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Abstract

Given a square matrix A, the condition number is an important invariant that bounds
the changes in the solutions of a system of linear of equations, when we make perturbations
to the system. De Téran, Dopico, and Pérez [1] studied the condition numbers of a family
of companion matrices called Fiedler companion matrices. In this project, we give new
proofs for some of their results, using the description of Fiedler companion matrices due
to Eastman, Kim, Shader, and Vander Meulen [2]. We also study the condition numbers
of striped companion matrices, and we also show in some specific cases that some striped
companion matrices will have smaller condition numbers than any Fiedler companion matrix.
All of these results use the Frobenius norm to find the condition number. In our last chapter
we investigate the condition number of various companion matrices using the spectral norm.
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Chapter 1

Introduction

Whether it be a calculator or a computer, any tool used in doing arithmetic calculations
has a finite amount of memory to store decimal places of a number. In making these cal-
culations, suppose the finite number of decimal places that can be stored is n. If we make
calculations with numbers which exceed that number of decimal places, the computer will
do one of two things. It will either truncate the rest of the digits after the n digits, i.e., it
will omit them, or it will round the number to n digits. Whenever a computer does either of
these things to a number there will be a roundoff error, which could have a severe effect on
calculations. The more calculations done with this roundoff error, the more and more the
error could accumulate, potentially making the calculations rather inaccurate.

In mathematics, it is important to have a good understanding of the roundoff error when
performing calculations. In this paper we explore the condition number which has been
developed to know what kind of inaccuracies to expect when doing calculations on a system
of linear equations A7 = b.

When the software MATLAB calculates the roots of polynomials, it uses matrix tech-
niques to find the eigenvalues of a matrix. In particular, for some polynomial p(z), MATLAB
uses companion matrices to the polynomial p(z). Roughly, a companion matrix of p(x) is a
matrix A where p(x) is the characteristic polynomial of A and the coefficients of p(z) appear
in A.

Example 1.1. Consider the polynomial p(z) = z* + azx® + asx® + a1x + ag. Now consider
the matrix of the form

—az —as 1 0
1 0O 0 O

A= 0 —a 0 —ayg
0 1 0 0

The characteristic polynomial det(zl,, — A) = 2* + azz® + axx? + a1z + ag = p(z). We say
A is a companion matrix to p(z).

In order to understand what kind of innaccuracies to expect when we perform calculations
with a system of linear equations, we conceptualize the “size” of A using matrix norms. For
the majority of this project we will use the Frobenius norm. The norm of a matrix A will aid



us in computing the condition number, denoted x(A), which gives us an upper bound on how
sensitive a linear system will be to small changes. The linear systems for this project will
use companion matrices. More detailed explanations of these concepts are discussed later in
Chapter 2.

One of the most well known examples of a companion matrix is the Frobenius companion
matrix. For some monic polynomial p(z) = 2™ + ap,_12" ' + ap_22" % + -+ - + a1 + ag, the
Frobenius companion matrix is a companion matrix to the polynomial p(x) of the form

0 1 0 -~ 0 0 |
0 0 1 .- 0 0
0 0 o - 0 0
0 0 o - 0 1

| @ —a1 —az - —Gp-2 —0p-1]

Unfortunately, as the size of the square matrix n goes to infinity, the Frobenius companion
matrix becomes nearly singular, so calculations using the inverse of a Frobenius companion
matrix can be unreliable [1].

In 2003, Fiedler studied a new type of companion matrix, now called Fiedler companion
matrices [4]. Fiedler showed that you can create n x n companion matrices by multiplying n
matrices from a particular class of matrices together, and each permutation of the integers
{0,...,n — 1} would give a different Fiedler companion matrix.

We illustrate with a very small example.

Example 1.2. Suppose that p(z) = 23 + axz? + a1 + ag. Define

10 0 1 0 O —az 1 0
M(): 01 0 ,Mlz 0 —Qg 1 ,MQZ 1 0 0
0 0 —ap 0 1 O 0 01

See chapter 2 for the construction of these matrices. Let o = (0,2,1). Then

—Qa2 —Q 1
M, = MoMsM; = | 1 0 O
0 —Qo 0

The characteristic polynomial of M, is 2% + ax2? + a1 + ay.

De Téran, Dopico, and Pérez [1] extensively studied the condition numbers of Fiedler
companion matrices in 2012. They discovered many results about upper and lower bounds
of the condition numbers of Fiedler companion matrices, and were able to create explicit
formulas for the norms of these matrices, as well as their inverses. They developed an
ordering for all Fiedler matrices of a particular polynomial, according to increasing condition
numbers, which also provides upper and lower bounds for the ratio of the condition numbers
of any pair of Fiedler companion matrices.



A companion matrix A to a polynomial p(x) can take various forms, as long as det(zI —
A) = p(z). Eastman and Vander Meulen [3] gave a description of all companion matrices
using a lower Hessenberg form of a companion matrix. An n X n matrix A is a sparse
companion matrix of p(z) is equivalent to a lower Hessenberg matrix. This representation of
a companion matrix is the one that is used in the majority of this project. Fiedler companion
matrices in lower Hessenberg form have the property that the coefficients of the characteristic
polynomial p(x) form a lattice path from the bottom left corner of the companion matrix to
the main diagonal. We called the length of the first leg of the lattice path out of the bottom
left corner of a Fiedler companion matrix in lower Hessenberg from the initial step value.
We used lower Hessenberg form to give new proofs of some of De Téran et. al.’s results. One
of the results is the structure of the inverse of a Fiedler companion matrix. The theorem is
as follows:

Theorem 1.3 (Theorem 3.7). Let p(z) = 2" + ap 12" + ap 22" 2 + -+ + a1x + ag be a
polynomial over R with n > 2 and ag # 0. Let M be a Fiedler companion matrix to the
polynomial p(x) in lower Hessenberg form. Let t be the initial step value of M. Then:

(a) M~ hast + 1 entries equal _a_107 —Z—é, oy, with exactly one copy of each;

(b) M~' hasn — 1 —t entries equal to ai1,asya, ..., a,_1, with exactly one copy of each;
(¢c) M~ hasn — 1 entries equal to 1; and
(d) the rest of the entries of M~ are 0.

Inspired by the work of De Téran et. al. the main problem of this project is

Question 1.4. What classes of companion matrices have smaller condition numbers than
the Fiedler companion matrices?

Ideally we would like to be able to compare the condition numbers of general compan-
ion matrices to Fiedler companion matrices. We focus mainly on one particular family of
companion matrices known as striped companion matrices. A striped companion matrix A
in lower Hessenberg form to a ploynomial p(z) = 2™ + a,,_12"' + -+ + a1 + ag, has the
property that the coefficients —ag, —ay, ..., —a,_1 form horizontal stripes. We found some
specific cases in which a striped companion matrix U to a polynomial p(x) will always have
a better condition number than any Fiedler companion matrix M to the same polynomial
p(z). We first discuss striped companion matrices where all of the stripes are the same size,
and then moved on to the case where the stripes are not all the same size. One of our main
theorems is for the case where the stripes are not the same size:

Theorem 1.5 (Theorem 4.9). Consider the monic polynomial:
p(z) = 2" + a1+ apg2" P 4 agz + 1,

where n is any positive integer. Consider any striped companion matriz U = C,(8) where
§=(51,80,...,8:), 5, < 8 < 51 foralli € {2,...,r —1}. Let ay, for j € {1,...,r — 1}
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be the the nonzero coefficients of the polynomial p(z) that fall in the column vector i of the
matrix

0 [I.| ©
U= U H [n—m—l
—Q ’gT 6T

and assume that each nonzero stripe has a nonzero entry in u. If M is any lower Hessenberg
Fiedler companion matriz to the polynomial p(x) with initial step value t = s,, then U will
satisfy kp(U) < kp(M) if the entries of U satisfy:

|akagj — ak+gj| < |ak+gj| for k € {1, ... ,t}.

In the second chapter we introduce all of the necessary definitions for the project. In
chapter three, we reprove some of the results found by De Téran et. al. using the lower
Hessenberg matrix form. For chapter four, we compare the condition numbers of striped
companion matrices and Fiedler companion matrices. We discuss some cases, and the nec-
essary condtions, in which the striped companion matrix will always have a better condition
number than the Fiedler matrix. Finally, in the last chapter we briefly investigate the condi-
tion number of various companion matrices using singular values and another matrix norm
called the spectral norm. In the last chapter of this project we revist some of the results
discussed in De Téran et. al.’s paper [1], and some ways to find the singular values of a
companion matrix A needed to find its spectral condition number.



Chapter 2

Background

This chapter will describe some relevant information from linear algebra and matrix
analysis that is required for the project. First, we will discuss companion matrices and
some of their properties. Second, we will talk about matrix norms, along with some of their
properties and some specific examples. In the same section we present the idea of a condition
number which uses matrix norms in their definition. Finally, we will describe the condition
number for inversion with respect to the Frobenius norm.

2.1 Companion Matrices

The software MATLAB uses companion matrices to derive the roots of polynomials by
applying matrix techniques used for finding the eigenvalues of a matrix [1]. In this section
we define and discuss companion matrices, along with some of the different forms they can
take, and their properties.

Definition 2.1. Let A be an n x n square matrix. The characteristic polynomial of A,
denoted p4(x), is
pa(z) = det(zl, — A).

For any monic polynomial, one can find a specific type of matrix in which all the coef-
ficients of the polynomial are entries in the matrix, and furthermore, the monic polynomial
is the characteristic polynomial to the matrix A.

Definition 2.2. Given p(x) = 2" +a, 12" ' +an_ 22" 2+ -+a1x+ag, a companion matriz
to p(x) is an n X n matrix A over R|ag, a1, ..., a,_1] such that the characteristic polynomial
of Ais p(z). A companion matrix with entries ag, a1, ...,a,_1, with n — 1 entries equal to
one, and n? — 2n + 1 zero entries is called a sparse companion matriz.

When discussing the structure of a companion matrix C', we treat the a; entries as formal
variables, not real numbers. We say that A is a realization of a companion matrix C' if A
is obtained from C' by replacing each of the variable entries by real numbers. We will often
refer to a realization A as a companion matrix, but the context will make clear if A is a
realization. In particular, in these cases, we will see that the coefficients are in R.
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Example 2.3. Consider the polynomial p(z) = 2° + a2 + asz® + as2? + ayx + ag. Next
consider a matrix of the form

—ay; —az 1 0 0
1 0 0 O 0
A= 0 —Aas 0 —ay —Qo
0 1 0 0 0
0 0 0 1 0

Since det(xI — A) = p(x), A is a companion matrix. In fact, A is a sparse companion matrix.

Example 2.4. A companion matrix to p(z) is not unique. For example, consider again the
same polynomial p(z) = 2° + a4z* + azx® + asz? + a1 + +ag, but let

0 1 0O 00

0 0 1 00
B=1|0 0 —ay 1 0
0 0 —asz 0 1

—ag —a; —az 0 0O

Since det(xzI — B) = p(x), then B is also a companion matrix to p(z).

Example 2.5. A matrix of the form

0 1 0 00O

0 0 1 000
__|—as —a4 —aj 1 00
M= 0 0 0 010
0 0 0 001

_—CLO —ay —ag 0 0 O_

has characteristic polynomial
p(z) = 2% + as2® + agx* + az2® + apx® + ayx + +ao.
Note that M is a sparse companion matrix to p(x).

Example 2.6. The matrix of the form

0 0 1 —a1 —ag
0O 0 1 0 0
D=1 -1 0 —ay O
0 1 0 —ay4 —as
0 0 0 1 0

has characteristic polynomial
p(z) = 2° + agx* + az2® + a1z + +ag.

So D is a companion matrix to p(z), but it is not sparse as it does not have 52 —2(5)+1 = 16
nonzero entries.



