxa + agxs = | 8
7
Explicitly, we need to solve
ay -1
[x1|x2lx3] |az | = | 8 |,
as 7
or
0.445 —1.25 1.80 a -1
0.802 —0.555 —2.25 ar| =1 8
1.00 1.00 1.00 as 7

This is not a pretty sight, but I can punch the numbers into my computer and
find that

ai 7.04
as | = | 1.33
as —1.37

To satisfy the second initial condition, we differentiate the expression for the
general solution of y(t) and set ¢ = 0. This gives

—_

p1b1X1 + poboxo + ps3bsxs = | 0

o
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Solving this numerically gives

/J,lbl 0.242
/,Lgbg = —0.435
ugbg 0.194

Finally, we divide by the uls to give

by 0.543
by | = | —0.348
bs 1.80

Now we have completely determined all the constants, so the solution is com-
plete.

6.5.7 Problems
Problem 6.24 Consider the second order equation
y" =5y +6y=0

with initial conditions y(0) = 1, y'(0) = 0. Solve this by turning it into a 2 x 2

system. Then solve it directly by using trial solutions e.

Problem 6.25 Consider the second order equation
y' +y +y=0
with initial conditions y(0) = 1, y'(0) = 0. Solve this by turning it into a 2 X 2
system. Then solve it directly by using trial solutions e.
Problem 6.26 How can you turn a third order equation

"

y" +ay’ +by +ey=0
into an equivalent 3 x 3 system of equations?

Problem 6.27 Suppose K is a 3 x 3 matrixz with eigenvalues and eigenvectors
given by
M=—-1 d=-4 X3=-9

1 1 0
X1 = 0 X9 = 0 X3 — 1
1 -1 0

Find the solution of

satisfying
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Problem 6.28 Consider a system of two hanging weights and springs. Suppose
that all the masses, spring constants and spring lengths are equal to one, and
that g = 10. Find the positions x1(t) and x2(t) for all times if £1(0) = 20,
z2(0) = 30, 271(0) =1, 25(0) = 1.

6.6 Solutions to Chapter Problems

1 1|1 2 1
vector with eigenvalue 2. Also {1 1] [ 1 } = [O} :O{ ! ], SO [_11} is an

Solution 6.1 We compute [1 1} [1] = [2] =2 [1}7 SO [” is an eigen-

1 1|]-1 0 -1
eigenvector with eigenvalue 0.

Solution 6.2 If P projects onto some line, then a vector x lying on that line
doesn’t get changed by P so Px = x and x is an eigenvector with eigenvalue 1.
On the other hand, if x is perpendicular to the line, then Px = 0 = 0x so x is
an eigenvector with eigenvalue 0.

Solution 6.3

a) det(A — X)) = A2 —9 = (A — 3)(\ + 3) so the eigenvalues are \; = 3 and
A2 = —3. To find the eigenvector for Ay = 3 we must solve the homogeneous

equation with matrix [_33 _33] . The matrix reduces to {_03 g] and the
eigenvector is x; = [ﬂ To find the eigenvector for A = —3 we must

solve the homogeneous equation with matrix [g g} The matrix reduces

3 3 . . 1
to [0 O} and the eigenvector is xo = [_1} .

b) det(A—AI) = A2 —8\+12 = (A—2)(\—6) so the eigenvalues are A\; = 3 and

Ao = —3. To find the eigenvector for A; = 2 we must solve the homogeneous
equation with matrix { _44 —88} . The matrix reduces to [ _04 _08] and the

eigenvector is x; = { . To find the eigenvector for A = 6 we must solve

-1

the homogeneous equation with matrix _48 _48] . The matrix reduces to
-8 -8 . . 1
[ 0 0 } and the eigenvector is xs = [_J .

c) det(A—AI) = A2+ 7A+6 = (A+6)(\+ 1) so the eigenvalues are \; = —6
and A\ = —1. To find the eigenvector for Ay = —6 we must solve the
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35 —10

105 _30} The matrix reduces to

homogeneous equation with matrix {

[3()5 _50} and the eigenvector is x; = {ﬂ To find the eigenvector for
A2 = —1 we must solve the homogeneous equation with matrix { 13005 _ég] .

30 —10

. . 1
0 0 } and the eigenvector is xo = {3} .

