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In this thesis we develop new theoretical and numerical results for matrix poly-
nomials and polynomial eigenproblems. This includes the cases of standard and
generalized eigenproblems.

Two chapters concern quadratic eigenproblems (MA? + DX + K)z = 0, where
M, D and K enjoy special properties that are commonly encountered in modal
analysis. We discuss this application in some detail, in particular the mathematics
behind discrete dampers. We show how the physical intuition of a damper that gets
stronger and stronger can be mathematically proved using matrix analysis. We then
develop an algorithm for quadratic eigenvalue problems with low rank damping,
which outperforms existing algorithm both in terms of speed and accuracy. The
first part of our algorithm requires the solution of a generalized eigenproblem
with semidefinite coefficient matrices. To solve this problem we develop a new
algorithm based on an algorithm proposed by Wang and Zhao [SIAM J. Matrix
Anal. Appl. 12-4 (1991), pp. 654-660]. The new algorithm computes all eigenvalues
in a backward stable and symmetry preserving manner.

The next two chapters are about equivalences of matrix polynomials. We show,
for an algebraically closed field F, that any matrix polynomial P(\) € F[A]"*™
n < m, can be reduced to triangular form, while preserving the degree and the
finite and infinite elementary divisors. We then show that the same result holds for
real matrix polynomials if we replace “triangular” with “quasi-triangular,” that
is, block-triangular with diagonal blocks of size 1 x 1 and 2 x 2. The proofs are
constructive in the sense that we build up triangular and quasi-triangular matrix
polynomials starting the Smith form. In this sense we are solving structured inverse
problems. In particular, our results imply that the necessary constraints that make
list of elementary divisors admissible for a real square matrix polynomial of degree
¢ are also sufficient conditions. For the case of matrix polynomials with invertible
leading coefficients, we show how triangular/quasi-triangular forms, as well as
diagonal and Hessenberg forms, can be computed numerically.

Finally, we present a backward error analysis of the shift-and-invert Arnoldi
algorithm for matrices. This algorithm is also of interest to polynomial eigenprob-
lems with easily constructible monic linearizations. The analysis shows how errors
from the linear system solves and orthonormalization process affect the Arnoldi
recurrence. Residual bounds for linear systems and columnwise backward error
bounds for QR factorizations come to play, so we discuss these in some detail.
The main result is a set of backward error bounds that can be estimated cheaply.
We also use our error analysis to define a sensible condition for “breakdown,” that
is, a condition for when the Arnoldi iteration should be stopped.
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CHAPTER

1

Introduction

In this thesis we study matrix polynomials and polynomial eigenproblems, both
from a theoretical and an algorithmic point of view. This includes the special
cases of standard and generalized eigenproblems. With a matrix polynomial we
mean a matrix with entries in a polynomial ring F[\]. Here F can be any field,
but we shall only be concerned with algebraically closed fields and the field of real

numbers. We may, equivalently, consider a matrix polynomial as an expression
P(\) = AN + A DT 4 A,

where the A; are matrices over F. We assume that matrix polynomials written in
this notation always have nonzero leading coefficients A,. Here ¢ is the degree of
the matrix polynomial, and if A, = I we say that P()\) is monic.

Much of the theory that exists for matrices over fields has been generalized to
matrix polynomials. From a practical point of view, most important is probably the
theory of eigenvalues and eigenspaces. In particular the generalizations to reqular
matrix polynomials, that is, square matrix polynomials with determinants that do
not vanish identically.! If P()\) is regular, its finite eigenvalues are the points g
such that P()g) is singular. We further say that P()\) has an eigenvalue at infinity
if its leading coefficient A, is singular . The set of all eigenvalues, including infinity

if A, is singular, is called the spectrum of P(\). If \q is a finite eigenvalue, the

'In some of the early works on matrix polynomials, e.g., [50], the term “regular” refers to
matrix polynomials with invertible leading coefficient.



9 CHAPTER 1. INTRODUCTION

null spaces of P(\)T and P()\g) are the left and right eigenspaces, respectively.?
Similarly, the left and right eigenspaces associated with infinity are defined as
the null spaces of AT and Ay, respectively. As usual, a left eigenvector associated
with an eigenvalue is a nonzero vector in the corresponding left eigenspace, and
similarly a right eigenvector is one in the corresponding right eigenspace. When
there is no confusion, we use the convention to omit the prefix “right” when

referring to right eigenvectors and eigenspaces.

We remark that unlike the case of constant matrices, eigenvectors associated
with different eigenvalues are not necessarily linearly independent. For exam-
ple, [1,0]7 is an eigenvector associated with all finite eigenvalues of the matrix

polynomial
A) 1
[MO) J, degp(\) > 1,

regardless of what the roots of p(\) are.

A polynomial eigenvalue problem (PEP), or simply a polynomial eigenproblem,
is to find some or all eigenvalues, and possibly also the associated eigenvectors, of
a given matrix polynomial. We note that the standard and generalized eigenvalue
problems, Ax = Az and Ax = ABux, are the special cases obtained by setting
P(A) =IX— A and P(\) = BA — A, respectively. Inverse polynomial eigenvalue
problems are also of interest. These are problems where we are given a set of
eigenvalues and possible other data (such as eigenvectors, degree, etc.) and the
question is whether the given data is admissible by some matrix polynomial and

in that case, can we build one?

1.1 Differential equations

The polynomial eigenvalue problem has received a lot of attention due to its
close connection to systems of differential equations with constant coefficients.
Such equations appear frequently in various engineering applications; in particular
equations of second order, which corresponds to quadratic eigenproblems (QEPs).
We discuss one of these applications, namely modal analysis, in more detail in
chapters 3 and 4. For more applications where polynomial eigenproblems arise see
[10, 83] and the references therein. For now, we discuss the connection between

differential equations and PEPs in more general terms. Consider the following

2Tt is important to note the transpose in this definition. There different conventions in the
literature and sometimes, when the underlying field is C, the conjugate transpose is used instead.
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differential equation:

()= (4 v S v =g, (1
where the A; are complex matrices and ¢ € [0,7]. If we assume that P(\) is
regular with a finite eigenvalue \; and associated eigenvector x;, then it is easy to

see that u(t) = e x; is a solution of the homogeneous problem

P (%) u(t) = 0. (1.2)

Using a canonical form for matrix polynomials called the Smith form (introduced
in Chapter 2), it can be shown that the solution space of (1.2) has dimension
degdet P(\). This is known as Chrystal’s theorem after George Chrystal [18]. See
also [32, Theorem S1.6] or [51, p. 276] for a proof. It follows that when all finite
eigenvalues of P(\) are semisimple, that is, their multiplicities as roots of det P(\)
coincide with the dimension of the associated eigenspaces, it holds that the general

solution of (1.2) can be written as

deg det P(\)

up(t) = Z et (1.3)

J=1

where the «; are arbitrary constants that depend on the initial conditions, the
A; are the finite (not necessarily distinct) eigenvalues and the x; are associated
eigenvectors such that those corresponding to the same eigenvalue are linearly

independent.