For any monic polynomial, the following companion matrix is probably the most well-
known example.

Definition 2.7. Given p(z) = 2" + ap_ 12" + ay_22" 2 + -+ + a1 + ag, the Frobenius
companion matriz is a companion matrix to the polynomial p(x) of the form

0 1 0 -~ 0 0 |
0 0 1 .- 0 0
0 0 o - 0 0
0 0 o - 0 1
—Qp —a1 —Gz - —OGp-2 —Op-1 ]

Example 2.8. Consider the polynomial
p(z) = 2% + axx® + a1 + +ao.

The matrix of the form

—Qp —a1 —a
is a Frobenius companion matrix to p(x).
We now work towards a theorem characterizing sparse companion matrices.

Definition 2.9. A permutation matriz is an n X n matrix obtained by permuting the rows
of the n x n identity matrix, and hence, PT = P71

If P is a permutation matrix, then PTP = I, thus, if A is any matrix, then PAPT has
the same characteristic polynomial as A since PAPT and A are similar matrices. So if A is
a companion matrix to a polynomial p(x), then so is PAPT for any permutation matrix P.
We say two matrices A and B are equivalent if there exists a permutation matrix P such
that B = PAPT.

Example 2.10. Consider the companion matrix C' from Example 2.8, and the following
permutation matrix

00
P=10 1 . Then P' =P =P,
10

OO =

We have that

00
B=PrCcP'= |0 1
1 0

So C and B are equivalent.



Definition 2.11. Consider the n x n matrix:

11 Ai12 Q13 Air4 - Ain

Q21 Q22 A23 A4 --° Q2n

A a31 dag2 a3z daAz4 - A3 n

Tola41 Q42 Q43 Qg4 0 G4p
_an,l Qp2 Ap3 Anp4 - * an,n_

The ith subdiagonal of A is the set of entries

{airj—151d=1,....n—i}.

The jth superdiagonal a of A is the set of entries

{(17;7]'_;_2'_1 | 7 = 1, oo, — ]}
The main diagonal of A is the set of entries

{ag7g|£:1,...,n}.

Definition 2.12. A lower Hessenberg matriz A = [a;;] is a matrix that has zeros above the
first superdiaganoal, that is, a;; = 0 when j > i+ 1. A lower Hessenberg companion matrix
is a lower Hessenberg matrix that is also a companion matrix.

The matrix in Example 2.4 is a lower Hessenberg companion matrix but the matrix in
Example 2.3 is not. However for the remainder of this project we will primarily assume
that our companion matrices are in lower Hessenberg form. The next theorem justifies why
we can make this assumption. As we shall see, many properties of companion matrices are
easily observable in this form. The next theorem characterizes the structure of the sparse
companion matrices. This structure will be helpful when proving results about the condition
numbers of sparse companion matrices.

Theorem 2.13. [2, Corollary 4.3] Let p(z) = 2"+ ap_ 12" ' +ap 22" 2+ -+ a1x +ag. An
n X n matriz A is a sparse companion matriz of p(x) if and only if there is a permutation
matriz P such that PAPT is equal to a lower Hessenberg matriz of the form:

0 I, ‘ 0
I (2.1)

where R is an (n —m) x (m + 1) matriz with —a,_, in the top right corner, —aqy in the
bottom left corner of the matriz, —a,_ on the kth subdiagonal, and 0’s elsewhere.
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Example 2.14. Let p(z) = 2° + asxt + asz® + asx?® + a1x + ag. Consider the matrix of the
form

0O 1 0 O
0o 0 1 0
A=|_0 0 0 1

We see that A satisfies all the conditions of Theorem 2.13, and hence A is a lower Hessenberg
companion matrix to p(x).

Example 2.15. Let p(z) = 2° + a4z® + az2® + asx? + a1x + ap, and consider the matrix of
the form

0 0 —ag 0 —ag
10 0 —a3 O
M=10 0 0 1 0
0 1 0 —a4 —Qa2
00 1 0 0

Since det(zl — M) = p(z), M is sparse companion matrix. Thus, PMPT has the form
described in Theorem 2.13 for some permutation matrix P. Eastman and Vander Meulen
described an algorithm in [3] (see Algorithm 7.1) to determine an appropriate permutation
matrix P. Indeed, taking

00 0O0°1
00100
P=1{0 0 0 1 0|, then
01 00O
1.0 0 0 0

[0 1 010 0
0O 0 1/00
PMPT — | —as 0 —a4|1 O
0 0 —a3/ 0 1
_—(J,O—CLIOOO

In [4], Fiedler descibed a way to construct companion matrices for p(z) = 2" +a,_ 12" 1+
-+ 4+ ag using particular matrix products.

Definition 2.16. For k € {1,2,...,n — 1}, let

Infkfl 0 0
o ]n—l 0 . — Qg 1
0 0 Iy

If 07! = (iy,...,4,) is any permutation of the integers {0,...,n — 1}, then the product of
M, = M;, M, ... M, is a companion matrix of p(z) = 2" +a, 12" ' +a, 92" >+ +ajz+
ap. If a matrix is equivalent to one of these products, then it is called a Fiedler companion
matriz.

11



Example 2.17. We show that the matrix in Example 2.3 is, in fact, a Fiedler companion
matrix. Let

1000 O 100 0 0 10 0 00
0100 O 010 0 0 01 0 00
My=10010 0/|,Mi=]001 0 0|,My=1]00 —ay 1 0},
0001 O 000 —a 1 00 1 00
0000 —a 000 1 0 00 0 01

1 0 000 —a; 1 0 0 0

0 —az 1 00 1 0000

My=10 1 00 O0|,andMy=|0 010 0

0 0 010 0 0010

0 0 00 1 0 0001

Let 0 = (4,2,1,0,3). The corresponding matrix product M, = MMy M; MyM; gives us the
matrix in Example 2.3:

—aqy —asz 1 0 0
1 0 0 O 0
Ma = M4M2M1MOM3 = 0 —Q9 0 —a; —AQag
0 1 0 0 0
0 0 0 1 0

Therefore the matrix A of Example 2.3 is a Fiedler companion matrix.

Theorem 2.13 implies that any Fiedler companion matrix is equivelant to a lower Hes-
senberg companion matrix. In the next result we describe the lower Hessenberg form of the
Fiedler companion matrices as characterized by Eastman and and Vander Meulen in [3].

Definition 2.18. Suppose that for all k& € {0,...,n — 2}, if —a; is in position (i,7) of a
matrix A, then ag, is either in position (i — 1,7) or (i,7 + 1). In this case, the entries
ag, a1, ..., 0,1 are said to form a lattice path in A.

The following theorem shows us that the entries ag, a1, ..., a,_1 in every lower Hessenberg
representation of a Fiedler companion matrix forms a lattice path.

Theorem 2.19. [2, Corollary 4.4] A matriz M is an n x n Fiedler companion matric if
and only if M 1is equivalent to a lower Hessenberg matrixz as in Theorem 2.13, such that the
nonzero entries of R form a lattice path from the bottom left corner to the upper right corner

of R.

Example 2.20. We again consider the matrix from Example 2.3:

—ay; —az 1 0 0
1 0 0 O 0
Mo- = 0 —Q9 0 —a; —Aag
0 1 0 0 0
0 0 0 1 0



We saw that we could use Algorithm 7.1 to find the appropriate P matrix to find an equivalent
matrix in lower Hessenberg form. In particular, with

[0 0010
001 00O
P=10 0 0 0 1|, we have
01000
1 00 00
0 1 0 00
0O 0 1 0 0
PM,PT = 0O 0 0 10
0 0 —asz —ay 1
_‘—GU —a —ag‘ 0 0

Notice the lattice path, highlighted with a box.

Example 2.21. Let p(x) = 2° + aqz* + azx® + agz® + ayx + ag. Consider the following
companion matrix of the form

0O 1 0 ]00O0

0O 0 1 0 0

A= 0 —Qas —Qy4 1 0
—a; 0 O 01

—Aao 0 —as 0 0

We know that this is a companion matrix from Theorem 2.13. However we see that the a;’s
do not form a lattice path in A. So A is not a Fiedler companion matrix.

De Terén et. al [1] have introduced some definitions related to the product construction
of the Fiedler matrices.

Definition 2.22. Let o be a permutation of {0,...,n — 1}.

e Fori=0,...,n—2, we say that o has a consecution at i if 0(i) < o(i+ 1) and that o
has an inversion if o(i) > o(i + 1).

e The consecution-inversion structure sequence of o, denoted CISS(o), is the tuple
(€oy Jos €15 J1, - - 5 Coy Ju), Where o has ¢y consecutive consecutions at 0,...,co — 1. Next,
it has jp consecutive inversions from cy,co + 1,...,¢co + jo — 1, and so on.

e The reduced consecution-inversion structure sequence of o is the sequence obtained
from CISS(o) after removing the 0 entries.

e the number of initial consecutions or inversions of ¢, denoted t,, is given by:

, _{co if cg # 0

jo if Co = 0.
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Example 2.23. Returning to Example 2.17, we used the permutation ¢ = (4,2,1,0,3).
That is
o 0)=4, o7'(1)=2, o7 '(2)=1, o7'(3)=0, o '(4) =3.

So from Definition 2.22, there is an inversion at ¢ = 3, because 0(3) =4 > ¢(4) = 0, and we
have inversions at ¢ = 0, 1 because:

0(0)=3>0(1) =2
o(l)=2>0(2)=1
0(2)=1>0(3) =4.

So CISS(o) = (0,2, 1,0), and the reduced CISS(¢) = (2,1). Furthermore, we get that ¢, = 2.
As noted in Example 2.17, M, is equal to

0 1 0 0 O
0 0 1 0 0
0 0 0 1 0
0 0 —ag3 —a4 1
—Qap —a; —as 0 0

As observed in [3], we can view CISS(0) as a set of instructions on how to use right move-
ments, and upwards movements, to traverse through the lattice path of the lower Hessenberg
form of a Fiedler companion matrix. We can think of the nonzero numbers as the number
of movements to make, either right or up, before you make a turn. For example, since
CISS(o) = (0,2,1,0) and the first number of the CISS(o) is a zero then you start moving
right. Two movements right before you turn upward, then one movement up before you turn
right. Since the last number is zero.

Definition 2.24. Let p(z) = 2" + ap_ 12" + ap_22™ 2 + -+ + a1 + ap. If M is a Fiedler
companion matrix in lower Hessenberg form to the polynomial p(z), then the initial step size
is the maximum number of nonzero entries in the left most column of M, or the maximum
number of nonzero entries in the bottom row of M.

Example 2.25. The matrix of the form

0 1 0 O
0O 0 1 O
M= 0 0 0 1

has intial step size of 3.

We have already seen that M has the structure described in Theorem 2.13. We can
further break down the matrix R in the following way:

R:|:ﬁ E}Z{OO—%—@

—ag Y —ao‘—al —as 0

14



This construction of the matrix R will help us to study sparse companion matrices. It is
especially useful in finding the inverse of a sparse companion matrix in lower Hessenberg
form. We can use the following lemma due to Vander Meulen and Vanderwoerd in line (13)
of [9].