The matrix reduces to [

d) det(A—\I) = A\2—3X—10 = (A+2)(A—5) so the eigenvalues are \; = —2 and

A2 = 5. To find the eigenvector for \; = —2 we must solve the homogeneous
equation with matrix [_77 _1114} . The matrix reduces to {_07 _é 4} and

the eigenvector is x; = [ . To find the eigenvector for Ay = 5 we must

-1
—-14 -14

- - ] The matrix

solve the homogeneous equation with matrix {

—14 -14

. . |1
0 0 } and the eigenvector is xo = [1]

reduces to {

Solution 6.4

2-Xx 3
det[ 2 1A} = 2-N1-X)—-6=2-3x+X"-6
= N3 —4=( -9 -5) =0
= A=-1,4.
The eigenvector for A = —1:
S N R 3ky + 3ky = 0 B
[2 2“’“2]_0 - 2%y + 2k = 0 = ki=—k

If we set ko = 1 for convenience, we have that the first eigenpair is
. -1
/\1 = —1, v = |: 1 :l .

Now, the eigenvector for A = 4:

-2 3 k1 R —2k1 + 3k =0 _3
[2 —3“1@]_0 = 2y — ks = 0 = k=3k

If we set ko = 1 for convenience, we have that the second eigenpair is

Ay = 4, 172{3{2].

Solution 6.5
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2)

det(A—AI) = =X +222+ X —2=—(A—1)(A—2)(A+1) so the eigenvalues
are A} = 1 and Ao = 2 and A3 = —1. To find the eigenvector for \; = 1

-1 -1 1
we must solve the homogeneous equation with matrix | 1 —1 2|. The
2 0 1
-1 -1 1 1
matrix reduces to | 0 —2 3| and the eigenvector is x; = | =3 |. To
0o 0 0 2
find the eigenvector for A\ = 2 we must solve the homogeneous equation
-2 -1 1 -2 -1 1
with matrix | 1 —2 2. The matrix reducesto | 0 —1 1| and the
2 0 0 0 0 O
0
eigenvector is xo = | 1 |. To find the eigenvector for A\3 = —1 we must solve
1
1 -1 1
the homogeneous equation with matrix |1 1 2 |. The matrix reduces
2 0 3
1 -1 1 3
to |0 2 1| and the eigenvector is x3 = | 1
0 0 O -2

det(A—AM) = =X+ 2202430 =6 = —(A — 2)(A — V3)(A + V/3) so the
eigenvalues are \; = 2 and \y = V3 and A3 = —/3.. To find the eigen-

vector for A\; = 2 we must solve the homogeneous equation with matrix
-1 1 1 0o -1 -1
1 -2 —2|. The matrix reduces to | 0 0 0 | and the eigen-
1 -1 -1 -1 1 1
0
vector is x; = | —1 |. To find the eigenvector for Ao = V3 we must solve
1
1-v3 1 1
the homogeneous equation with matrix 1 -3 -2 . The

1 -1 1-+3
1-3 1 1

matrix reduces to 0 2—v3 —342v3| and the eigenvector is
0 0 0
-1
xs = | —/3 |. To find the eigenvector for A3 = —/3 we must solve the ho-
1
1+v3 1 1
mogeneous equation with matrix 1 +V3 -2 . The matrix re-
1 -1 1++3
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14+v3 1 1 -1
duces to 0 24++v3 2v3+ 1| and the eigenvector is x3 = V3
0 0 0 1

c) det(A — M) = —)\% + 48\ — 128 = — (X + 8)(A — 4)? so the eigenvalues
are \; = —8 and Ay = 4. To find the eigenvector for \; = —8 we must
15 -9 -15
solve the homogeneous equation with matrix | 0 12 0 |. The matrix
3 -9 =3
15 -9 -15 1
reduces to | 0 12 0 and the eigenvector is x; = [0|. To find
0 O 0 1
the eigenvector(s) for Ay = 4 we must solve the homogeneous equation with
3 -9 -15 3 -9 -15
matrix [0 4 0 |. The matrix reduces to |0 O 0 |. Thus
3 -9 -15 0 0 0
there are two eigenvectors corresponding to this eigenvalues, for example
3 5
Xo=|1| andxz3= |0
0 1

d) det(A— M) = =X+ X2+ X —1=—(\+1)(\—1)% so the eigenvalues

are \; = —1 and Ay = 1. To find the eigenvector for \; = —1 we must

32 =100 70]

solve the homogeneous equation with matrix [ 18 —58 42 |. The matrix

12 —40 30|

32 —100 70 5]

reduces to | 0 —14 21| and the eigenvector is x; = | 3 |. To find the

0 0 0 2

eigenvector for Ay = 1 we must solve the homogeneous equation with matrix
30 —100 70 30 —100 70