We now restrict our attention to differential equations of the form (1.1) with
the additional assumptions that the leading coefficient is invertible and that all
eigenvalues of P(\) are semisimple. Since the general homogeneous solution is
given by (1.3), we only discuss how to find a particular solution. We follow the
approach taken by Lancaster [50]. It can be shown [50, pp. 60-65] that

nl /\k:L‘ -y-T
MNP\ = ﬁ +0wA Y, k=0:4, (1.4)
j=1 J

where Jj is the Kronecker delta, the \; are the eigenvalues of P()\) and the z;

and y; are associated right and left eigenvectors, respectively, chosen such that
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To find a particular solution u,(t) of (1.1), we use (1.4) and write
-1

w=r (L) s Zy (5-v) /0. a9

To give this expression a meaning we define (d/dt — ;)™ f(¢) to be any function
g(t) such that

(jt A) g(t) = f(t), te[o,T].

Since we may simply verify that w,(¢) is a solution in the end, no justification of

this definition is necessary. By the method of integrating factor, we get that

is one such function, and one function is enough since we are only looking for a

particular solution. Substituting this expression into (1.6), yields

nl t
= Z x]ij/ N9 f(s) ds. (1.7)
j=1 0

To see that (1.7) is a solution of (1.1), we note that (1.4) yields

nt Vi nt
A —
Z Ry xjyj =A;! = Z()\K_l AN )\g_l)xjy;‘-r = A1,
j=1

which in turn, by comparing the coefficients, implies that

nt
Z )\?xjy]r = 5k(g_1)A21, k=0:0—1.

j=1

If we bear this in mind while differentiating (1.7), it is easy to see that

dtk ZA%J% / 79 f(s) ds +ore Ay f(2).

With these expressions for the derivatives, it is straightforward to verify that (1.7)

is indeed a solution of (1.1).

Now, suppose the right hand side of (1.1) is f(t) = fye? for some 6 outside

the spectrum of P(A) . This choice is interesting in view of the superposition
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Figure 1.1: Plot of real part of the function ;(t) in (1.9) for § = 5; and \; =
—0.1+5.1z.

principle, since many practical right hand sides can be expanded in Fourier series

and hence are sums of such functions. Substituting f(t) = foe’ into (1.7) yields

e@t _ €>\jt
- A

nl
uy(t) = ijyffo—e —. (1.8)
j=1 !

The quotients in this expression are important: when 6 is sufficiently close to A;

and t is not too large, we get

6915 _ €>"7't

= (t+ O((0 — \))1?))eM" e (1.9)
0 — )\,

¥;(t) ==
If A\; has small real part and a moderate to large imaginary part, we see that
Re(2;(t)) oscillates with increasing amplitude (Figure 1.1). This is the reason
behind the phenomenon called resonance, but it is not the full story. It may
happen that yJT fo =0, in which case v;(t) has no influence on the solution. We
remark that the left and right eigenvectors y; and z; are normalized according
to (1.5), so their norms depend on X;. Thus ||z;||y] fol[¢;(t)| may be small even
if ;(t) is huge. It is also possible to have arbitrarily large terms :cjyjrgbj (t) that
cancel each other out when forming the sum (1.8). We will come back to this in
Chapter 3.

Finally, we mention that more general differential equations of the form (1.1)
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are also strongly connected to the underlying matrix polynomials. In Chapter 2 we
will briefly discuss the case when the leading coefficient is invertible and there is no
semisimplicity constraint on the eigenvalues. For other types of matrix polynomials
it gets more complicated. We refer the interested reader to [32, Chapter 8] for the
case of regular matrix polynomials with singular leading coefficients, and to [27,

Chapter VII, § 7],[16] and [48], for the case of non-regular matrix polynomials.

1.2 Thesis outline

In Chapter 2 we introduce definitions and results, most of which are not new, that
are of relevance to more than one chapter.

Chapter 3 concerns modal analysis of vibrating systems with discrete dampers.
We discuss this application in some detail and connect the physics with the
underlying mathematical quantities. We then show that the physical intuition of
a damper that gets stronger and stronger can be proved using matrix analysis. In
essence, it is shown that a structure with only very strong dampers appears to be
practically undamped. We also prove a real symmetric version of (1.4), and use
this formula to study particular solutions of the forced response problem.

In Chapter 4 we develop an algorithm for quadratic eigenproblems with damping
matrices of low rank. Such QEPs appear in modal analysis of structures with
discrete dampers. To this end, we first develop a new algorithm, based on an
algorithm proposed by Wang and Zhao [89], that solves the associated undamped
problem. The new algorithm is, to the author’s knowledge, the first one that can
find all eigenvalues of a regular pencil A — B\, where both A and B are Hermitian
and semidefinite, in a backward stable and symmetry preserving manner. That is,
the algorithm computes two diagonal nonnegative matrices D, and Ds, such that
Dy — Do\ is congruent to a pencil (A+ AA) — (B + AB)\, where AA and AB
are Hermitian and small in norm with respect to A and B, respectively. We then
use our new algorithm in combination with an efficient Ehrlich-Aberth iteration.
Finally, if the eigenvectors are desired, we compute these using an inverse iteration
that is based on the Takagi factorization for complex symmetric matrices. Both the
Ehrlich-Aberth iteration and the inverse iteration work exclusively with vectors
and tall skinny matrices and contribute only with lower order terms to the total
flop count. We show with numerical experiments that the proposed algorithm is
both fast and accurate.

In Chapter 5 we discuss triangularization of matrix polynomials. Any square

matrix over an algebraically closed field is similar to a triangular matrix (its Jordan
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form, for example). If the field is the set of real numbers, then the result still
holds if we replace triangular by quasi-triangular. Here the prefix quasi means
that the diagonal blocks are of size 1 x 1 and 2 x 2. We generalize these results
to matrix polynomials. More precisely, we show that for any matrix polynomial
of degree ¢ in F[A]"*™, where n < m and F is algebraically closed, there is a
triangular/trapezoidal matrix polynomial of the same size and degree, and with the
same eigenstructure (defined in Section 2.1). If F = R we show that the same result
holds if we replace triangular /trapezoidal by quasi-triangular/quasi-trapezoidal.
Our proofs are constructive in the sense that we build up matrix polynomials
starting from a list of invariants called elementary divisors (defined in Section 2.1).
This means that we solve structured inverse eigenvalue problems. In particular,
our results imply that the necessary conditions for a list of elementary divisors to
be admissible for a real square matrix polynomial of degree ¢, are also sufficient
conditions. Finally, we show that any regular Hermitian matrix polynomial (that
is, one with Hermitian coefficient matrices) has the same eigenstructure as some
real matrix polynomial of the same size and degree. We conjecture that the other
direction is true too. That is, that each regular real matrix polynomial has the
same eigenstructure as some Hermitian matrix polynomial of the same size and

degree.