Lemma 2.26. [9] Let p(z) = 2"+ a, 12" '+ a, 22" 2+ -+ a1z +ag be a polynomial over
R. Suppose that A is a companion matriz in lower Hessenberg form to p(x). Then let

0 |[In| O
A= | 4 | H | Lim |- (2.3)
—ap | 7| 0T
where ag # 0. Then
ad’ 0" %
ATl = I 0 0 (2.4)
ST = Lo | 2
Proof. Let
0 |5.] o Lyt 0" |-
A= @« |H|I, ,,1 |and B= I, 0 0
—ag |y 0r —%ﬁy_T—H S a—loﬁ

It a known result that if AB = I,,, then AB = I,, = BA. So it suffices to show AB = I,,.
We can in fact consider both of these matrices as both 3 x 3 block matrices; multiplying A
and B together gives

0 |5, o Lyt 0" |-
AB=| 4 | H I, I 0 0
| —ao |7 [ 07 — gy = H [ Lot | ol
I I, 0
= | oty —HA+—ay —H | Ly | —oU+ o0
I -y +y" 0 1

]

One other type of sparse companion matrix we will consider is the striped companion
matrix introduced in [2]:

15



Definition 2.27. Let s = (sy,82,...,5,) be an ordered r-tuple of positive integers that
sum to n, with s; > s;, for 2 < ¢ < r. The striped companion matrix C,(s) is the sparse
companion matrix in lower Hessenberg form, with an (n — s; + 1) x (s1) matrix R having
r nonzero rows with the ith nonzero row of R having s; entries in the first s; positions for
1 <i<r, and s;;1 — 1 rows of zeros immediately below it in R, 1 <i <r — 1.

Example 2.28. Let p(z) = 2% + as2® + ayx? + azx® + as2® + ayx + ag, and consider the
following 6 x 6 sparse companion matrices to p(z) of the form:

0 10000 0 1 0000
—a; —as 1.0 0 0 0 0 1000

0 00100 —as —as; —as 1 0 0

C6(2,2,2) = —ay —az 0 0 1 0 and Cs(3,3) = (3) 8 80 10
0 00001 0O 0 000 1

_—CLO —a10000_ _—ao —ay —(12000_

Note that the ‘stripes’ in a striped companion matrix do not always have the same number
of nonzero entries, as in the example:

0 1 0 00O0O0
0 0 10000
—ay —as; —ag 1 0 0 O
C7(3,2,2) = 0 0 00100
—ay —a3 00010
0 0 00001
L —Qap —aq 00 0O0O0 i

Note that each a; falls on the appropriate subdiagonal, as required by Theorem 2.13.

2.2 Matrix Norms and Condition Numbers

A matrix norm is a way to measure the “size” of a matrix. We recall the definition given
by Poole [8]:

Definition 2.29. A matriz norm on the set of n x n matrices M, ., is a mapping that
associates each A € M, with a real number ||A]|, called the norm of A, such that the
following properties are satisfied for all A, B € M,,.,, and all scalars k:

e ||A|| =0 if and only if A =0, and otherwise ||A|| > 0;
o |[KA][ = [K]-[|Al];

o [[A+ B|[ <[[All+[|B]]; and

o [[AB][ <[|A]l-[IBII
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Definition 2.30. Let V' be a vector space over a field R. A function || - || : V — [0, +00) is
a vector norm if for all Z, 7 € V,

e ||Z|| = 0 if and only if ¥ = 0 and otherwise ||Z|| > 0;
o ||kZ|| = |k| - ||| for all scalars k € FF; and
o |7+ gl < 171 + [191]

Definition 2.31. A matrix norm on M, is said to be compatible with a vector norm ||Z||
on R" if, for all n x n matrices A and all vectors © € R", we have

| AZ]| < [[A[] - []]].

Definition 2.32. Let ¥ = (xy,--- ,z,) be a vector in R™. The Euclidean norm for a vector

is given by
il = \Ja? + a2,

If we change the vector space from R™ to R™*"™ we can define a similar norm.

Definition 2.33. Let A = [a;;] be a matrix in the set of all n x n matrices denoted R™*™.
The Frobenius norm of A is given by

1Allr = D a2
i

Note that if the matrix A was not square, the Frobenius norm could still be defined. For
the sake of this paper we work with square matries, as companion matrices are square.

Lemma 2.34. The Frobenius matriz norm || - ||r is compatible with the Euclidean vector
norm || - ||a. That is, for a matriz A, and a vector ¥ € R™, we have

1AZ[|2 < [[A[lF - [[7]]2-

Proof. Tt suffices to show that [|AZ|]2 < ||A||% - ||Z]|3. Since AZ is a column vector by
definition, we have that [AZ]; = > 7, a;x;. So

n n 2
1AZ|3 = (Z az‘j%‘) :
1

i=1 \j=

But by the Cauchy-Schwarz Inequality [5, Theorem 5.1.4], we have that

(o) < (5) ()
- (Z) gET

17



And so
||AZ][3 < Z (Z%) 12115 = 1Al - 121]3

]

Consider the linear system of equations A¥ = b. If b is nonzero and A is nonsingular,
then there exists a unique solution &, which is also nonzero. Consider the perturbed system
A# = b+ 8b where we added a small vector to b. Our hope is that the unique solution z, to
A% = b+ 6b will be close to 7. Let 2 = 7 + 6%. We would hope that if 8b is small, then so is
oZ._ We quantify these relative terms of small by using a vector norm. The relative size of 5b
to b is then given by 11661 /]15]|, and the relative size of 67 to & is then given by ||6Z]|/||Z]]-

When [|05]|/||6]| is small, we hope that ||6Z||/||Z]| is as well. This may not happen, as we
see in the next example.

Example 2.35. Suppose that we wanted to solve to following system of equations:
1000 999| || _ 1999
999 998| |xo|  |1997|°

If we expand out the system we get:

1000z + 99922 = 1999
99921 + 998z = 1997,

and it is clear by observation that the unique solution to this system is given by = [1 1]7.
Next consider the slightly perterbed system

1000 999| |z1| _ |1998.99
999 998| |#o|  [1997.01|°
So we have a new system

Ad = b+ 6b, where 65 = {0'01 }

—0.01

After a simple MATLAB computation, we see that the new solution for this perturbed system
is
3 { 20.97
xr =

—18.99] , which means 07 = [

19.97
—19.99| "

So as discussed, we hope that when ||8b]|/||b]| is small, that ||6Z||/||Z]| is as well. For this

calculation we will use the Euclidean norm. So
106  1/0.012 + (—0.01)2
6] V19992 + 19972
16Z]]  +/19.972 + (—19.99)?
El VIZ+12

~ 5.005 x 107%, and

~ 19.98.
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We had hoped that the relative sizes of 8b to b would be comparable to 07 to Z, but it turns
out that ||6Z]|/||Z]| is about 4.0 x 10° times bigger than [|5b]|/[|b]|. So this matrix has the
potential to give us poor accuracy when we make calculations with it.

But we can give a bound for ||67]|/||Z|| in terms of ||66]|/||b]| in the following theorem of
Watkins’ book [10].

Theorem 2.36. [10, Theorem 2.2.4] Fiz a matriz norm || - ||, and let || - || be a compatible

vector norm. Let A be a nonsingular matriz over R. Let T be the solution of A¥ = b, and
let T = T+ 02 be the solution to AT = b+ 6b. Then

0xr 8b
1]~ 5]

(2.5)

The factor ||A|| - ||AY] is called the condition number with respect to the matrix norm,
and it is a helpful tool to describe and study the sensitivity of a linear system to small
perturbations in the system. Note, however, that it is not exclusive to the Frobenius norm,
and that we can consider the condition number of a system with respect to any norm.

Definition 2.37. Fix any matrix norm ||-||. If A is an invertible (nonsingular) matrix with
inverse A~!, then the condition number of A, denoted x(A), is

K(A) = [|A]] - [|A7].
We denote the condition number of a matrix A with respect to the Frobenius norm as
kp(A) = [|AllF - [JA7|p

We might also consider perturbing A in the system AZ = b. Consider the two systems
A# = b, and (A + 6A)2 = b, where ||6A||/||A|| is small. We want to guarantee that
(A+0A)z = b indeed has a solution near to that of AZ = b. We can consider a theorem
similar to Theorem 2.36 in terms of perturbations to A.

Theorem 2.38. [10, Theorem 2.3.3] Fiz a matriz norm || - ||, and let || - || be a compatible
vector norm. Let A be nonsingular, let b # 0, and let T and T = T + 0 be solutions of

AZ =1 and (A+0A)z = b, resepctively. Then
o] [[0A]]
i < (AT
|2 1] [|A]

Theorem 2.38 shows that if the Condltlon number is small, then a small perturbation in
A will not perturb the solution to AZ = b by a lot.

Example 2.39. Let

400 —201 - [ 200
A= [—800 401 } , and b= [—200] '
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So when we find a solution to the system Ax = b we get

#= o] = o)

But when we make a small change in the matrix A, i.e.

4 [401 —201
~|-800 401

and calculate the solution again we get that
|7 40,000
|yl 79,800

5, _ 40,100
= 180,000] -

So if £ = ' 4 dx, then

Thus, if we take the ratio |[dz|| and the original ||Z|| we get

16x]| _ /8,008,010,000
|z ~ /50,000

which is quite a large ratio for such a small change in the the matrix A.

Example 2.40. Return to the matrix of Example 2.39:

400 —201
A= [—800 401]

Using the Frobenius norm, we calculate kr(A). From A, we compute A~

4 1 401 201
~(400)(401) — (—800)(—201) |800 400
401 201

C 1 401 201)  [-22 2
T 400 |800 400] T | A0 4004~

Then
|A]|lF = v/ (400)2 4 (—201)2 + (—800)2 + (401)2 = /1,001, 202
and
401\ 2 201\ 2
A Yr = i - —2)2 + (—1)2 = v6.2575125.
[[A™|F \/< 400) +< 400) +(=2)2 + (—1)? = V6.2575125
Thus

kp(A) = [|A]lp - ||A7Y|» = /1,001, 202v/6.2575125 = 2503.005.
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This explains why the calculation with a small perturbation in Example 2.39 could give such
a different result. If we fix the vector norm to be the Euclidean norm, and recall Theorem
2.38, it should be the case that

=

From the original example in Example 2.39, we had that

., [40,100] . [40,000 400 —201 fto
0T = [8(),00()}’ v {79,800}’ A= [—800 401}’ oA = {0 0}'

And so

62| /40,1002 + 80, 0002
2]l /40,0002 + 79, 8002

~ 1.003 and

1
= 2503 X —————— =~ 2.501.
1Al /1,001, 202

Thus, a small change in A results in a significantly different solution to Ax = b. This becomes
a significant issue when one designs algorithms with round-off errors in mind.

We recall that the relative size of dA to A is then given by ||dA||/||A||, and the relative
size of 6% to & is then given by ||0Z]|/||Z]|. Theorem 2.38 shows us that when we compare
these numbers we can put an upper bound on it using the condition number. We use the
following definition from Poole [8] to describe what large and small condition numbers mean
to a system of linear equations.

Definition 2.41. A matrix A is ill-conditioned if small changes in its entries can produce
large changes in the solutions to Ax = b. If small changes in the entries of A produce only
small changes in the solutions of AZ = b, then A is called well-conditioned.

In other words, the larger the condition number, the larger the changes in the solutions
to a system A7 = b can be when we make small changes to the matrix A. We saw that the
matrix A in Example 2.39 gave large changes in the solutions to A7 = l;, and therefore is
ill-conditioned. The following theorem gives us a lower bound on the condition number of
any matrix with respect to any norm.

Theorem 2.42. [10, Proposition 2.2.7] For any square matriz A, and any matriz norm ||-|],
r(A) = [[1]].

Proof. We have that x(A) = ||A|| - [|A7!||, and from the axioms of a matrix norm it is the
case that [[Al[ - [|A7] = [|AATH] = [|]]. 0

Theorem 2.42 implies that the closer a condition number is to |||, the better conditioned
it is.
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Lemma 2.43. Fiz a matriz norm || -||. If two companion matrices A and B are equivalent,
then they have the same condition number, i.e., k(A) = k(B).

Proof. Suppose that A = PBPT for some permutation matrix P. Then A and B have
the same entries. Since A = PBPT, A~! and B~! have the same entries as well. Hence,

k(A) = k(B). O

2.3 Specific Matrix Norms and their Applications

In this section we introduce some specific types of matrix norms. First we introduce the
Frobenius norm. Although it was introduced in the previous section, we now verify that it
is a norm. In the last chapter we also discuss the spectral norm and how it will help us in
the study of condition numbers.