18 —60 42 |. The matrix reduces to | 0 0 0 | Thus there are
12 —40 28 0 0 0

7
two eigenvectors corresponding to this eigenvalues, for example xo = | 0
-3
0
and x3 = | 7
10

Solution 6.6

N 1-—
det P11 Pp22 _ 1 SN - (1— 1_
Tl 1-pu pa— A (P11 — AN)(p22 — A) — (1 = p11)(1 — p22)

p11p22 — (P11 + pa2) A + A2 — (1 — (p11 + p22) + P11p22)
= A — (p11 +p22)A+ (P11 +p2) —1=0

242



CHAPTER 6. EIGEN-ANALYSIS

6.6. SOLUTIONS TO CHAPTER PROBLEMS

Let ¢ = p11 + p22, then

M—cAtce—1 = 0
ct/c2—4(c—1)
A= 2
etV —4c+4
B 2
_cE(c—2)
N 2

Since p11 and poo are in the interval [0,1], we have that ¢ € [0, 2].

The first eigenvalue is A\; =

The second eigenvalue is Ay = # =1.

Solution 6.7

%*2 = ¢ — 1, therefore A\; € [-1,1].

-A 1 -1
det(A— M) = det| 5 =X 1
0 1 —-1-A
-2 1 1 -1
= —Adet 1 _1_)\]—5det[1 _1_)\}

“AAFA 1) =5(-N) ==X = A2+ A +50=0
AA24+A=6)=AA—=2)(A+3)

=  A=0,2-3.

To find the eigenvector corresponding to A\; = 0, we find the RREF of the
extended matrix (A — A1, 0), keeping in mind that one of the variables is a free

variable.

[0 1 —1]0 10 %10 -1
(A-X\LO)=|5 0 110 — 0 1 —-1(0 |; Uy, =a| 5

| 01 -1/0 0 0 010 5
Now, for the eigenvector corresponding to Ao = 2:

[ —2 1 —1]0 1 0 —-11]0 1
(A= X21,0) = 5 0 1|0 — 01 =3|0(; U, =a | 3

| 0 1 =310 00 010 1
And for the eigenvector corresponding to Az = —3:

(3 1 —-1]0 1 0 =110 1
(A=XI,0)=1|5 3 1 1|0 — 01 2|0 |; Uhy = | —2

101 2|0 0 0 010 1
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Solution 6.8

2-X 0 1
det(A—XI) = det 0 2-Xx 1
1 0 2—-A

2—-A 1 0 1
(2—)\)det[ 0 2/\}+det{2)\ 1]

= 2= -2-N)=2-N(2-2*-1)=0
= 2-MNN-DA+3)=A-2)A-1)(A-3)

= A=123.

To find the eigenvector corresponding to A\; = 1, we again find the RREF of the
extended matrix (A — A1, 0), keeping in mind that one of the variables is a free
variable.

1 0 10 1 0 10 1

(A—X\L,O)=|0 1 1|0 — 01 10 |; Uy, =« 1

| 1 0 1]0 | 10 0 0]0 | | -1
Now, for the eigenvector corresponding to Ao = 2:

[0 0 1]0] 1 0 0]0 ] [0
(A=X1,00)=1]0 0 110 — 0 0 1|0 |; U, =a| 1

| 1 0 0]0 | 10 0 0]0 | | 0

And for the eigenvector corresponding to A3 = 3:

[ -1 0 110 1 0 —-1/0 1
(A—=X31,0)= 0 -1 110 — 01 —-1]0 |; Urng = &

|1 0 —-110 00 01O 1

Solution 6.9 The answer is yes. The two eigenvectors and eigenvalues define
six equations. There are nine unknowns -the entries of M- however, there is
an extra condition; the rank of M is two. There are several solutions, here we
present one.
Let’s try
a;r 0 ais
M= a1 0 a3
as1 0 ass

We have here six unknowns and six equations, so there is a chance to find a
solution. If the two non-zero column vectors are independent, then we are done,
it has rank 2.

all 0 a3 1 -1 ail 0 ai13 3 -3
a21 0 a23 2 = -2 s and a1 0 a93 2 = —2
asy 0 ass 3 -3 asy 0 ass 1 -1
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a11 + 3a13 = —1, and 3a11 + a3 = —3

From this we have a3 =0, and a;; = —1.

a1 + 3ag3 = —2, and 3as; + agz3 = —2
From this we have that ao; = as3 = f%.

a131 + 3aszz = —3, and 3az; + a3z = —1
This is similar to the first pair: az3 = —1, and az; = 0.