In Chapter 6 we derive algorithms for reducing a complex matrix polynomial
with nonsingular leading coefficient to triangular, diagonal and Hessenberg form,
while preserving the eigenstructure, the size and the degree. If the matrix poly-
nomial is real, we describe how to obtain quasi-diagonal and quasi-triangular
forms, using similar techniques in real arithmetic. For almost all square matrix
polynomials, it is shown that this is not much harder than computing the cor-
responding reduced from of any monic linearization (defined in Section 2.4). As
part of the theory, we give a rigorous algebraic argument, based on the celebrated
Abel-Ruffini theorem, for why we cannot, in general, find the eigenvalues of a
matrix by applying a finite number of Givens rotations or Householder reflectors
that eliminates matrix entries in the usual manner. Even though this end result is
well-known in the numerical linear algebra community, it is often presented with
reference to a weaker statement of the Abel-Ruffini theorem which is not strong

enough to draw the desired conclusion.

Chapter 7 is about the shift-and-invert Arnoldi algorithm for constant matrices.
This is also of interest to PEPs with easily constructible monic linearizations.
We study the algorithm via a backward error analysis and show how errors from

the linear system solves and the orthonormalization process affect the Arnoldi
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recurrence. It turns out that residual bounds for linear systems and columnwise
backward error bounds for QR factorizations are important, so we discuss these
in some detail. The main result is a collection of backward error bounds for
various versions of the algorithm, including the Hermitian shift-and-invert Lanczos
algorithm with full orthogonalization. Finally, we use our error analysis to define
a sensible condition for “breakdown,” that is, when the small Hessenberg matrix
that is computed in the algorithm should be considered to be reduced and the

iteration should stop.



CHAPTER

2

Background material

In this chapter we collect definitions and results that are of relevance to several
chapters. With the exception of Corollary 2.3.3, all results are well-known and
basic to the theory of matrix polynomials. We remark that some of the terms that
were defined for regular matrix polynomials in the introduction are redefined in
this chapter, but for more general matrix polynomials. It is left to the reader to

verify that these new definitions are valid generalizations of the old ones.

2.1 Invariants of matrix polynomials

Let F[A] be a polynomial ring. A square matrix U(A) with elements in F[}A] is
called unimodular if det U(\) € F \ {0}. From the formula

adj U())

U™ = Gat U\

we see that any unimodular matrix has an inverse that itself is a matrix polynomial.
Further, from det U(A\) ™' det U()\) = 1 we see that also U(A\) ™! must be unimodular.
It can be shown that any n x n unimodular matrix is a product of elementary
matriz polynomials (this follows from the proof of the Smith form, introduced
below), where an elementary matrix polynomial is defined as one that satisfies
(a), (b) or (c) below, for some 7,j € {1,2,...,n}.

T

i -

T T T
(a) I —ee; —eje; +eej +eje

16
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(b) I+ (o —1)e;el for some a € F\ {0}.
(c) I+p(N)ege] for some i # j.

Here e; denotes the ith column of the identity matrix. An application, from left or
right, of an elementary matrix polynomial is called an elementary transformation.
Note that if we apply the elementary transformation above from the left, then (a)
swaps rows ¢ and j, (b) multiplies row ¢ by a, and (c) adds row j times p(A) to row
t. Obviously, the same holds for the columns instead of rows if the transformations
are applied from the right.

If P(\) € F[A]"™ " is any matrix polynomial, and U(\) € F[\"™*™ and
V(A) € FIA™™ are unimodular, then U(X)P(A)V(A) is said to be a unimod-
ular transformation of P(\). Unimodular transformations form an equivalence
relation ~ over the set F[A]"*™ and we say that P(\) and Q(\) are equivalent, and
write P(A) ~ Q()), if there exists a unimodular transformation that maps P(\) to
Q(N). If P(\) can be transformed into Q(\) using constant nonsingular matrices,
then we say that P(\) is strictly equivalent to Q(X). Since unimodular matrices
have nonzero determinants independent of X it follows immediately that equivalent
regular matrix polynomials have the same finite eigenvalues, but this is not the
full story. Unimodular matrices preserve much more information. This leads us
to the Smith form, a canonical form for matrix polynomials with respect to the
equivalence relation defined by unimodular transformations. Any P(\) € F[A]"*™

is equivalent to a unique diagonal matrix polynomial

D\ = Orm—r 1 p(y), (2.1)

On—r,r On—r,m—r

where r =: rank P(\) and d;(\)|---|d.(\) are monic scalar polynomials [26,
Chapter VI, §3]. Here, “|” stands for divisibility, thus d;(\)|d;41(\) means that
d;(A) is a divisor of d;+1(A). The diagonal matrix D(A) in (2.1) is called the Smith
form of P(\) and its nonzero diagonal entries d;(\) are called the invariant factors
of P(\). Write
di(A) = Gr(A)™ - ps(A)
sz) = ¢(A)™r - s (A)", (2.2)

dr<)\) = ¢l()‘)mrl T ¢s()\)mm7



2.1. INVARIANTS OF MATRIX POLYNOMIALS 18

where the ¢;(\) are distinct monic polynomials irreducible over F[\], and

O§m1j<m2j§"'§mrja j:1:8, (23)

are nonnegative integers. The factors ¢,;(\)™% with m,;; > 0 are the finite ele-
mentary divisors of P(\) with partial multiplicity m;;. Notice that when F is
algebraically closed, ¢;(\) is linear and when F = R, ¢;(\) is either linear or

quadratic.

We denote by F the algebraic closure of F and define a finite eigenvalue of a
matrix polynomial P(\) with rank r as any scalar \g € FF such that rank P(\g) < r,
or equivalently, a root of some finite elementary divisors ¢;(\) in (2.2). The
geometric multiplicity of Ao is defined as the number of nonzero m;; and the
algebraic multiplicity of \g as >;_, m;;. Note that the geometric multiplicity
is bounded from above by r. In particular, all eigenvalues of an n x n matrix

polynomials have geometric multiplicity at most n.

An n x n matrix polynomial P(\) is said to be regular if it is of full rank, that
is, if rank P(A\) = n. All other matrix polynomials are said to be singular. This

includes all cases of non-square matrix polynomials.

The elementary divisors at infinity of the matrix polynomial
PA) = AN + A N+ A (2.4)
are defined as the elementary divisors of rev(P) at 0, where
rev(P) := AP (A7) = ApA + AN T 4+ Ay

is the reversal of P(\). We omit the notation “(A)” when referring to the reversal
of P(A\)—unless we evaluate it at some point. If P()\) has elementary divisors at
infinity, then we say that P(\) has eigenvalues at infinity. The associated geometric
and algebraic multiplicities are defined as those of zero as an eigenvalue of rev(P).
We refer to the set of all elementary divisors of P()), that is both the finite ones
and those at infinity, as the eigenstructure of P(\).

For a regular P(\) € F[A\|"*™ of degree ¢, the Smith form of P(\) provides the
algebraic multiplicity of the eigenvalues at infinity via the degree deficiency in
det P(\), that is, fn — 3>, degd;()). For singular polynomials, the Smith form
does not detect the presence of elementary divisors at infinity but if rank P(\) =
r > rankrev(P)(0) then P(\) has elementary divisors at infinity.