Recall the definition of the Frobenius norm of a matrix A given in Defnition 2.33:

1A= > lai |
\

It is straightforward to check that ||A||r is a matrix norm.

e ||Al|r =0 if and only if A = 0 is certainly true.

1kAlE = > [kagl? = | 1kPlag]? I\/Wz i [* = k] > layl?

= [k| - ||AllF

e It suffices to show that ||A+ BJ||% < (||A]|r + || B||r)?. But for this part we’ll need the
Cauchy-Schwarz Inequality [5, Theorem 5.1.4]:

n
E TiYi
=n

n n
DN DI
=n =n

22



So with this we can solve

1A+ Bl = lay + by|*

= lay?+2 laibyl + Y 1o
ij i g

<Y agl? +2, /Za?‘ N
) 7 2y , )
= \/Z Jaii|? + \/Z 10512

= (IlAllr + [I1Bl]r)*.

e It suffices to show that ||AB||% < ||A||% - ||B||%. Suppose we have A € R™** and we
have B € Rk,

[ABIE =Y ()

i=1 j=1
n k
33 ()
i=1 j=1 \ ‘(=1
m n k k
> ( aMZb@) By C.S.)
i=1 j=1 \ /(= =1
m k n k
-(Exa) (sxn)
i=1 (=1 j=1 ¢=1
= |All% - [|BII%
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Chapter 3

Using the Hessenberg form of a
companion matrix

In this chapter, we review the results about condition numbers presented by De Teran et.
al. [1]. In particular, De Terdn et. al. determine condition numbers for Fiedler companion
matrices using Fiedler’s product construction. Our goal is to give new, simplified proofs of
these results by using the Hessenberg structure of a Fiedler companion matrix. In fact, we
extend the results of De Teran et. al. by presenting some corresponding results for the larger
class of sparse companion matrices.

In [1] De Teran et. al. use a bijection to describe the structure of Fiedler matrices. The
bijection corresponds to the order in which you multiply the matrices from Definition 2.16.
The following theorem describes the entries of any Fiedler companion matrix.

Theorem 3.1. [1, Theorem 2.8] Let p(z) = 2" + a,—12™" ' + -+ 4+ ag be a polynomial over
R where n > 2. Let 0 = (i1, . ..,i,) be a permutation of the integers {0,...,n— 1}. Let M,
be the Fiedler companion of p(z) associated to o. Then

(a) M, has n entries equal to —ag, —as, ..., —a,_1, with one copy of each.
(b) M, has n — 1 entries equal to 1.
(¢) The rest of the entries in M, are 0.

(d) If an entry equal to 1 of those in part (b) is at position (i,7), then either the rest of the
entries in the ith row of M, are equal to 0, or the rest of the entries in the jth column
of M, are equal to 0.

Example 3.2. To illustrate the last statement of the previous theorem, we revisit Example
2.14. If we let p(z) = 2° + asx* + asz® + asx® 4+ a1 + ag, and consider the companion matrix
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to p(z) of the form

—ay; —az 1 0 0
1 0 0 O 0

Mo- = 0 —Q9 0 —a; —aop| ,
0 1 0 0 0

o o0 0 1 0

we see that for every position that M, has a 1, there are zeros either in the rest of the column
or the rest of the row.

Theorem 3.1 (a) — (c¢) is essentially noting that a Fiedler companion matrix is a sparse
companion matrix. Theorem 3.1 (d) follows from (2.1). The Hessenberg form of these
matrices was noted in Theorem 2.19. As such, Theorem 3.1 could be viewed as a corollary
to Theorem 2.19. With Theorem 3.1, we can compute the Frobenius norm of any Fiedler
companion matrix, which is independent of the permutation o, and depends only on the
companion matrix’s characteristic polynomial p(z).

Theorem 3.3. Let p(z) = 2™ + a, 12" ' + -+ + a17 + ag be a polynomial over R, where
n > 2. Then every sparse companion matrix to p(x) has the same Frobenius norm.

Corollary 3.4. [1, Corollary 2.9] Let p(x) = 2" + a,_12" ' + - - + ao be a polynomial over
R, where n > 2. Let 0 = (i1,...,1,) be a permutation of the integers {0,...,n— 1}, and let
M, be the Fiedler companion of p(x) associated to o. Then

1M, llr = V/(n = 1) + laol* + |as[* + - + an—1[*

Since the condition number of a matrix depends on the entries of M and M~!, we need
to consider the entries of M1 as well. De Teran et. al. in [1] described the structure of the
inverse of a Fiedler companion matrix, and determined all the entries of M ~! using initial
consecutions and inversions, as introduced in Definition 2.22.

Theorem 3.5. [1, Theorem 3.2] Let p(z) = 2" + a,_ 12" ' + @, 92" 2 + -+ + a1z + ag be a
polynomial over R, with n > 2 and ay # 0, and let 0 = (i1,...,1,) be a permutation of the
integers {0,...,n — 1}. Let M, be the lower Hessenberg Fiedler companion matriz to p(x),
and let t, be number of initial consecutions or inversions of o. Then:

(a) M;' hast, + 1 entries equal to —%, —Z—;, cee —(z—(‘)’, with exactly one copy of each;

(b) M;' hasn—1—t, entries equal to as, 1, G, 42, .-, an_1, With exactly one copy of each;
(¢c) M;' hasn — 1 entries equal to 1; and
(d) the rest of the entries of M ! are 0.

In Theorem 3.5, the entries depend on t,, which in turn, depends on . However, we give
an alternative proof to Theorem 3.5 by relating ¢, to the lattice path in the lower Hessenberg
form of a Fiedler companion matrix.
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Definition 3.6. Let p(r) = 2" +a,_ 12" ' +a, 22" ?+- - - +a1x+ag be a monic polynomial.
Let M be a Fiedler companion matrix to the polynomial p(z) in lower Hessenberg form. The
wnitial step size of the lattice path of M, is the number of coefficients other than ag in the
row or column containing both ag and a;.

And with this definition, we can prove a result similar to Theorem 3.5.

Theorem 3.7. Let p(x) = 2" + ap_12" ' 4+ ap22™ 2 + - + 12 + ag be a polynomial over
R with n > 2 and a9 # 0. Let M be a Fiedler companion matriz to the polynomial p(x) in
lower Hessenberg form. Let t be the initial step value of M. Then:

(a) M~" hast + 1 entries equal —a—lo, —Z—;, cee —g—;, with exactly one copy of each;

(b) M~ hasn — 1 —t entries equal to az 1, asyo,- .., an_1, Wwith ezactly one copy of each;
(¢c) M~ hasn — 1 entries equal to 1; and
(d) the rest of the entries of M~ are 0.

Proof. Consider Lemma 2.26 which gives us the inverse of any companion matrix in lower
Hessenberg form. Notice that if M is a Fiedler matrix, then the a; entries of the matrix
form a lattice path according to Theorem 2.19. Thus one of the vectors @ or % in the lower
Hessenberg form of the Fiedler matrix given in Lemma 2.26 will have to be a zero vector.
Without loss of generality, let 37 be zero, which means that —%ﬁgj‘T — H = —H. If the

initial step value of F'is t, then there will ¢ nonzero elements in , which must take the form

[ 0

0

S
Il

—a |

Thus, the inverse of this Fiedler matrix, we will have ¢ entries that have a % coefficient from
the %ﬁ term in Lemma 2.26. Thus

0 or | -1
ao
M*t=|T1, 0 g |- (3.1)
—H ]n—m—l Lﬁ
ao
The matrix M~ will have precisely ¢ + 1 entries equal to —%, —Z—é, -y~ gk, and the re-
maining variables appear in H. All of the properties of M ~! in the theorem follow. n

With Theorem 3.7 we can recover De Teran et. al.’s computation for the norm of the
inverse of a Fiedler matrix.
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Corollary 3.8. [1, Corollary 3.3] Let p(z) = 2" + a,_ 12" ' + ap_22™ 2 + - - + a1x + ag be
a polynomial over R, with n > 2 and ag # 0. Let M be a Fiedler companion matriz to p(x),
with an initial step value of t. Then

Lt Jaa* + - + g

M YP=(n—-1)+
I = (o = 1) P

+ |at+1|2 + -+ |Gn_1|2.

Proof. This follows directly from Theorem 3.7. O

With Corollary 3.8 and Theorem 3.4, we compute the condition number of a Fiedler
matrix with respect to the Frobenius norm. The next theorem first appeared in De Teran
et. al. [1], and we have re-expressed it using the initial step value.

Theorem 3.9. Let p(z) = 2™ + @, 12" ' + ap_02™ % + -+ + a1z + ag be a polynomial over
R, with n > 2 and ag # 0. Let M be a sparse lower Hessenberg Fiedler companion matriz
to p(x), with an initial step value of t. Then

L4 |ag]? + -+ |ay]?
|ao|?

ke (M) = || M2 - (<n _1+ a4+ \an_1\2) ,
with
M = (7= 1)+ laof? + a2+ - - Jan 12

Corollary 3.10. [1, Corollary 4.3] Let p(z) = 2" + @ 12" ' + @y 22" 2 + -+ + a1 + ag be
a polynomial over R, with n > 2 and ay # 0. Let A and B be Fiedler companion matrices

to the polynomial p(x) in lower Hessenberg form. If the initial step value of both A and B
is t, then kp(A) = kp(B).

Proof. We know that any two companion matrices to the polynomial p(x) will have the same
norm by Lemma 2.43. So we have then that ||A||r = ||B||p. From Corollary 3.8, we also
have that [|[A~!||r = ||B~!||r when A and B have the same initial step size. Therefore

kp(A) =|Allr - [[A7|F = [IBllp - [|B7|F = £r(B).
O

The following corollary is inspired by [1, Corollary 4.3], and gives the necessary conditions
for two Fiedler companion matrices in lower Hessenberg form to have the same condition
number.

Corollary 3.11. Let p(z) = 2"+ ap_ 12" 1 + ap 22" 2+ - -+ a1z + ag be a polynomial over
R withn > 2 and ag # 0. Let M be any lower Hessenberg Fiedler companion matriz to p(z),
and define Sy := {M : M is a Fiedler companion matriz to p(x) with initial step size t}.
We then define

K(t) := kp(M), for M € S;.

Then
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(a) if |lao] <1, then k(1) < k(2) <--- < K(n —1);
(b) if lao| =1, then k(1) = kK(2) = - --
(c) if lag| > 1, then k(1) > k(2) > -+ > k(n —1).

Proof. 1f |ag| < 1, then it is clear from Theorem 3.9 that (M) increases as the number of
coefficients divided by |ag|? increases. It is the opposite but similar case when ay > 1. O

k(n —1); and

Theorem 3.12. Let p(x) = 2" + ap 12" + @y 02 2+ -+ ayx + ag withmn > 2. Let
Sy :={M : M is a Fiedler companion matrix with initial step size ¢},

i.e., S 1s the set of all lower Hessenberg Fiedler companion matrices M to the polynomial
p(x) with an intial step size of t, where 1 <t <n—1. Then

ni=t o ift <n — 1,
S| = .
2 ift=n-—1.

Y

Proof. Recall the structure of a companion matrix in lower Hessenberg form from Lemma
2.26:

0 |L.| o
M=|"d [ H|Im (3.2)
—ao | 7T | O
If t =n—1, then M has the coefficients —ay, ..., —a,_1 either completely in @ or completely

in 7. If t < n — 1, then there are t — 1 coefficients that fall in @ or in %7, and then —a,
must fall in H. From there, each succeeding —a;, for t+1 <7 < n—1, can go either directly
to the right, or directly above the previous entry since M has a lattice path. So there are

2" t=2 ways to do that. We then multiply this by 2 since then —ay, ..., —a;_; fall in either
@ or 7. O

The next result compares condition numbers of general companion matrices with some
restrictions to Fiedler companion matrices.