The resulting M matrix is

-1 0 0
M=|-+ 0 -1
0 0 -1
M has rank 2, and
-1 0 0 1 -1 -1 0 O 3 -3
-+ 0 -1 2 |=|-2],and | -2 0 -3 2 | =] -2
0 0 -1 3 -3 0 0 -1 1 -1
Solution 6.10
N B D R R I D PSR
1 V15 1 V15
= X\N- 4=|A==+i— - — i
A=A+ A 2+z > A > ) 5
1 V15
Solution 6.11
a) Find values for a and b such that 42 = A
a 1 a 1| _ |a 1 N a?2—1=a| ai+bi=1
i b i b| | i b ai+bi=1i| —14+b2=0D

Hence, a?

1£v5 155
2 72

b) If A3 = A, then we can try

AT1AR = A71A = A2 =1
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a 1 a | |1
i b i b| |0
Hence, a® = 2, and a = —b. We get

a=+V?2, b=FV2

— O

a2—1=1 ai+bi=0
al+bi=0] —1+b=1

7

[\/.i_i@r—f = A=A A'=TI#A4

c¢) From the previous solution, we want A% = I # A. If A* = I, then A*. A* =
A% =1, hence A° = A.
Solution 6.12

a)

The two eigenvalues are 2 + ¢ and 2 — i. The characteristic polynomial is
(a—AN)b-=XN)+1=0
M —(a+bA+ab+1=0
a+bt/(a+b)?—4ab—4
A2 = 5

2
/\172:a+bi <a+b> 4

2 2

A1,2 should be 2 £4. This is only possible if (‘%b) = 0, hence a = b, and
a + b = 4. Therefore, a = b = 2, and the matrix is

b) Now, to find the eigenvectors, we now that the eigenvalues are A\j o = 2 +
1,2 — ¢ For the first eigenvector we have

(A— M) = { ot ] [””1 } —q

i —1 To

Hence z1 = x5, and v; = (1, 1)7.

For the second eigenvector we have
(A — N I)ily = [ z ! ] [ . } =0
Hence 7 = —25, and vy = a(1, —1)7.
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Solution 6.13

P =

NI=I= O
NN

The characteristic polynomial is A3 — )% —

found to be A1 o3 =0,1, 1.

1
t
2
0
%)\. From this, the eigenvalues are

To find the eigenvector associated with A1, we find the reduced row-echelon

form of the matrix (P — A\ I):

|-0I= O
NP NI
[« NIER I

-1

1
oo~
o~ o
coco
1

2
0

110 1 0 -1

210 — 0o 1 2

0]0 0 -1 -2
1
5= | —2
1

To find the eigenvector associated with Ao, we find the RREF of the matrix

(P — AQI):
—1

O[O =
L O el
[T
| D[ 0| =

1 1
B 1
2
—% 510 — 0
3 3
i 2|0 0

Finally, to find the eigenvector associated with A3, we find the RREF of the

matrix (P — Asl):

1 1 199 1 1L
11 3
2 1 2 0 — 0 3
5 i 510 0 0
-1
— 173: 0
1

110 1 0 1
00 — 0 1 0
00 0 -1 -2

We can express #(°) as a linear combination of the eigenvectors:

1 1
OB +i 2
1 1

-1 1
1
1 0

From the notes, we know that for n > 0 (" = P72 therefore the zero
eigenvalue and the —1/2 disappear for large n, and we have that

lim z(™ =
n— 00
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Solution 6.14

P =

NN
WO | 0 | =
Q SN

We know that @ > 0, b > 0, and that a +b = 1/2. If @ > 0, and b > 0,
by theorem 6.1 we know that the existence of an equilibrium probability is
guaranteed. There are two cases left to be analyzed:

i) a=0and b=1/2
i) a=1/2and b=0

In both cases one value of the matrix is zero, so we can’t apply theorem 6.1
directly. On the other hand, P? for both cases is

i)

17 137
48 3624 _
P2 = 5 4 5
B 2 %
48 36 24
ii)
17133
36 8
P2 = ﬁ S5 1
#1154
a8 3 8

with all positive entries in both cases, so there is always an equilibrium proba-
bility.