19 CHAPTER 2. BACKGROUND MATERIAL

We remark that for regular matrix polynomials P()\), the geometric multiplicity
of an eigenvalue )\ coincides with the nullity of P()g) if Ag is finite, and the nullity
of the leading coefficient otherwise. In other words, the geometric multiplicity of
an eigenvalue is the dimension of the corresponding eigenspace.

For any Ay € F, the invariant factors d; of P(\) can be factored over F[)] as
di(A) = (A= X0)%pi, @ >0, pi(Ao) # 0.

The sequence of exponents aq, s, ...,q, with 0 < a; < --- < @, is called the

partial multiplicity sequence of P(\) at Ao and is denoted by
j(P, )\0) = (Oél,OéQ, “en ,Oér).

This sequence is usually all zeros unless )\ is an eigenvalue of P(\). The partial

multiplicity sequence for A\g = 0o is defined to be
J(P,o0) = I (rev(P),0).

Let (a1, s, ..., a,) be the partial multiplicity sequence associated with an eigen-
value \g. We say that X\g is simple if Y. oy = 1, semisimple if maxao; =1 and
defective if maxa; > 1.

Since equivalent matrix polynomials have the same Smith form, it follows that
a matrix polynomial P;(\) € F[A]"*™ is equivalent to Py(A) € F[A]"™™ if and
only J(Py, \o) = J(Pa, \o) for any Ay € F. Moreover, P;(]) is said to be strongly
equivalent to Py(\) if it is equivalent to Pa(\) and J (P, 00) = J(Ps, 0).

The following example shows that unimodular transformations do not neces-
sarily preserve the partial multiplicities of infinite eigenvalues, or, in other words,

that strong equivalence is indeed a stronger property than “plain” equivalence.

Example 2.1.1. The regular matrix polynomial diag(1, 1, ) has one finite ele-
mentary divisor at zero and two linear elementary divisors at infinity. Multiplying
P()\) from the left by the elementary matrix polynomial I3 + Aejel, where e;

denotes the ith column of the identity matrix, yields

A
1
0

= O O
e
—~
>
SN—
I

o O =

A
1
0

> O O

which is easily seen to have one finite elementary divisor at zero and one quadratic
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elementary divisor at infinity with partial multiplicity two. Hence P(X) and P())

are equivalent but not strongly equivalent. A

Finally, we note that strict equivalence implies strong equivalence. The reverse,
however, is not true, so strict equivalence is strictly stronger than strong equivalence.
For example, a quadratic matrix polynomial in C[A]"*" is in general not strictly
equivalent to a triangular matrix polynomial. An argument for this is given in the
introduction of Chapter 6. However, we will show in Chapter 5 that any matrix

polynomial in C[A]"*" is strongly equivalent to a triangular matrix polynomial.

2.2 Mobius transformations

The Mobius transformation is a powerful tool when dealing with infinite eigenvalues.

ab
cd

ma :FU{oo} = FU{oo} of the form

To any nonsingular matrix A = [?’] € F?*? is associated a Mdbius function

az+b

mA(Z):m, ad—bc;«é(),
where
if 0
ma(oo) =4 Y EeFO ) =0 if 20,
oo ife=0,

Let P(\) = 320 ¢ MA; € F]A]"™™ with A, # 0, and let A = [*}] € F>*2 be
nonsingular. Then the Médbius transform of P(\) with respect to A is the n x m

matrix polynomial M 4(P) defined by

l
Mu(P) = (A +d)'P(ma(N) =D Aj(aX+b) (cA+d)" . (2.5)

J=0

As with the reversal, we omit “(\)” when denoting a non-evaluated Mobius
transform of a matrix polynomial. It follows from (2.5) that M;(P) = P()\) and
that the reversal of P()) is the Mébius transform of P()) with respect to [ o]

We are interested in Mdbius transformations due to the property stated in the

next theorem. A proof can be found in [57] and [91].

Theorem 2.2.1. Let P(\) € F]A\]"*™ and let A € F*** be nonsingular such
that ¢ # 0 and P(a/c) # 0. Then J(Ma(P),m3'(No)) = T (P, Xo) for any
Ao € F U {OO}

In particular, Theorem 2.2.1 allows us to carry over many results for matrix
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polynomials with invertible leading coefficient to the larger class of regular matrix
polynomials. Corollary 2.3.3 is an example of this usage.

Finally, we remark that Mobius transformations leave eigenvectors invariant.
To see this, let (Ao, z) be an eigenpair of P(A). From (2.5), it follows

Mu(P)(mZ (No))z = (A +d)*P(No)z = 0,

so (m;'(\o), ) is an eigenpair of M 4(P).

2.3 Defective eigenvalues

If P()) is a regular matrix polynomial, its left and right eigenvectors can be used
to determine whether or not an eigenvalue is defective. For constant matrices, this
follows from the Jordan canonical form: if x and y are right and left eigenvectors,
respectively, corresponding to the same Jordan block, then y’z = 0 if and only
if that Jordan block is nontrivial. Furthermore, if x and y are right and left
eigenvectors corresponding to different Jordan blocks, then y'2 = 0. Hence, an
eigenvalue is defective if and only if there exists an associated right eigenvector
x such that y?z = 0 for all left eigenvectors y. This result can be generalized to

matrix polynomials with invertible leading coefficient.

Theorem 2.3.1 (Lancaster [50, p. 65]). Let P(\) be a matriz polynomial with
invertible leading coefficient. If Ao is an eigenvalue of P()\), then g is defective if
and only if there exists an associated right eigenvector x such that y* P'(X\g)x =0

for all left eigenvectors y.

Remark 2.3.2. From the proof of Theorem 2.3.1, it follows that x comes from
an arbitrary Jordan decomposition of an associated real linearization (defined in
Section 2.4). For real eigenvalues of real matrix polynomials, we may choose a real

associated Jordan chain and hence assume that x is real.

The assumption that the leading coefficient is invertible may be too strong. A
way to get around this is to employ a Mobius transformation. Let A\g denote an

arbitrary (possibly infinite) eigenvalue of a regular n x n matrix polynomial P()),

and let (aq, aw, ..., a,) be its partial multiplicity sequence. If
a\+b
A) = :
mN) =

is an invertible Mébius function, then Q(A) := (c\ + d)4e ¥ P(m()\)) has the same
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eigenvectors as P(\) and m™1()\g) is an eigenvalue of Q(\) with partial multiplicity
sequence (aq,aa, ..., ay,). Suppose now that o is not an eigenvalue of P(A). Then
the choice m(A) = 1/X 4+ o implies that Q(\) has invertible leading coefficient.

Since m~'(\) = 1/(A — o) we arrive at the following corollary.

Corollary 2.3.3. Let P()\) be a regular matriz polynomial and assume that o is
not an eigenvalue of P(N\). Define Q(\) = A8 P(1/\+ ). If N is an eigenvalue
of P(\) then \g is defective if and only if there exists an associated eigenvector x
such that y*Q'(1/(X\og — a))x = 0 for all left eigenvectors y.