Theorem 3.13. Let p(z) = 2" + a,_12™ ' + -+ + a1x + ag be a polynomial over R, with
n > 2, and |ag| > 1, and let M be any Fiedler matriz in lower Hessenberg form, i.e.,

0 | I, 0
M= | dy | Hy | In—m—
—AQao @7]1;4 6T

where t is the initial step size of M. Suppose C is any companion matrix to p(z) in lower
Hessenberg form, i.e.,

0 | Ln| ©
C= ﬁC HC’ In—m—l
—Qo gg 6T



where the initial number of nonzero elements in either ic or y& is also t. Suppose that
k(M) < k(C). Then if either ic or y& are zero vectors, and a,_y is in the same position in
both matrices, then:

k(C)
1< < k(M).
~ k(M) k(M)
Proof. We want to show that
C1 - [IC71] L
< [IM|] - 1M
[|M] - | M=)

Since ||C|| = ||M]|, it suffices to show that
ICTHE< [1M]] - ||M T2

Without loss of generality, assume that @e = 0 in C. This means that

_[I“
Yo = (—ay,...,—a;-1,0,—aj,,...,—a;,,0,...,0).
In this vector, —ay,...,—a;—; are all nonzero, but a;,,...,a; do not need to be nonzero.
Consider then, C~1
1 =T 0T _1
e 0 a0
-1 _ =
Cc = I, 0 0
I 17
alcyc — He | In—pm-1 | 5 Uc

Because @c = 0, the norm of C~! would then be

a;

0

2 s
£y | % 2
Qo

i=1

o= -+ (1) + 3
—(n—1)+ (%)Z >

ai€ﬂg

where {ky,..., kUL, ..., t—1,751,...,7s, } = {1,...,n— 1}. We also have that

2 V4
+ E ,|ak'z
=1
T

2
a
o T2 il (3:3)

ar€Hco

B n—1
M| [IMHP = (=1 + ) il
L =0

2 n—1 T
+ Z |a;?
j=t i
1 2 t—1 2 n—1 7
x |(n—1)+ (a—) +) +3 a? - (3.4)
0 : -
L 2 Jj=t J

We want to show that [|[C7|| < [[M]| - ||M~Y[?. To do this we simply consider the four
different summands in (3.3), and show that we can find unique terms in
||M]] - [|M~1[|? that is greater than or equal to this summand.
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The summand (n — 1) in (3.3) is less than (n — 1)% in (3.4).

2 2
The summand (%) in (3.3) is less than (n — 1)? (%) in (3.4).

aq

ao

2 2
The summand ) in (3.3) is less than 327" |a;[2(n — 1) <%> in (3.4).

aiezj’g

e Lastly, the summand ), _ |ag|* in (3.3) is less than (n — 1) Z?:_tl laj*(n — 1) in
(3.4).
As a consequence, ||[CT| < [|[M]| - ||M 7|2 O

Corollary 3.11 gives us a result about ascending and descending condition numbers for
Fiedler companion matrices, which allows us put bounds on them in regards to there initial
step values. Theorem 3.13 also uses the initial step size. The question left to ask is whether
or not there exists a similar result for general companion matrices.
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Chapter 4

Comparing Condition Numbers for
Striped and Fiedler Cases

One of the main objectives of this project is to see if we can find other types companion
matrices that have better condition numbers than the Fiedler companion matrices. In this
chapter we explore striped companion matrices. We provide conditions on the coefficients
of the characteristic polynomial so that a striped companion matrix has a better (smaller)
condition number than any Fiedler companion matrices.

4.1 Striped Companion Matrices with the Same Sized
Stripes

When ap = 1 we can explicitly find the inverse for a sparse companion matrix. If
px) =2+ a, 12" '+ +ayz + 1 and

0 |L.| o
A= u H In—m—l
—Aayg y4T 6T

is a companion matrix to A then by Lemma 2.26, we can write the inverse as

ir 07 | -1
Al = I, 0 0 (4.1)
G —H | L m | @

Recall Definition 2.27 of a striped companion matrix, and consider the following lemma:
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Lemma 4.1. Let U = Cnqi(k, k... k), ap = 1, and a4, ..., aum1e—1 € R. Then the
inverse for U is
i —Qaq —a9 —QE—1 6T -1
Im 0 0
—@1amk T Amk+1  —020mk + Gmk+2 —QAk—1Amk + Q(m+1)k—1 —Qmk
0 0 0 0
. —Q102k + G2k+1  —0202% T G2k42 —Qk—102k T A3k—1 —azk
v = 0 0 0 0
: : : In—m—1 :
0 0 0 0
—a1ak + Gg41 —Q2a) + Gp42 —Qp—1ak + A2k—1 —ag
0 0 0 0
I 0 0 0 0
Proof. Note U is the matrix
[0 I 0
—Amk —Amk+1 _a(erl)kfl
0 0
0 0 0
—Qik TAik+1 —Q(i41)k—1
0 0 0
U = — _ _ In_p1
= asy a2k 41 a3k—1
0 0 0
0 0 0
—ag —QAk+1 —02k—1
0 0 0
0 0 0
I 1 —aq —Qp—1 hea

32




This result is a special case of Lemme 2.26. In particular, notice that

[—a10mr  —a2amk ZOk—10mp ]
_ - ™ w0 - @0
—a
mk 0 0o ... 0
O .
0 0 0
— Qg —ayasy —asa9 —ag_1a9k
0 a0 a0 T a
1o 1] 0 0 0
—a— Yy = _CL : [—al —az ... —ak_l} = .
0 0 :
0
B 0 0 0
ag —ajag —agay, —aR_10k
0 Tao a0 T an
) 0 0 0
. O - i
0 0 0
From this matrix, we subtract H:
[ —a10mr+a0amrt1  —020mk11+300met2 —0k—10mk+000(m41)k—1]
@ o ... o
0 0 .. 0
0 0 . 0
—G102K+0002k+1 —a202K+a0a2k+2 —0k—102k+0003k—1
o o ... o
1 0 0 .. 0
- y4T - H =
Qo : : - :
0 0 . 0
—a10a,+0a00k+1 —a20,+000k+2 —ak—10k+a002k—1
BT — B e— ... P —
0 0 .. 0
0 0 0
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With this computation, we use Lemma 2.26 to compute U '

[ —aq —a9 N —Qf—1 (_)T -1
aolm 0 0
—010Gmk + A00Gmk+1  —020mk+1 + G0Amk+2 .- —OAk—10Gmk T Q00 (m+1)k—1 —Qmk
0 0 . 0 0
41 —a102k + A0G2k41 —Q202k + A0G2k+2 e —Qk—102k + A0A3k—1 —a2k
U =— 0 0 o 0 0
ag
C : aOInfmfl :
0 0 . 0 0
—a10k + aoat1 —Q20k + GoGLy2 cen —Gk—10k + apG2g—1 —ag
0 0 . 0 0
I 0 0 . 0 0
The conclusion follows from the fact that ag = 1. O

Our goal is to determine conditions for when striped companion matrices have a better
(i.e., smaller) condition number than any Fiedler matrix. Suppose we have some character-
istic polynomial pys(z) = 2" + @y 12" + ap_2x" % + - - + ay T + ap of a companion matrix
M. Recall that the condition number of the matrix M is:

kp(M) = [|M]|p - ||M~|p.

By Theorem 3.3, every sparse companion matrix of py(x) will have the same norm. When
we compare the condition numbers of matrices, we must then focus on the norm of the
inverse M~!. From Lemma 2.26, the norm of the inverse of a companion matrix depends
primarily on the term —%ﬁy_’T — H.

By Corollary 3.8, the norm of the inverse of a Fiedler matrix should be exactly the same
as the norm of the original matrix if |ag| = 1. We wish to see when non-Fiedler cases have
smaller condition number then that of the Fiedler case when |ag] = 1. We answer this
question in a special case in the next theorem.

Theorem 4.2. Consider the monic polynomaial
p(z) = 2" + ap 12"+ ap_ 12" 4 - Far + ag
with ag =1, ay,...,a,-1 € R, andn = (m+1)k. Then there exists a striped companion ma-

tric U = Conpyie(k, k, ... k) for p(x) such that kp(U) < kp(M) for any Fiedler companion
matriz M if and only if the coefficients of p(x) satisfy:

m k—1 m k-1
3 (z . r) -3 (z |\) .
j=1

J=1 =1 =1
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Proof. Let U = Cyy1(k, ..., k), and let M be a Fiedler companion matrix. By definition
kp(U) < kp(M) if and only if

O U< (1] -] M

Any sparse companion matrix to the polynomial p(z), whether it is a Fiedler companion
matrix or a striped companion matrix, will have the same norm by Theorem 3.3. It suffices
to show that [|[U!| < ||M~!|| if and only if the coefficients of p(z) satisfy:

> (Dk - ) i(zmﬂm )

j=1 \i=1 — —

By Lemma 4.1, there are n ones in the matrix U}, so

NP =n+ o + [asl® + - + |ag [
+ lap? + lage]® + -+ - + |ame |
+lagir — arag* + |apro — agap* + - + |agk_1 — ap_1ax|* +
+ |ask1 — arask|® + |askys — asas]* + -+ + |asp—1 — ap_1a2)?
+ |@mk 1 — a1amk’2 + [@mry2 — (12amk|2 +-ot |am(k+1)—1 - ak—lamk|2‘

By Corollary 3.8, we can similarly write out the norm of the inverse of the Fiedler matrix

M as:

MNP = nt Ja + Jao* + - o+ fag |
lal* + las* + - + |ap]”
kel + lagsal + -+ Jage-
+ lagrs1 | + azksal” + -+ - + |age—a [P + - -
+ |ampt1]® + [ampsal” + -+ |a@menr—1]>

Note that the first two rows of each equation are the same. Thus, when we compare them,
we can leave those terms out. We can write the remaining terms in ||U~!|| as

m
> (Z |aiajr — afjk+i|2> = laks1 — arar® + |anye — asar* + - - + |agr—1 — ap—1ax ]
j=1 \i=1
+ |ask41 — arask|® + |ask+2 — asasi|® + -+ + agp—1 — ap—_1a2 |’
+ |amp+1 — alamk|2 + |amkt+2 — azamk|2 +eee |am(k+1)—1 — ap_1ami/?.
71||2

Similarly, we can represent the remaining ||M terms as:

.
> (DW ) = Jaria* + lansal> + -+ g

7j=1 =1
+ |Cl2k;+1|2 + |CL21c+2|2 + -+ |Cl3k—1|2

+ |amk+1|2 + |amk+2‘2 +ooe 4+ |a(m+1)k—1’2-
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Therefore there can exists a striped companion matrix U that has a better condition number
than a Fiedler companion matrix of the same characteristic polynomial if and only if,

m k—1 m k-1
Z <Z |aiajk - ajk+i|2) < Z (Z |ajk+i|2> .
j=1

j=1 \i=1 i=1
[
Corollary 4.3. Suppose that we have a monic polynomaial
p(z) =2" +ap 12" ap_ 12"+ Far +ag
with ag =1, a1, ...,a,_1 € R, and n = m(k + 1). If the coefficients of p(x) satisfy
larar — apt1| < |agsa] lasay — apto| < |akiz| o ag—rag — agg—1| < |agk—1]
|ayagk — agpi1| < |agkia] |axasr — agpra| < |agkis o agragr — azpa] < agp|
larasy, — aspy1| < |asesa] Aoz — aspy2| < |asesol coJap—raze — agp-1] < Jagr-]
|a1@mp — Gmit1| < Jampg1] @2 — mira| < Jampsa] - J@k—1Gmk — Qma—1] < |@@mtp—1l,
then there exists a non-Fiedler striped companion matric U = Cy(k, ..., k), such that kp(U) <

kp(M) for any Fiedler companion matriz M.