Now, for the case a = b = 1/4 we have to find the aforementioned equilib-
rium probability vector. From theorem 6.1, the vector will be the eigenvector
corresponding to the eigenvalue A = 1, with all its entries summing to one. We
find the eigenvalue by finding the reduced row-echelon form of the extended

-,

matrix (P — AI,0)

-2 2 1o 4 0 =510
i
pP= %% 110 - 0 16 —21|0
i 2 =30 00 0 |0
20
— v=a| 21
16

Since the entries of ¥ have to sum to one, we get that the equilibrium probability
vector is

20
1
57 21
16

248



CHAPTER 6. EIGEN-ANALYSIS 6.6. SOLUTIONS TO CHAPTER PROBLEMS

Solution 6.15 The eigenvalues and vectors are A\ = 2 x; = [ 1

_2} and Ay = 6

Xg = {_11] . Thus the general solution is

-2 -1
cle%{ 1 :|+62€6t|: 1 }

To satisfy the initial condition we need

o[ e[V 1]
R

or
which has solution

so the solution is
-2 -1
o2t 6t
2e { 1 ] + 3e [ 1 }
Solution 6.16 The eigenvalues and vectors are \y = 1 + 21 x; = [ﬂ and

A =1—2i{x9 = [_11} . Thus the general solution in complex form is is

i ) o —1
creI 2t [1] + o120 [ ) ]

To find two real solution we take the real and imaginary parts of
T P (142i)t
1424 (3 e
et [1] - |:e(1+2i)t }
oy {i(cos(Qt) +1 sin(Qt))]

cos(2t) + isin(2t)

4| —sin(2¢) 4 i cos(2t)
N { cos(2t) + i sin(2¢) ]

Thus the general solution in real form is

et | o] et | olan)|

To satisfy the initial condition we need

o[i] e lo] = ]
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or
which has solution

so the solution is
¢+ | —sin(2t) 4+ cos(2t)
cos(2t) + sin(2t)cr

0
Solution 6.17 The eigenvalues and vectors are \y =1 x; = | 1|, Ao =1+1
0
—5—1 —5+1
Xo=|—-5—7| and A3 =1—4x3 = | =5+ |. Thus the general solution in
2 2
complex form is is
0 —5—1 —54+1
et | 1] + 626(1+i)t —5—1 |+ 036(1_i)t —5+41

0 2 2

The two complex solutions are conjugates of each other. To find real solutions
we must find the real and imaginary parts of one of them. These are given by

—5cos(t) + sin(t) —5sin(t) — cos(t)
e’ | =5cos(t) +sin(t) | and e’ | —5sin(t) — cos(t) | Thus the general solution
2 cos(t) 2sin(t)
in real form is given by
0 —5cos(t) + sin(t) —5sin(t) — cos(t)
¢ ¢ : ¢ :
are’ | 1| +age’ | —=5cos(t) +sin(t) | + asze’ | —5sin(t) — cos(t)
0 2 cos(t) 2sin(t)

To solve the initial value problem, we must solve

0 -5 -1 1
a1 |1 +as | -5 4+az|—-1| =11
0 2 0 1

This means solving the system of equations with augmented matrix

0 -5 —-1]1
1 -5 -1
|10 2 0 |1]
Reducing this matrix yields
(1 -5 —1 1]
0 -5 —11]1
|10 0 -2 7]
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Which yields the solution a; = 0, as = 1/2 and a3 = —7/2. So the final answer
is

—5cos(t) + sin(t) 7 —5sin(t) — cos(t) cos(t) + 18sin(t)
—e' | —=5cos(t) +sin(t) | — =€’ | —=5sin(t) — cos(t) | = e’ | cos(t) + 18sin(t)
2 2 cos(t) 2sin(t) cos(t) — 7sin(t)

Solution 6.18
v =4 1|0

1
5
The characteristic polynomial is (1 — X\)?> —5 =0, hence A\ o = 1 & NG
We need to find the eigenvectors:

I R S

The general solution is given by

£ 5] - e

y(t) = c1eMtT + cae™?tiy
= cpetVoR { \}5 ] 4 cpe(1=VE)E { _1/5 }
Or, equivalently
yi(t) = creITVAE 4 gy e(1=VB)
ya(t) = VeV — oy /Bell- VAN

Solution 6.19
s |3 -1
yo-|7 3]y

The characteristic polynomial is A2 — 2\ — 2 = 0, hence A\; 2 = 1 £+/3
We need to find the eigenvectors:

R e

!