From Remark 2.3.2, it follows that x in Corollary 2.3.3 may be chosen to be
real if P(\), A\g and o are real.

2.4 Linearizations

Let P(\) be an n X n matrix polynomial of degree ¢. A pencil A\ + B of size
nl x nf is said to be a linearization of P(\) if [32, Section 7.2]

A)\+B~lp()\)

I (n1)£] ‘

From the Smith form it follows that any linearization of P(\) has same finite
elementary divisors as P(\), counting the partial multiplicities. The elementary
divisors at infinity, however, are not necessarily preserved (if they are, the lineariza-
tion is said to be strong). However, if P()) has an nonsingular leading coefficient,
so there are no infinite eigenvalues, then any linearization also has nonsingular

leading coefficient. This follows from the equalities
deg det (AN 4+ B) = degdet P(\) = n.

In this case, the Jordan form J of A~!'B is said to be the Jordan form of the
matrix polynomial P(A). When the Jordan form exists, it carries exactly the same
information as the Smith form. In fact, it is easy to construct the Smith form from

the Jordan form and vice versa. This follows from the following two equivalences.

e Each Jordan block yields an elementary divisor:
Ao 1
)\0 . (/\ - AQ)K
I\ — ~ . 2.6
’ 1 { [ej (26)

Ao
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This is easily shown using elementary transformation.

e If ged(p(A), ¢(A)) = 1 then, by Bézout’s identity [25, Theorem 46.9], there
exist polynomials s(\) and ¢(\) such that p(A)s(A) + ¢(A\)t(A) = 1. We have

[p(ok) q(OA)} N [p(OA) p(A)S(A;(ﬂ;)Q(A)t(A)} N [p(k)oq(k) (1)} '

Note that the partial multiplicities are the sizes of the Jordan blocks. If P()) is
regular, but has eigenvalues at infinity, then M 4(P) has only finite eigenvalues
for any nonsingular A = [¢ Z] such that —d/c is not an eigenvalue of P()\). Thus
the partial multiplicities of P(\) can be identified with the sizes of the associated

Jordan blocks of M4 (P).

Now, suppose P()) in (2.4) is regular. Since any linearization of P(\) shares at
least its finite eigenstructure with P(\), one way to compute the finite eigenvalues
of P()) is to pick a linearization of P(\) and solve the associated generalized
eigenvalue problem. If we chose the linearization wisely, we can also obtain the
eigenvectors in this manner. Fortunately, good linearizations are easily constructed
using the coefficient matrices of P(\) as building blocks. It is, for instance, easy
to see that

1 —1I
C(\) = ' ; A+ ' L (2.7)
Ay Ay Ay o Ay

is a linearization of P(\). Further, (Ao, zo) is an eigenpair of P()\) if and only
if [ Mozl - At al]T is an eigenvector of C'()\). Linearizations like (2.7) are
not only valuable for numerical computation, but are also of theoretical interest.
For example, as we will see in Chapter 3, it allows us to carry over eigenvalue

perturbations result from standard matrix theory to the case of matrix polynomials.

If we take the transpose of (2.7) on the block level, we get the left companion
linearization

1 Ao

‘ —1 A

. ! (2.8)

Ay —I Ay,
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which plays an important role in Chapter 6. The left companion linearization can
also be used to write down the solution to the differential equation (1.1) when

the leading coefficient Ay is invertible. In this case we can rewrite the equation as

AP (4 )t = A7t s). e 0T
where A, ' P(\) is monic. If Cf, is the left companion matriz of A;'P()), that is,
the constant part of the associated left companion linearization, then it can be

shown that the general solution of (1.1) is given by
t
u(t) = Pe'“tag + P/ e =ICLRT AT f(s)ds, (2.9)
0

where P=[I00 --- 0Jand R =1[00 --- 0 [],and z, is arbitrary [32, Theorem 1.5].
In (2.9), the first and second term correspond to the homogeneous and particular

solution, respectively.

2.5 Floating point arithmetic

The set F of floating point numbers with base g € N, precision t € N and exponent
range [emin, €max) 15 defined as the set of all real numbers £5° x .dyds . . . d;, where
the d; are integers such that 0 < d; < g — 1, and e is an integer in the interval
[Emin,s €max)- We define the associated machine precision or unit roundoff to be
the constant u = %ﬂl_t. Define F, to be the floating point set with same base
and precision as F, but having (—oo, 00) as its exponent range, and consider a
rounding function fl : R — F, that maps any real number to a closest number in
Foo. For x € R, we say that fl(z) overflows if |fi(z)| > max e | f| and underflows if
Ifl(x)] < mingsep | f|. In the absence of overflow and underflow, the standard model

for arithmetic with two floating point numbers a,b € F is that
|fi(aob) — (aob)| < wulaob, (2.10)

where o can be any of the four operations +, —, x and =. Each of these floating
point operations is called a flop.
In addition to (2.10), it is common to assume the following error bound for

the square root of a nonnegative number a € F

fi(va) - Va| < uv/a. (2.11)
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Unless stated otherwise, all numerical experiments shown in this thesis have
been carried out in IEEE 754 double precision [42]. This floating point standard
is defined with base 8 = 2, precision ¢t = 53 and range [emin, €max] = [—1022,1023],
and guarantees that (2.10) is satisfied, as long as overflow or underflow does not

occur, as well as (2.11). Note that the associated unit roundoff is 2753 ~ 10716,



CHAPTER

3

Strongly damped
quadratic matrix

polynomials

3.1 Introduction

A way to prevent a structure from vibrating violently is to incorporate viscous
dampers into the design. A viscous damper is a device that resists motion by
producing a force proportional to the relative velocity of its ends raised to a power
a. In this chapter we consider linear damping, which corresponds to dampers
with o = 1. This value of « is the default for certain product lines of seismic
dampers [1]. The resisting force produced by a viscous damper arises when fluid,
trapped in a cylinder, is forced through small holes (see Figure 3.1). By adjusting
the size of these holes, we can make the damper stronger. But stronger is not
necessarily better: if a damper is too strong, it resembles a rigid component and
hence has little purpose. This suggests that a structure with only very strong

dampers should be quite similar to a structure without dampers. The goal of

a— | [o(ETl

Figure 3.1: A model of a viscous damper. The larger cylinder is filled with a
fluid which is forced through holes in the piston head as the piston rod moves
horizontally. This causes friction and energy is dissipated and released as heat.

26
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this chapter is to investigate this phenomenon more rigorously for discretized
structures. We will do this by studying the eigenvalues and eigenspaces of a related
quadratic matrix polynomial.