Proof. The hypotheses of the corollary implies that |a;ax — ajk+i| < |ajpyil, for 1 < j <m
and 1 <7 <k — 1. We then apply Theorem 4.2, to finish the proof. O]

Example 4.4. Consider the following characteristic polynomial:
p(r) = 20+ 42% + 627 4 22° + 52° + 52t + 32% + 322 + 22 + 1.

We can find a striped companion matrix and a Fiedler companion matrix for this polynomial,
for example,

T 0 1 00000 0] 0 1 000000 0]
0 0 1000000 0 0 1000000
2 =6 -4 100000 0 0 —4 100000
0 0 0010000 0 0 —6010000
U=| 0 0 0001000| and M=| 0 0 —=2001000
3 =5 =5 000100 0 0 -5000100
0 0 0000010 0 05000010
0 0 0000001 0 0 -3000001
| -1 -2 30000 0 0] | -1 -2 =30 000 0 0|
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The two corresponding inverse matrices are:

[ —2 -3 0000 0 0 —1]
1 0O 00O0OO0O0U O 0
0 1 00 0 00O 0
2 -2 1 0 0 0 0 0 -2

U= 0 001000O0 O] and

0 0001000 0
-1 -4 000100 -3
0 0O 0O0O0O0OO0OT1T@ O 0

| 0 0000001 O]

[ —2 -3 000000 —1]

1 00 0O0O0OO0OD 0

0 1 0000 O0O 0

0 41 00 000 0

M= 0 6010000 0O

0 2001000 0

0 5 0 0 0100 0

0 5 000010 0

| 0 3000001 0]
From Corollary 4.3 we consider the following inequalities:
larag — az| < |az| lasas — as| <|as|
laraz — aq| < lay lazaz — as| <|as| .

In our case, all these inequalities are satisfied since
(a07 ai, ag, a3z, 4, a5, Ag, A7, GS) = (17 27 37 37 57 57 27 67 4)
Thus Corollary 4.3 implies that kp(U) < kp(M). Indeed,

ke(U) = ||U|| - [JUY] =137 /60 ~ 91 and
k(M) = [|M]| - [|]M~Y| =v137 /137 = 137.

Example 4.5. Consider the following characteristic polynomial:

p(x) = 2° 4 62° + 427 + 22° + 92° + 62 + 32° + 322 + 2z + 1.
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We can find a striped and a Fiedler companion matrix for this polynomial, e.g.,

0 1 0000000 0 1 0000000
0 0 1000000 0 0 1000000
2 —4 6100000 0 06100000
0 0 0010000 0 0 4010000
U=| 0 0 0001000| and M=| 0 0 -200 1000
3 6 -9 000100 0 09000100
0 0 00000T10 0 060000710
0 0 0000001 0 03000001
| -1 -2 30000 0 0| | -1 -2 30000 0 0|

We see that for this example, when we construct the striped companion matrix U =
(Cy(3,3,3), the submatrix R from Theorem 2.13 has rank 1. We now find the inverses of
both matrices:

—1
0

OO DO DO OO+ O W
(]

0 and

3
L
I
OO0 00O O RN

OO OO OO oo

!

A

|
cCoooco ORI

WA ORI OW o000, OO O
O OO oo, OO O OO oo OO OO
OO OO OO oo OO O OO0 OO
O OO OO OO OO OO = OO OO OO
OO = OO OO OO O R OO OO o oo
O OO oo oo _ O OO o oo oo
S OO OO o oo
o

(e
e}
—_

Then by Corollary 4.3 we consider the following inequalities. Notice that we have extreme
cases on the left hand sides of our inequalities:

layag — a7| =0 < |ay| lagag — ag| =0 < |ag|

larag — as] =0 < |ay| lasas — as| =0 < |as|

where (a07alaa27a37a47a57a67a7aa8> = (1a2737376a 9727476)'

So these inequalities are satisfied, since all the left hand sides are zero. In the following,
we will see that this extreme case happens whenever a striped lower Hessenberg companion
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matrix of the form in Theorem 2.13 has a submatrix R of rank 1. Theorem 4.10 generalizes
this result further. When we compute the condition numbers of both matrices we get the
following

ke(U) = ||U]] - JUY| =v/204 /35 ~ 85; and,
kp(M) = ||[M]|-||M~| =v204 /204 = 204.

M 204 M
rr(M) ~ 20 = 2.4. This suggests we can make the ratio o (M)
kr(U) 85 kr(U)

In this case the ratio

quite large.

Example 4.6. Let’s consider the striped matrix Cs(2,2,2)

[0 1 000 0]
—ay4 —ajp 1 0 00
0 00100

06(27272) - —ay —as 0010 )
0 0 00O01

| -1 —a, 00 0 0|

for ay,...,a5; € R. When the following inequalites hold

|a1a2 - CL3| < ag
laras — ayq] < ay

laras — as| < as ,

we know that the striped companion matrix will have a condition number equal to or better
than any Fiedler companion matrix. When the rank of the submatrix

—a4 —0s
0 0
—Qag —as
0 0
-1 —a

is 1, the inequalities above become

|CL1(12 - CL3| =0 S as
laras —as] =0 < ay

|a1a4 — a5| = O S as.
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We can use this fact to demonstrate an interesting example. Consider when (ag, a1, as, as, ay, as) =

(1, k,ck,ck?, ck?, ck?®). Then

0 10000 k0000 -1
—ck® —ck® 1.0 0 0 1 0000 0
. 0 00100 1 |k —ck* 1 0 0 0 —ck?
Co(222)=U=| _, 4290 10]| MU = 0 0100 0
0 0000 1 ck—ck 00 1 0 —ck
| -1 k000 0 0 0001 0

Thus

U P = Pk + *k* + k* + 6.
But for any 6 x 6 Fiedler companion matrix M with ay = 1, we have

IM7? = ai + a3 + a3 + a} + a2 + 6 (by Corollary 3.8)
= k® + 2kt + Pk + kP 4+ K+ 6.
When we consider the ratio of the two condition numbers we get

||U‘1||2 - kA k2 1 k2 4+ 6 ~

for sufficiently large k. Since we used the condition numbers squared for simplicity,

The next theorem generalizes this example.

T meka<1> x(m )k over R, 'U)’Lth
q(:L’) ak—lxk |" ak_zx + P + aix ]

andn = (m+ 1)k. Let U be the striped companion matriz in lower Hessenberg form to p(x)
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given by:

0 T4 0
—Cpy  —CpQq —CmQk—1
0 0 0
0 0 0
—C¢ —CGay —CiQk—1
0 0 0
0 0 0 L1
—Cy —CoQ —Ca0f—1
0 0 0
0 0 0
—C1 —C1aq —C1ag—1
0 0 0
0 0 0
-1 —a; —Qp_1 0T

For any Fiedler companion matriz M to p(zx), we have that

re(M)]? A+ d+ -+l + o +a )+ (G + ) +n
(@i 4+ +aj_)+(i+---+3Z)+n '

KF(U)
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Proof. Note that, by Lemma 2.26

- —

—aq —a9 e —Qk—1 OT -1
Iy, 0 0
Cma] — Cpa1 Cpa2 — Cpay ... Cplrp—1 — CpQrp—1 —Cm
0 0 . 0 0
0 0 e 0 0
c;a1 — Cc;a1 C;Qo — C;a9 N CiQp—1 — CiQk—1 —C;
-1 : : PN . :
U =
0 0 e 0 0
C2G1 — C201 C2G2 — C202 s C20k—1 — C2Qk—1 In,k,1 —C2
0 0 . 0 0
0 0 e 0 0
ci1a1 — C1aq C1G9 — C109 . C1p—-1 — C1Qk—1 —C1
0 0 . 0 0
i 0 0 . 0 0

All the terms in the bottom left submatrix are zero, which leaves us with

[ —ay —Qa2 ... —Qp_1 (_)T -1 ]
I, 0 0
0 0o ... 0 —Cm,
0 0o ... 0 0
0 0o ... 0 0
0 0 0 —C;
.
U"=1 09 0o ... o0 0
0 0o ... 0 Iy 1| —co
0 0o ... 0 0
0 0o ... 0 0
0 0 0 —C1
0 0o ... 0 0
| 0 0o ... 0 0 |

So computing the norm squared of the inverse, we get
WUMP=ai+ - Fap_ +d+-+c, +n.
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From Corollary 3.8

IM7H]? = af + -+ +af_+
c +cjal 4+ cai_+

2 2 2 2 2
Cy +02a1 + -+ Czak_1+

2 2 2 2 2
Cop T €0y + -+ Cpaj_qg + 1

=+ ++
Lat + - 4 ag_)+
cjlal+ - +a;_ )+
(af + - +ap_y)+
caf+---+ai ) +n

And so,

{K(WT‘ M2 (4@t 4 2)@ 4k )+ (Gt +E) +n
x(U) U2 (@t +-Fai_)+ (i +--+32)+n '

]

Corollary 4.8. Suppose that we have a monic polynomial p(z) = q(z)+ci12%q(x)+cox*q(z)+
oo ™ () + 2R over R, with

q(z) = a1 7" Fapox" P Far + 1

and n = (m+ 1)k. Let U = Cy(k,k,..., k) be the striped companion matriz in lower
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Hessenberg form to p(x) as given below:

0 I 1 0
—Cm —Cpaq —CmAk—1
0 0 0
0 0 0
—C  —Ciy —Ciap—1
0 0 0
U — 0 0 0 L1
—Cy —CoQq —C20k—1
0 0 0
0 0 0
—C1  —C1a1 —C1Gk—1
0 0 0
0 0 0
-1 —aq e —Qk—1 GT

If (1+c2+---+c2) is sufficiently large, then for any Fiedler companion matriz M to p(z),
it 15 the case that

K(AD)]? _ |
5] e

Proof. By Theorem 4.7

[””(M)r_ M2 (4@t 4 @)@+ 4 ad )+ (E -+ E) +n
K(U U2 (@t +-+ai_)+(E++c,)+n '

Let C = (34 ---+c%),and let A= (a?+---+a2_,). Then

lim
C—o0

k(M)]? iy (CHDA+C 40
k(U) T he A+Ca4n

If we divided all the terms in the denominator and the numerator by (C'+1) we are left with

At 5+ d5 A+1+0
o1 "oy A+ 1+ R

lim — = =
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The previous result shows that the ratio of the condition numbers of the companion
matrices can be arbitrarily large when we fix the rank of the striped R-submatrix from
Theorem 2.13 to be 1. The rank 1 condition is not a requirement for a striped companion
matrix to have a lower condition number in general. In Example 4.5 we did not have an
R-submatrix with rank 1, but we were able to create a striped companion matrix that had
better condition number than the Fiedler matrices. Example 4.6 demonstrates how large we
can make the ratio.

4.2 Striped Companion Matrices with Different Sized
Stripes

So far in this chapter, we have considered only striped companion matrices that have
all the same sized stripes. We wish to consider also when the stripes are not all the same
size. Recall the structure of any companion matrix A in lower Hessenberg form to some
characteristic polynomial p(z) = 2" + a,_ 12" ' + - -+ + a1 + ap from Lemma 2.26

0 [In]| ©
A=|"4 [H L. |- (4.2)

—Qp ZjT 6T
Consider now some striped companion matrix U = C,(s) where s = (s1,82,...,5), S <
s; < sy fori € {2,...,7 —1}. Then the bottom stripe will fall completely in the row vector

g, except the —ag entry, followed by s; — s, zeros. The @ column vector of the striped

companion matrix U will have the first entry of each nonzero stripe according to (4.2), and

zeros elsewhere corresponding to the zero stripes of U. If s = (s1, $9,...,S8,), then there will
be r nonzero entries in the column vector @ of U which we will call a,; for j € {1,...,7 -1}
since a;, = —ag. With this notation, we consider the following theorem.