1 -2-/3 1
2+/3 —1 . L [2-v3
1 —243 > 1
The general solution is given by
y(t) = Cle(l"‘\/g)t [ 2 +1\/§ ] +Cze(1—\/§)t |: 2 _1‘/3 :|

The initial condition states that y(0) = [0,1]7. Hence

a2+ V3)+e2(2-V3) = 0

c1+ec = 1
1 1+ 1
_ Co = — 4 —

c1 =

M| —
w
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Or, equivalently

1 (1+\/§)t+ 1 6(1—\/§)t

nt) = T2v3° 2V/3
y2(t) = (; — \}§> (T3 _ (; + \}g) e(1-V3)t

Solution 6.20
3 -1

The characteristic polynomial is A\? + 2\ + 4 = 0, hence AMp=-1+£ iv3
Finding the eigenvectors:

{—2—2\/5 -1 0] . 5 a

7 2—iV3

The function below is a solution. We will separate the real and imaginary parts
to get two independent solutions:

—14iV3)t { —241iV3 ]
7

. _{2+i\/§}

el

b 2408
A
é { —2cos(\7/3Ct())Sz\/\§)sin(\/§t) } L
K { V3 cos(v/3t) — 2sin(v/3t) ]
7sin(v/3t)

et

{ —2+iv3 ] (cos(V/3t) + i sin(v/3t))

The general solution is

o1 [ —2cos(v/3t) — \/3sin(V/3t) c2 [ V/3cos(v/3t) — 2sin(v/3t)
y(t) = et 7 cos(v/3t) } + et { 7sin(v/3t) }

The initial condition states that y(0) = [2, —1]T. Hence

—2014—\/362 = 2

701 = -1
oL 12
1 — 7; 2_7\/§

Solution 6.21 If A is a 3 x 3 matrix with real entries, then det(A — AI) is
a polynomial of the form —A% + aA\2 + bA + c¢. If you plot the graph of this
polynomial, it tends to infinity for large positive A\ and to negative infinity for
large negative A. Thus there must be a place where the polynomial crosses
the real axis, that is, a real zero. This means that there is always at least one
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real eigenvalue. The other two eigenvalues can be either both real, or complex
conjugates (as in the previous problem).

Solution 6.22 We have to solve the equation

i |1 —1
x'(t) = [ 1 1] x(t)
with
x(0)= ||
1
The eigenvalues and eigenvectors of the matrix are \y = —1 + 4, x; = [_11],
Ao =—1—14,x9 = [ﬂ Real solutions are the real and imaginary parts of
(140t { 1} ’
—1i
which are
ot cos(t)
sin(t)
and

ot sin(t)
—cos(t)
Thus the general solution is

x(t) = are {Cos(t)] +ase”! { sin(?) ] .

sin(t) — cos(t)

To satisfy the initial conditions, we need

ofo] e[ 5] = [3]

so a; = 1, as = —1 and the solution is

ot [cos(t) - sin(t)}

sin(t) + cos(t)

Solution 6.23 The current is the same through each component. The voltage
across the resistor is IR, so if V}, is the voltage across the inductor, then Vi, +
V+IR=0s0V, =-V —1IR. The equations are therefore

I' =+vp =-8r—1v
_ 1
vio=2I

or
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The characteristic polynomial (i.e., det(A—\I)) is A2+ (R/L)A+1/(LC), so the
eigenvalues are A = (—R/L £+ \/R2/L? —4/(LC))/2. Oscillations occur when

the eigenvalues are complex, so, if R?/L? < 4/(LC) or R < 2,/L/C. If we set
all the values to 1 the equation becomes

Bt

and the initial conditions are

The eigenvalues are vectors are A\ = (—1 +iv/3)/2, x; = [(_1 +f\/§)/2]’

o= (i) /2 s [(1 li\/g)/Q}

and imaginary parts of
(12 [<1 " Nﬁ)/ﬂ i [<1/2 +iv/3/2)(cos(V3t/2) + z'sinmt/z))}
cos(v/3t/2) + isin(v/3t/2)

ot/2 {—cos(\[t/2)/2 —/3sin(v/3t/2)/2 + i(—sin(v/3t/2) /2 + \/3(308(\[15/2)/2)}
cos(v/3t/2) + isin(v/3t/2)