Consider a finite element model of a structure with r viscous dampers. If the
model vibrates freely (that is, only due to initial conditions), the displacements of

its nodes are given by the solutions to the equations of motion:

(Mj—; 4 SD% + K) u(t) = 0. (3.1)
Here M, sD and K are the mass matrix, damping matrix and stiffness matrix,
respectively. We assume these matrices are n x n, real and symmetric positive
semidefinite, and further that M and K are strictly positive definite. We also
assume that each damper contributes to the damping matrix with a rank one
term, so rank D = r and D = RR” for some real n x r matrix R. If || D]| = 1, say,
the parameter s determines the strength of the dampers, so larger s corresponds
to viscous dampers with smaller holes, and s = 0 yields an undamped system.

We find the solutions to (3.1) by solving the quadratic eigenproblem
PNz =0, s>0, (3.2)

where

P,(\) := M)\ + sD\ + K. (3.3)

The spectrum of P;(A) lies in the left half plane and is symmetric with respect
to the real axis. Further, if (—vy + iw, ) is an eigenpair of P(\), where 7,w € R,

and x is real if w = 0, then
u(t) = e " (cos(tw)Re(z) — sin(tw)Im(z)) (3.4)

is a real solution to (3.1) and is called a mode.! We see that v and w correspond to
damping and frequency, respectively. The solution (3.4) describes how the model
switches between two configurations, given by Re(x) and Im(z), as it vibrates. If

z = ve? for some v € R” and 6 € R, then
u(t) = e " (cos(tw) cos(f) — sin(tw) sin(0))v = e~ cos(tw + 0)v,

and we see that these two configurations must coincide and that all nodes in the

IThe term “mode” is ambiguous and is sometimes, although not in this thesis, used to refer
to an eigenvector.
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model vibrate in phase. Now, if s = 0, it is well known that all eigenvalues are
nonzero and purely imaginary, and that all eigenspaces have real bases and are
pairwise M-orthogonal [50, Section 7.3]. In particular, all modes of an undamped
model are undamped and those modes that correspond to simple eigenvalues are
such that all nodes in the model vibrate in phase. We will see in Lemma 3.3.4
that this cannot be the case when damping is present.

To see the similarities between strongly damped structures and undamped
ones, we will prove that the eigenvalues of Ps(\) approach nonzero points on
the imaginary axis as s — oo, with the exception of 2r real eigenvalues which
correspond to overdamped modes (that is, non-oscillating modes). This implies that
the considered model has n—r practically undamped modes for large enough s. For
the eigenspaces of Ps(\) as s — oo, we will show the following. If two eigenvalues
converge to distinct points on the imaginary axis, that are not complex conjugates,
then the corresponding eigenspaces become more and more M-orthogonal in terms
of the principal angles (defined in Section 3.2). Further, we will prove that the
span of all eigenvectors associated with eigenvalues converging to a given point has
an M-orthonormal basis that becomes more and more real in the sense that the
norms of the imaginary parts go to zero. In particular, eigenvalues converging to
points to which no other eigenvalue converges, are, for large enough s, associated
with almost real eigenvectors. This corresponds to the case of simple eigenvalues
for the undamped problem, and from (3.4) we see that the associated modes are
such that all nodes in the model vibrate essentially in phase.

The outline of the chapter is as follows. In Section 3.2 we introduce the notion of
principal angles and establish two results, Proposition 3.2.4 and Proposition 3.2.5,
which are needed for Section 3.4. In Section 3.3, we study the eigenvalues of Ps(\)
as s — 0o, and prove an eigenvalue location result which extends some early work
by Lancaster [50]. In Section 3.4 we study the eigenspaces of Ps(\) as s — 0.
Finally, in Section 3.5, we discuss the forced response problem. That is, when
we add a nonzero right hand side to (3.1). We also briefly discuss the case when
P,()) has a nearly defective eigenvalue. Here “nearly defective” is with respect to
the damping parameter s and means that Ps,as(\) has a defective eigenvalue for

some small As.

3.2 Preliminaries

In what follows, (-,-) denotes an arbitrary positive definite inner product on

C"™ and || - || denotes the induced norm. Further, for a subspace X we define
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S(X)=A{x:xe€X,|z| =1}

The angle between two nonzero vectors v and v is defined as

£ (u,v) = arccos ( [, v)| ) .

[l

To generalize the concept of angles to subspaces the principal angles (or canonical
angles) are introduced. Given two subspaces U and V, such that p = dimU <

dim V = q, there are p principal angles
91(“7 V) < 92(“7 V) < - < ep(uv V)?

which all lie in [0, 7/2]. For convenience, we shall with 6,,.x (U, V) refer to 6,(U, V).
The first principal angle is defined as

6,(U,V) = min{ L(u,v) : ue SU), ve SV)} = L(u,v),

where u; and v, are some minimizing vectors. The remaining angles are then

defined recursively by

0;(U,V) = min{ L(u,v) : ue SU), veSV),
(u,uj) = (v,v;) =0, j=1:i— 1}
= K(Ui,ﬂi),

where u; and v; are minimizing vectors. It is clear from the definition that 6;(U, V) =
0;(V,U) for i = 1:p. The vectors uy, ug, ..., u, and vy, v, ..., v, are obviously not
unique but the principal angles are. This is easily seen from the next theorem,
which is due to Bjorck and Golub [13]. The proof in [13] is for the standard inner
product, but it can easily be generalized to an arbitrary inner product. A proof is

provided in Appendix A.

Theorem 3.2.1. Suppose the inner product (-,-) corresponds to a Hermitian
positive definite matriz A, so {x,y) = x™ Ay for any vectors x and y. If the

columns of U and V' form A-orthonormal bases for U and V, respectively, then
0;(U,V) = arccos(o;),
where o; is the ith largest singular value of UX AV .

When dim = dim V, it is well-known (see e.g., [73, p. 249] or [76]) that the
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largest principal angle is given by

Omax(U, V) = urensag) UIE%I(%) L(u,v). (3.5)
See Appendix A for a proof.
We note that ¢ and V are orthogonal if and only if 6, (U, V) = 7/2, and that
U =V if and only if O, (U, V) = 0 and dimUY = dim V.
In the following lemmas and propositions the calligraphic notation X'(s) refers
to a subspace which depends on the parameter s > 0. Our first lemma shows
that if u; + ug is a unit vector, where u; and wuy are almost orthogonal, then

Jaal) + sl 1.
Lemma 3.2.2. Let ¢ € (0,1) and assume that
lim 91(“1(8),?/{2(8)) = 7T/2
5—00

For sufficiently large s, ||uy + us|| = 1, where uy € Ui (s) and ug € Us(s), implies
that
1/(1+e) < Jlual* + luzl* < 1/(1 = ¢).

Proof. The limit condition of the lemma implies that |(u1, us)| < |Juql|||usz|le for

large enough s. We have
[lJuall® + uall® = 1 < 2[¢ur, uz)| < 2efur||[Juzll < ([Jual® + [ual*)e,

from which the lemma follows. [ |

We now use Lemma 3.2.2 to show that if a subspace V(s) is almost orthogonal
to two subspaces U (s) and Us(s), which themselves are almost orthogonal to each
other, then V(s) is almost orthogonal to their span. More formally, we have the

following lemma.
Lemma 3.2.3. Let U(s) = span{U(s),Us(s)}. If

sli_glo 01 (UL (s),Us(s)) = sli_)rrolo 01 (UL (s),V(s)) = sli_glo 01 (Us(s),V(s)) =7/2,

then
lim 6,(U(s),V(s)) = /2.