Theorem 4.9. Consider the monic polynomial:

p(z) =2" + a1 2" ap 2"+ a1

where n s any positive integer, and aq,...,a,_1 € R. Consider any striped companion
matriz U = C,(s) where s = (s1,82,...,8:), Sy < s; < 81 foralli € {2,...,r —1}. Assume
that each nonzero stripe has a nonzero entry in i, and let ay; for j € {1,...,r — 1} be the

the nonzero coefficients of the polynomial p(z) that fall in the column vector 4 of the matrix
U. If M is any lower Hessenberg Fiedler companion matriz to the polynomial p(x), then
ke(U) < kp(M) if the entries of U satisfy:

]akagj — CLkJrgj’ < |ak+gj| for k € {1, - ,t}
Proof. By definition, kp(U) < kp(M) if and only if
O] U< (1] 1M
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Let s, = t. It suffices to show that ||[U~1||? < ||[M~!||? if the entries of U satisfy:
larag, — ag4k| < |ag; k]

for k € {1,...,t},and j € {1,...,7 — 1}. U can be represtend as follows:

0 I, ‘ 0
Ty ’
where
[ —ap,  —ag —ap e K * —Qp1 |

0 0 0 0 0 0

0 0 0 0 0 0

_a“gr,j _a@,',j-‘rl _aér,j—kt * * *

0 0 0 0 0 0

R — aZT*? _azr72+1 _azr72+t * N * *
0 0 0 0 0 0 ’

0 0 0 0 0 0

aﬁr—l _agr—l"!‘]- _agr—l'i‘t * * *

0 0 0 0 0 0

0 0 . 0 0O ... 0 ... 0

| -1 —aq —ay O ... 0 ... 0

where % are either coefficients or zeros that fall outside of the (n —t) x (¢t + 1) submatrix
in the bottom left corner of U. Note from Lemma 2.26 that, since ag = 1,
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[ —ay —as ... —ay 0T -1
I, 0 0
a1ag, — Qg 41 a20p, — Qg 42 e AtQpy — Apy 4t —Qy,
0 0 - 0 0
0 0 o 0 0
ala&,,j - ae7v7j+1 GQGZ,,,J- - a/@,,.,j+2 e ata/[,.ij - a@,,,jjtt _a@,.,]'
Ul = : : ; :
0 0 . 0 wl o
a10g, o, — Q¢ _o41 A20¢,. 5 — Qg 542 ... Qg , — Ap. 4t —ag,_,
0 0 . 0 0
0 0 . 0 0
a1Qg,  —0Qg._1+1 Q20¢,.  — Qg 42 ... Qg — Qg+t —Qg,._,
0 0 ... 0 0
I 0 0 o 0 0

Since the s fall outside the first (£ + 1) columns of U, when we take the inverse of U, all of
the nonzero %s will be monomial elements in U !, represented by the nonzero elements of .
Note that when we compare condition numbers of the striped and Fiedler companion matrices
all of the elements of * in U~ will cancel out with some a; in M~* fori € {1,...n—1}. By
Corollary 3.8, when ag = 1, then

n—1

M7= lail® +n

=1

for any Fiedler companion matrix M to p(z). From Lemma 2.26, both U~ and M~ will
have n ones (as ag = 1). And from our hypothesis we have that

|arae; — ag; k| < lag; 4k
for k€ {1,...,t},and j € {1,...,r —1}. Thus, |[[U}||* < ||[M7|]2 O
Theorem 4.10. Consider the monic polynomial:

p(z) =2" +ap 12" a,_ 12"+ Faw +ag

where ag = 1, and ay,...,a,_1 € R. Let U be a striped companion matrix to the polynomial
p(x). If )
0 I, ‘ 0
U= R [n—m—l
(‘)‘T



with R a submatriz, defined in Theorem 2.13, of the form

*
R=| B ,
0---0
and B 1s given by
_a'é1 afl-‘rl _afl-i-t
0 0 0
0 0 0
—Gy Qg,_;+1 —Qg,_ i+t
0 0 0
B _ _a£r72 _a£r72+1 R _a'é'r72+t
0 0 0 ’
0 0 0
afr 1 a/f’,',l—‘,-l alg'r 1+t
0 0 0
0 0 0
—1 —ay —ay
then
r—1
( g |aiag, — ag 4 )) =0 < rank(B)=1.
7j=1
Proof. Let
—agl —agl_,_l . e —a/gl_;’_t
—afrij —agrij+1 Ce _agr—j‘i’t
/
B = _aer72 _a£r72+1 st _a‘er72+t
_a/f,,‘,l _ale'rfl‘i‘l ct _aZT71+t
-1 —aq . —ay

be the matrix consisting of the nonzero rows of B. (=) Note that for 1 < ¢ < ¢, and
1<7<r—1, Z;:(Zle |aiag, — a4j+i|2) = 0 if and only if |a;a¢, — ar,+;| = 0 if and only if
for all the 2 x 2 submatrices of B" involving the first column, and the last row of B’ have a
determinant of zero, i.e.:

det [__‘ij af“} —0, forie{l,...,t}, andj e {1,...,r —1}.

_aZ
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We choose one column and one row, and consider the corners of that square. First consider
just the bottom two rows of B’.

B// — _a’é'rfl _a/grfl“!‘l cc _a€T71+t
1 —ay ... —a

If the 2 x 2 submatrices of B” involving the first column have determinant 0, that is equivalent
to saying that each column of B” is a scalar multiple of [—a,,_, — 1]T. So rank(B") =1,
which is true if and only if row 2 is a multiple of row 1. We can do the same process for every
row of B’ in fact. And so every row of B’ is a multiple of the bottom row, which implies
that rank(B’) = 1 which implies rank(B) = 1.

(<) If the rank of B is ¢, that is equivalent to saying that the largest square submatrix of B
with nonzero determinant is a ¢ X ¢ matrix [8]. So if ¢ = 1, then every 2 x 2 submatrix of B
has a zero determinant, which means that |a;a,, —ag, 4| =0for 1 <i<t¢,and 1 < j <r—1.
This implies that Z;i(Z:ﬂ |asag, — ag,44]*) = 0. O

In this chapter we saw that under the right hypotheses striped companion matrices
can have a smaller condition number to any Fiedler companion matrix. Striped companion
matrices are the main class of companion matrices we studied in this paper, but these results
give hope to potentially generalizing some of these results to compare the condition number
of any sparse companion matrix to the Fiedler companion matrices.
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Chapter 5

Singular Values of Companion
Matrices

In this chapter, we change gears to discussing some of the results about singular values
and the spectral condition number previously studied by De Téran et. al. in 2012 [1]. The
spectral condition number uses the spectral norm, which uses eigenvalues to evaluate the
size of a matrix. We will discuss in more detail through this chapter how to find the singular
values of a matrix, and how the singular values will help in the calculation of the spectral
condition number of a matrix.

Definition 5.1. Let A be an m xn matrix. The conjugate transpose of the matrix A, denoted
A*, is obtained by taking the complex conjugate of each entry of A, and then transposing
the matrix. That is,
A= AT
Note that for this project we work primarily in the real numbers R. This fact implies
that the conjugate transpose is merely the transpose, i.e., A* = AT = AT,

Definition 5.2. A matrix A is called unitary if its conjugate transpose is also its inverse.
That is,
ATA=AAT =T
Note that AT A is a symmetric matrix. Thus the eigenvalues of AT A are real numbers.
Since ¥70 > 0 for any real vector ¥, setting v = AT gives #7 AT AZ > 0. If ) is an eigenvalue
of AT A then AT A¥ = \% for a real nonzero vector # and hence M\’ 7 = T AT AZ > 0. Thus

the eigenvalues of AT A are nonnegative real numbers.

Definition 5.3. The singular values of a matrix A are the square roots of the eigenvalues
of ATA.

Definition 5.4. [5] The spectral norm is defined as the square root of the maximum eigen-
value of AT A. That is,

I|A||2 = /max{\ | \is an eigenvalue of ATA}.

Thus the spectral norm of A is the largest singular value of A.
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We can show that the spectral norm of any matrix A is in fact a matrix norm. 0
e ||A||]2 =0 if and only if A = 0 is true since a zero matrix can only have 0 eigenvalues.

e Next we wish to show that ||[kA||ls = |k| - ||A]|2. Suppose that A, is the largest
eigenvalue of A. Note that if ¥ is an eigenvector of A then AZ = \Z and kAZY = kAT,
and hence, (k) is an eigenvector of (kA). So

|[kA||z = v/max{) | \is an eigenvalue of (kA)T(kA)}
= /k? - max{\ | \is an eigenvalue of AT A}
= |k| - v/max{\ | A is an eigenvalue of ATA}.

And so [[kAll> = K] - [|All>

o [|[A+ Blla <||A||2 + ||Bl]2 follow from Weyl’s Theorem (see [5, Theorem 4.3.1]).
Definition 5.5. The spectral condition number of a matrix A, denoted ry(A), is ko(A) =
[ All2 - [[A7H]2-

1

Example 5.6. Consider the n x n matrix given by [h;;] = G )
i+7—

, called a Hilbert

matrix. For example, when n =4

i h
Hy= 3 1y 1fs 1jg

When one calculates the spectral condition number ky(Hy), we see that even for a small n,
the condition number can be quite large since ry(Hy) ~ 15, 500.

Lemma 5.7. [6] Let A be an n x n invertible matriz. Suppose also that s; and sy are the
mazimum and minimum singular values of A respectively. Then
s
K9 (A) = —1

52

Proof. By the definition of the spectral norm, ||A|l = s;. For this proof we need the
following statement: If A is invertible, then

A is an eigenvalue of A < A~!is an eigenvalue of A~L.

This is true since for invertible matrices A,



Now consider

[|A7]3 = max{\ | A is an eigenvalue of (A~1)T A~}

1,1
= max{\ | A is an eigenvalue of (AA") ™'} = max{ 11X is an eigenvalue of (AA”)}
1 1

~ min{\ | A is an eigenvalue of (AAT)} ~ sy

And so we have 51
ka(A) = [| Al |[A7 |2 = e

O]
The next theorem exhibits a relation between ko(A) and kp(A).
Theorem 5.8. [10] For any n x n matriz A,
1A]l2 < |AllF < V- [JAll2.
Consequently
ka(A) < kp(A) <n-ka(A). (5.1)

Proof. Recall that the trace of a matrix A = [a;;] is given by

and also that tr(A) is the sum of the eigenvalues of A. Suppose then, that the eigenvalues
of ATA are

Then
and
AllF = | DN < Vndi = v/ = Vil |A]].
i=1
The proof for (5.1) is similar. O

The next goal is to describe some ideas from linear algebra to help us factor companion
matrices. Theorem 5.16 will allow us to see how these factored matrices are going to aid us
in the calculation of the singular values of a sparse companion matrix.
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Lemma 5.9. [8, Theorem 3.29] Let V' be a vector space of dimension n over a R, and let
B = {by,bs,..., by}

be an ordered basis for V. Then for every v € V, there is a unique linear combination of the
basis vectors that equals v, that s, there exists unique o, . ..,a, € R, such that

v =aib; + -+ anb,.

Definition 5.10. The coordinate vector of v relative to an ordered basis B is the ordered
tuple of coefficients corresponding to each v, that is,

(V] = (a1, ..., ap).

Lemma 5.11. [7] Let B be an m x n matriz with rank r. Then there exists a matriz
L € R™" and a matriz R € R™" such that B = LR.