. Real solutions are given by the real

So the general solution is

are—t/2 {—cos(ft/?)/?— f81n(\ft/2)/2] tapet/? {—sin(\/gt/2)/2—|—\/3(105(\/375/2)/2]
! cos(v/3t/2) sin(v/3t/2)

To satisfy the initial conditions, we need
1/2 Vv3/2] 1
o[ [ L]
This has solution a; = v/3/3, ay = —2 — /3/3.
Solution 6.24 The equivalent 2 x 2 system is

s_[0 1],
6 5

with

The eigenvalues and eigenvectors are A\; = 2, x3 = B], Ay =3, Xg = [1]

3
2t |1 3¢ |1
cie [ 9 + coe 3
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The initial conditions are satisfied if

oo v s = 1o

which has solution ¢; = 3, ca = —2. So y(t) = 21(t) = 3e* — 2¢3. To solve this
directly, plug in e*. This solves the equation if A2 — 5\ +6 =0, or A = 2 or 3.
So the general solution is y(t) = c1e? + cpe3’. Satisfying the initial conditions
y(0) =1 and ¢'(0) = 0 leads to ¢; = 3 and ca = —2 as above.

Solution 6.25 The equivalent 2 x 2 system is

z’—0 1z
-1 -1

-]

The eigenvalues and eigenvectors are \; = —1/2+iv/3/2, x; = {

with

1
—1/2—1—2'\/3/2}’
Ao = —1/2 —in/3/2, x5 = [_1/2 _12\/3/2] Real solutions are the real and

imaginary parts of

(—=1/24iv/3/2)t 1
c [—1/2 + N§/2]

which leads to the general solution

me [—(1/2>cosc e sin] e [<\/§/2> o112 Sm}

(the sines and cosines are evaluated at v/3t/2). Initial conditions require

“ [—(11/2>] T {wgm] = m

which has solution a; = 1 and as = v/3/3. Thus the solution is y(t) = 2, (t) =
e t2(cos(v/3t/2) + (v/3/3)sin(v/3t/2)) If we try to solve directly by substi-
tuting eM, we get A = —1/2 £ iy/3/2. The real and imaginary parts of e
are e~"/2(cos(v/3t/2) and e~*/?sin(y/3t/2)), so we obtain the general solution
y(t) = are t?(cos(v/3t/2) + age*/?sin(v/3t/2)). Choosing a; and ay to solve
the initial condition yields the same answer as above.

Solution 6.26 Set 21 (t) = y(t), z2(t) = ¥'(t) and 23(t) = y”(t). Thenz = | 2o

solves the equation
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Solution 6.27 The general solution is

1 1
(a1 cos(t)+by sin(t)) | 0 | +(az cos(2t)+ba sin(2t)) | 0 |+(as cos(3t)+bssin(3t))
1 -1
To satisfy the initial conditions, we need
1 [ 1] 0 1
a1 | 0] +ag 0 +ag |[1]| =12
1 =Y 0 1
which has solution a; = 1, as = 0 and a3z = 2, and
1 [ 1] 0 0
bi {0 +2b2| O | +3b3 (1| ={1
1 | —1] 0 1

which has solution b; = 1/2, 2b, = —1/2 and 3bs = 1, so that b; = 1/2,
b2 = —1/4 and b3 = 1/3

Solution 6.28 Going through the analysis with two springs and weights, we

end up with
-2 1
=[]
and
10
> i
Then
_ 21
Xeq = Kb = [31}
so if we define y = x — X4, We obtain initial conditions
1
and
0=,
A

The eigenvalues of K are Ay = (=3 + +/5)/2 and )y = (-3 — v/5)/2 with
(—1+\/5)/2} _ [(—1—\/5)/2}
1 1

vV —A1 and ps = +/—Ag, then the general solution is

y(t) = (a1 cos(p1t) + by sin(p1t))x1 + (ag cos(uat) + by sin(uat))xy

eigenvectors x; = and xo . If we set uy =

The initial condition are satisfied if

1
a1X] + a9Xg = |:1:|
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and

1
1b1x1 + pobaxs = [1} .
These can be solved by inverting 2 x 2 matrices. The answers are

[al] 1 {—3/2+¢5/2]

as |~ ﬁ 3/2+5/2

and

{bl} L [(—3/2 + \/5/2)/M1}

by |~ VB | (3/2+V5/2)/ s

257



	CoverPage2015
	Notes_Root