§—00
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Proof. Let u € U(s) and v € V(s) be any vectors such that |ju|| = ||v|| = 1. We

have u = uj + ug where u; € Ui (s) and uy € Us(s) and
[(u, v)| = [(u1,v) + (uz, v)| < [{ur, V)| + [(uz, v)|. (3.6)

By Lemma 3.2.2 the norms of u; and wuy are bounded when s is sufficiently large.
Hence the right hand side of (3.6) can be forced to be arbitrarily small by taking

s large enough. |

We can now state our first proposition of this chapter. The proposition implies
that if C™ is decomposed into the span of p almost orthogonal subspaces, then
any subspace that is almost orthogonal to all but one of these subspaces must be

close to the remaining subspace in terms of the principal angles.

Proposition 3.2.4. Suppose V(s) C span{l;(s),Us(s) ..., Uy(s)} and dimU(s) =
dim V(s) for a fixzed k € {1,2,...,p}. If for any i # k and any j # ¢, it holds that

lim 0;(V(s),Us(s)) = lim 0, U;(s),Uy(s)) = /2,

S§—00 S§—00

then
lm Opax (V(),Uk(s)) = 0.

§—00

Proof. Let W(s) = span{U;(s) : i # k}. Lemma 3.2.3 implies

lim 0;(V(s), W(s)) = lim 0, (Ux(s), W(s)) = 1/2.

S§—00 §—00

Pick N and € € (0,1) such that for any s > N it holds that

0] (3.7)
upetty (s) [|u|[|w]|
we 8)
and
max v,w)| < /2. 3.8
veS(V(s)) |< >| / ( )
weS(W(s))

Let v € S(V(s)) and write v = uy, + w, where uy € Uy(s) and w € W(s). Due to
Lemma 3.2.2 we may, by possibly choosing a larger IV, assume that ||u|| < 2 (for

any choice of v), so (3.7) yields |(ug, w)|/||w| < /2. We get
‘ [ {ur, w)]
TES(W(s)) TESW(s))

ol —Hwﬂ\é max (e @) + (w, @) = max |(0,@)] < /2
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where (3.8) is used for the last inequality, and hence ||w|| < €. Further,

{ug, w)|

|
lusl* = NJoll = [lwl® = 2[(ug, w)] = 1 = [Jw]* = 2[w] Tl

Note that this holds for any choice of v = uy +w € V(s) for s > N. Now, by (3.5),
we have 0. (V(s), Ui (s)) = arccos(z), where

> 1— 22

| _ (w uk>
r = min max  |(v,ug)| >  min || ug|| +
veS(V(s)) UneESUs(s)) up+weS(V(s) ||
ug €U (s)
weEW(Ss)
> min HukH — Jw|] > V1 —2e% —e.
up+weS(V(s)
ug €U (s)
weW(s)
Since € can be chosen to be arbitrarily small, the proposition follows. |

Finally, we show that if a subspace is close to its complex conjugate subspace,

then there is an orthonormal basis for this subspace that is almost real.

Proposition 3.2.5. Suppose the inner product (-,-) corresponds to a real sym-
metric positive definite matriz A, so (x,y) = % Ay for any vectors x and y. If
dimU(s) = p for s > N and

lim Oy (U(s),U(s)) = 0,

5—00
then for any e > 0, for large enough s the subspace U(s) has an A-orthonormal
basis {u, us, ..., u,} with ||Im(w;)|| <e, i =1:p.

Proof. Let the columns of U = [uy, us, . .., u,] be any A-orthonormal basis of U(s)
and note that the columns of U form an A-orthonormal basis of U(s). Since A is
real, UT AU is complex symmetric and hence enjoys a singular value decomposition
on the form QXQ7T (also known as a Takagi factorization) [40, Corollary 4.4.4].
By the limit assumption and Theorem 3.2.1, all singular values are in (1 — ¢, 1]

for large enough s. Define Y = [y1, v, - . ., y,] = UQ, and note that
YTAY = QUUTAUQ = Q7QxQ"Q = X.
The columns of Y form an A-orthonormal basis of U(s), and
2| tm(y,)||* = Re(y{" Ayi — y] Ays) < & (3.9)

fori=1:p. |
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Remark 3.2.6. For subspaces U(s) and V(s) with dimU(s) = dimV(s) =k, a
limit condition like lim O, (U(s), V(s)) = 0 may be interpreted as the distance
between U(s) and VS(Z())Ogoes to zero. Here the distance is measured with the gap
metric associated with (-, -). Using that gap metrics associated with different inner
products are equivalent in the same sense that all norms on C" are equivalent,
it follows that the condition lim O,.x(U(s),V(s)) = 0 is independent of which
positive definite inner producst_) Zomax corresponds to. See Appendix A for more
details.

3.3 Eigenvalues

In this section we study the eigenvalues of P,(\) defined in (3.3). Let (-)/2
denote the principal square root, and introduce A = M~Y2DM~Y? and B =
M='2KM~1/2 Clearly, P,()\) is equivalent to IA\* + sA\ + B, so they have the

same Jordan structure. We will repetitively make use of the linearization /A — L(s),

where
sB~124 B1/2 I —1 B/2
L(s) := _ .
—1 —B —sA| |BY? sA —BY?2 —sA
E{ Com?);nion T-1
matrix

(3.10)

Lemma 3.3.1. If \;, Ay, ..., A, are the nonzero eigenvalues of sA in (3.10) (not

necessarily distinct), then we have Gerschgorin-like discs
Go= {12l <IBIY*}  and G ={=:1=— x| < IBIY?}

for i = 1:r, such that the eigenvalues of Ps(\) in (3.3) are contained in the
union Go UGy U ---UG,. Furthermore, k Gerschgorin-like discs contain exactly k

eigenvalues (counting multiplicities) if they are disjoint from the remaining discs.

Proof. Apply a real orthogonal similarity transformation to IA\? + A\ + B, to
obtain I\? + A\ + B , where Ais diagonal. Note that all but r of the diagonal
entries of A must be zero. Let L(s) be the matrix (3.10), with A and B in place
of A and B, respectively. Clearly, L(s) and P,(\) have the same eigenstructure.
Since A is normal and || By = || B||» the lemma follows from [62, Theorem 2.1

and Corollary 2.5]. |

Let Wpax = HB||;/ ? and Wiin = Omin(B)Y2 (where oy, refers to the smallest
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Figure 3.2: The shaded area is S, and the left and right thick lines are S,,; and
Sin, respectively.

singular value) and define the following sets:
Sin={2 : —wnin < 2<0}, Sou =12 : 2 < —Wnax} (3.11)

and
S={z : wmin < 2] < wmax, Re(z) < 0}. (3.12)

See Figure 3.2 for an illustration. Lancaster showed that all nonreal eigenvalues of
P,(A) lie in the half annulus S [50, Chapter 9]. Hence any eigenvalue that is not
in § must be in either S;, or S,,;. Our first goal in this section is to bound the

number of such eigenvalues. To do so, we need the following lemma.