Proof. Let
by
B-|"”
b
where {by, ..., by} are the row vectors of B. If r = rank(B), then there exists r row vectors
B ={bi,...,b;,} that form a basis for the row space of B. We can represent each row of B

with a list of coefficients corresponding to the linear combination it represents over the whole
field. Applying Lemma 5.10, for each i = 1,...,n, let [b;]s = (c!,...,c.) be the coordinates
of b; with respect to the ordered basis 8. With this notation we can simply choose

(b1]s by
b b

L= bh and R= | *|, then LR =B
[bn] bi,

This next result is a generalization of [1, Lemma 6.4].

Lemma 5.12. Let p(z) = 2" + a,_ 12" ' + -+ + a17 + ag be a polynomial over R. Suppose
A is an n x n sparse companion matriz to p(x) in lower Hessenberg form. Let

0100 000
0010 0 00
0001 000
U= |+ o oo
0000 1 00
0000 010
0000 0 01
1000 0 0O



Then there exists a matrix L € R™", and a matrix R € R™"™ where r is the rank of the

matrix A — U, such that A = U + LR where

Proof. The result follows by applying Lemma 5.11 to the matrix A — U. [

Example 5.13. Consider the 9 x 9 companion matrix

0 1 0 0
0 0 1 0
0 0 0 1
0 0 —a; —a
A= 0 0 0 0
0 0 —as —a
0 0 0 0
0 0 —az —a
_—CLO —a; —Qa9 0
Then
[ 0 0 0
0 0 0
0 0 0
0 0 —an
A-U= 0 0 0
0 0 —as
0 0 0
0 0 —das
_—CLO —1 —Qa1 —ag

Our task is to decompose the matrix A — U into

8

6

4

[l el e Nel =N e la)
[N oNall oo o Nae)
OO O OO o oo
OO OO oo oo

o
OO OO OO O OO
OO OO OO O OoOo
OO OO OO o oo

a product LR.

O —RH OO OO o oo

OO OO OO o oo
OO OO OO o oo

Using row reductions, we

can show A — U has rank at most 3. Without loss of generality, let the fourth row of A — U
be dependent upon the rows 6 and 8, and we suppose that rank(A — U) = 3. Then the rows

of
0 0 —as —ag 0 0 0O O O
R = 0 0O —-az3 —as 0 0 0O O O
—ag — 1 —a; —ag 0 00 0O0O

are a basis for the row space of A—U. Next, since the fourth row is a linear combination of the
sixth and eighth, there exists coefficients s and t such that a; = sas +tas and ag = sag +tay.
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Let

cCcoococococoo —
CoOOo o000 O
cCoo no HO OO

Il
N

=i
5
=
o

S OO o OO

(=N elolololeNe)

O OO OO oo

S OO o oo

S OO OO OO

0
0
0
—ag
0
—ag
0

0
0
0
—ay
0
—as
0

S OO OO OO

=N elolololele)

o o

o o

0 0
0 0

0
0

—ay
0

—as
—ay

jen)

—ay

0
—0,0—1

o O O

o O O

S O O

S O O

o O O

—a5 —ag
—a3 —a4
—asg 0

0
0
—ay

o O

—ag — 1

coocococococo~'

O OO OO o

— O

_OOO 801000_

Example 5.14. Consider the 9 x 9 companion matrix

coocococoo HO
cCcoocococoo—HOO
coococoo—Ho OO
cooco o0 oo
cooHoOooo o O
coHocoocoocoo
o0 10 [\
o+ Socoo Soo
_ | _
o~ <t —
—o S oo SToo 8
_ | _
e} el (e}
OOn_uOO_aﬂUOﬁ_u
L
I
<

The matrix A — U also has rank at most 3. Suppose A — U has rank 3. Let

] |

000O0O00@O0
00 0O0O00O0
00 0O0O0O

—0Ug —ar
—as —Qy
—ag — 1 —ay

and R

cCcoococococoo —
cCcoococoo o oo
SO —HOoOO oo OO,

I
3

=

A—

Then LR
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Theorem 5.15. [5, Theorem 1.3.20] Let A € R™*" and B € R™™ with m < n. Then BA
has the same eigenvalues of AB, counting multiplicity, together with and additional n — m
eigenvalues equal to 0; that is ppa(z) = 2" "pap(x). If m = n and at least one of A or B
s nonsingular, then AB and BA are similar matrices.

With this theorem we can state and prove the following result from De Teran et. al [1].

Theorem 5.16. [1, Lemma 6.3] Let A = U + LR € R™", where U € R™" is a unitary
matriz, L € R™" and R € R"™". If 2r < n, then A has at least n — 2r singular values equal
to 1, and the other 2r singular values are the square roots of the eigenvalues of the matrix

R
H=1+ [LTU] | UTL+RTLTL | R" .
Proof. The singular values of A are the square roots of the eigenvalues of AT A. So we first
compute AT A. We have

ATA=({U+LR)"(U+LR)=U"U+R"L"U+U"LR+ R"L"LR

R

_ T TrT T
=1+ [UTL+ RTL'L RT) {LTU

]:I+ER

Since L € R™* and R € R¥**", then rank(LR) < 2r. We have that LR € R™", so by
Theorem 5.15, its eigenvalues are the same as the eigenvalues of RL € R2™>2 plus n — 2r
eigenvalues equal to 0 . So the eigenvalues of I+ RL € R*"*?" together with n—2r eigenvalues

equal to 1 are the eigenvalues of H = I + LR € R™*" which are the squares of the singular
values of A. n

Example 5.17. Consider the following companion matrix to the polynomial 2% — 62° —

3xt —4x3 — 222 — 20 — 2:

(01000 0]
361000
000100

M=12 40010
000001
(22000 0

Setting

o

3

0

L=|,| aad R=[1 200 0 0],
0
_1_

we decompose this matrix into
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M=U+LR

01 0000 00 0O0O0UO 0
001000 36 0000
1000100 + 00 0O0O0OTO O
1000010 24 0 0 00
000 O0O0°1 00 0O0O0OTO
| 1.0 00 0 0] |12 00 0 0]
01 00 0 0] [0
001000 3
000100 0
=loooo1olt!o [1 2000 0].
0 00O0O0°1 0
| 1.0 00 0 0| | 1
Next we compute the matrix H from Lemma 5.16:
[ R
HA:I—%_LTU}[UTL%—RTLfL R”]
(15 1]
28 2
—I+120000 3 0 |72 5
o 1 03 020 0 0 |28 2|
2 0
_O O_

The eigenvalues of H are
A =37+V1365 , Ay =37 — V1365,

which implies that the singular values of M are

51 =1\/37T+ V1365 , sy =1/37— V1365,

and the other four singular values of the matrix are 1’s according to Theorem 5.16.

We want to find the condition number of M, which requires the maximum singular values
of M and M~'. Now

M'=U+LR
[-1 0000 21 [OOOOO1] [-10000 —3]
10000 0 100000 00000 O
-31000 -2 (010000 L] 30000 —3
00100 O 001000 00000 O
-2 0010 -1 000100 -2 0000 -1
. 00001 0] |[0O00O0OO010f] | 00000 O]
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The right most matrix, M~ — U has rank 1, as all the rows are scalar multiples of each
other. Thus

S
0
0 -3
M7 -U=| ,|[1 0000 3]
—2
- O_.
We then compute H:
A=1+| | [07L+ RTLTL R
[ 14 1]
-3 0
. (1 00 00 ! 00 17 3 18 2
= 2 = 4 — 4
H=I+10 30 20 -1]|-20 ”{7—%}[7%}
00
[ 6 5]

When we find the eigenvalues of H we get
A = }1(37+ V1365) , A = }1(37 —/1365),
which implies that the singular values of M1 are
§ = \/}1(37+ V1365) , § = \/3(37 — V/1365).

Again, the other four singular values of the matrix are 1’s according to Theorem 5.16. Thus
we get that

wa01) = MLl =(/37 + V5B 67 + VT365)

1
= 5 (37 + V1365)
~ 36.972953.

While we used Theorem 5.16 for illustration purposes to calculate ||[M (|5, we could also
use Lemma 5.7. In particular Lemma 5.7 implies

- 1 S1
[|[M]s = — and ko(M) = —=.
S92 S92
If we can find all the eigenvalues of an n x n matrix, we can find the spectral condition
number of a sparse companion matrix according to the definition. Theorem 5.16 tells us that
we can find the condition number of a sparse companion matrix by finding the eigenvalues

of a smaller 2r x 2r matrix.
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Chapter 6

Conclusion/Open Questions

Throughout the majority of this project we explored companion matrices, and the con-
ditions under which a sparse companion matrix can have a better condition number than
Fiedler companion matrices. We focused on the striped companion matrices and discovered
that under the right circumstances we could successfully do this. Given the formula of the
condition number, we consider the following question:

Question 6.1. For some striped companion matriz U = C,(s), does there exist a general

formula for ||U||r and ||[UY|p?

If we could find explicit formulas for these, we could easily compare the condition number
kp(U) with any Fiedler companion matrix. And with an explicit formula it might be possible
to construct an ordering for the condition number of the striped companion matrices, as De
Téran et. al. did for the Fiedler companion matrices [1]. In chapter 4 we saw that we could
also make the ratio of condition numbers for striped and Fiedler companion matrices as big
as we wanted for sufficiently large constants when each striped was linearly dependant on
one another. From this result, another natural question would be:

Question 6.2. What other striped companion matrices C,(8) can we have the property that
k(C) < k(M) for every Fiedler matriz M, other than when the striped matriz has all linearly
dependent stripes.

As previously noted, this project compared the condition numbers of the Fiedler com-
panion matrices with striped companion matrices. In future work, the next step would
be to explore other classes of sparse companion matrices that we can compare to Fiedler
companion matrices. The ultimate goal is to answer the following question:

Question 6.3. Given a polynomial p(x), can we determine which sparse companion matrices
to p(x) yield the smallest condition numbers
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Chapter 7

Appendix

Algorithm 7.1. [3, Algorithm 2.10] This algorithm finds a matrix P to transform M into
a lower Hessenberg form. In particular, the matrix P has the property that PMP7T is in
lower Hessenberg form if M is a sparse companion matrix.

P = nxn matrix
j=0;
for i in range(n):
for k in range(n):
if A[k,i]==-an:
J=1;
break
P[j,0] = 1;

for r in range(1l,n):
for s in range(n):

if A[j,s]==1:
J=s;
break
Pls,r] = 1;

return P;

60



Bibliography

[1] F. de Teran, F.M. Dopico, J. Pérez, Condition numbers for inversion of Fiedler com-
panion matrices, Linear Algebra and its Applications 439 (2013) 944-981.

[2] B. Eastman, [.J. Kim, B.LL Shader, K.N. Vander Meulen, Companion Matrix Patterns,
Linear Algebra and its Applications 463 (2014) 255-272.

[3] B. Eastman, K.N. Vander Meulen, Pentadiagonal Companion Matrices, Special Matrices
4 (2016) 13-30.

[4] M. Fiedler, A Note on Companion Matrices, Linear Algebra and its Applications 372
(2003) 325-331.

[5] R.A. Horn, C.R. Johnson, Matriz Analysis, Cambridge University Press, Cambridge,
(1985).

[6] C. Kenney, A.J. Laub, Controllability and Stability Radii for companion Form Systems,
Mathematics of Control, Signals and Systems (1988) 239-256

[7] R. Piziak, P.L. Odell, Full Rank Factorization of Matrices, Mathematics Magazine 72
(1999) 193201

[8] D. Poole, Linear Algebra: A Modern Introduction, Cengage Learning (2015).

[9] K.N. Vander Meulen, T. Vanderwoerd, Bounds on Polynomial Roots using Intercyclic
Companion Matrices, Linear Algebra and its Applications 539 (2018) 94-116.

[10] D. Watkins, Fundamentals of Matriz Computation, Wiley (2010) 122-145

61