Lemma 3.3.2. All eigenvalues of Ps(\) in (3.3) that lie in S, or S, are

semisimple.

Proof. Let X be a real defective eigenvalue of I\? + sA\ + B, and note that any
corresponding real right eigenvector is also a left eigenvector. By Theorem 2.3.1

and Remark 2.3.2 there exists a real eigenpair (A, v), where ||v]|2 = 1, such that

v (%(m + s AN+ B)) v =0 (2I\+ sA)v = 0.

If we define a = sv” Av and b = vT Bv, we have A = —a/2. Further,

2 2

UT(IA2+3A/\+B)v:/\2+a/\+b:%—%erzo,

which implies @ = 2v/b, and hence A = —vb € S. |
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Figure 3.3: An illustration of what the Gerschgorin-like discs may look like for
r = 3 and large enough s. The disc (from left to right) are Gy, Gs, G3, Gy and the
dots are the nonzero eigenvalues of —sA. Lemma 3.3.1 implies that G; U Gy U G
contains three eigenvalues of Ps()), counting multiplicities.

We now use Lemma 3.3.2 to prove the following eigenvalue location result.

Theorem 3.3.3. The sets S;;, and Sy, defined in (3.11), each contains at most
r eigenvalues (counting multiplicities) of Ps(\) defined in (3.3). Furthermore, r

eigenvalues go to —oo, and r eigenvalues go to 0, as s — 0.

Proof. By Lemma 3.3.1, r eigenvalues of P;(\) approach —oco as s — oo, and
all remaining eigenvalues lie in S U S;,, (see Figure 3.3 for an illustration when
r = 3). We now show that S,,; cannot contain more than r eigenvalues for
intermediate values of s. Let L(s) denote the matrix in (3.10). By Lemma 3.3.2
all eigenvalues in S,,; are semisimple and hence differentiable with respect to s
[49, Theorem 6]. Consider an eigenvalue A € S,,; for an arbitrary s. Since A is
real, the corresponding eigenspace of L(s) has a real basis. If the columns of W
form such a basis, it is easy to see that W = [V BY2, AVT]|T where the columns
of V' are real eigenvectors with respect to A of the corresponding quadratic matrix
polynomial. Furthermore, the columns of [~V BY2 AVT|T form a basis of the

corresponding left eigenspace, and

B2V

[—VTBY? AVT]{
AV

}:aVVTVE—VTBV

2
max

is positive definite since \? > w2 = || B||2. Suppose, without loss of generality,
that V' satisfies

NVIV —VIBV =1,

(otherwise we can replace V by V Z for an appropriate Z). Then, the derivatives

of the eigenvalues that equal A\ for the considered value of s are given by the
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eigenvalues of the following matrix [49, Theorem 7],

v vt L) {

B2y
] = -\VTAY,
ds

AV

which is negative semidefinite. Hence all eigenvalues that enter S,,; will stay in
S, S 8 — 00.
Let ~ denote the equivalence relation for matrix polynomials. To compute the

number of eigenvalues in S;,,, we consider

rev P,(\) = KX+ sDAN+ M ~ IN + s KV2DK 2\ K2 MK™Y?

A B

and note that B is similar to B, It is easy to see that A is an eigenvalue of P,(\)
if and only if 1/ is an eigenvalue of rev P;(\) with the same algebraic multiplicity.
The proved part of the theorem implies that r eigenvalues of rev Py(\) go to —oo
as s — 00, so r eigenvalues of Ps(\) must go to zero (along the negative real axis).
Furthermore, rev Ps(\) has at most r eigenvalues in {z 1z < —||§||§/2} so Py(\)

has at most r eigenvalues in
{2:-IBl; <2 <0} = {51 —oma(B) P <2 <0} =S

Theorem 3.3.3 gives us rather large regions in which the eigenvalues lie. We
are now interested in how the eigenvalues move within these regions as s — oo.
To this end, we classify the eigenvalues of P;(\) based on whether or not they
depend on s. Eigenvalues are said to be affected (by damping) if they depend on s,
and unaffected otherwise. To be more precise, let the columns of V' = [V, V5] be
a real M-orthogonal basis of eigenvectors of Py(A), such that range(V}) is spanned
by all eigenvectors that are in the null space of D. If we apply the congruence
transformation defined by V' to Ps()), the resulting matrix polynomial decomposes

into the direct sum of an “undamped part” and a “damped part”:
VIP,(ANV = (X2 + K1) @ (L1 A* + sDo) + K>). (3.13)

Here k = rank Vi, V' KV} = K, VKV, = Ky and Vil DV, = D,. The eigenvalues
of I;\? + K, are clearly independent of s and hence unaffected. In particular
they must be purely imaginary. The next lemma shows that the eigenvalues of
I, 1A% 4 sDo)\ + K, are the affected eigenvalues, and furthermore that they are

only purely imaginary for s = 0.
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Lemma 3.3.4. If \ is an eigenvalue of I, x\* + sDay\ + Ko, defined in (3.13),
for some s > 0, then Re(X\) < 0.

Proof. Assume the contrary and let (A = wi,xz) be an eigenpair such that
w e R\ {0}. If v = Vox, then

v (K — w*M +iwsD)v = 0,

and since v Mv, v Dv and v¥ Kv are real, we must have v Dv = 0. Because
D is symmetric positive semidefinite, this implies that Dv = 0. But then (A, v)
is an eigenvalue of Py(\) for which Dv = 0. This contradicts that v € range(V3).

|

As s — oo we know from Theorem 3.3.3 that r eigenvalues enter S,,; and go to
—o0, and r other eigenvalues enter S;,, and go 0. We now focus on the remaining

affected eigenvalues, that is, the ones that stay in S as s — oo.

Theorem 3.3.5. Consider Ps()\) in (3.3) and the associated set S defined in
(3.12). For large enough s, the affected eigenvalues of Py()\) in S are continuous

functions of s that converge to purely imaginary points.

Proof. Recall that D = RRT with R € R™ " and define t = 1/s, p(\) = det(MA?+
K), Q\) = ART(MX? + K)™'R and

@(A) = det(tp(A) 1 + p(M)Q(N)).

By Lemma 3.3.4, no affected eigenvalue is a root of p(A) for s > 0. Thus, for ¢t > 0,
any root \; of ¢;(\) that is not a root of p(\) is an affected eigenvalue. To see this,

we simply note that
0= g:(N\i) = p(A;)" det (¢, + Q(Ni)) = p(Ni) det (11, + Q(Ni)) = det Ps(Ni),

where the matrix determinant lemma (related to the Sherman-Morrison formula)
has been used for the last equality. On noting that (MA?* + K)~! = Adj(M\? +
K)/p(N), it is easy to see that p(A\)Q(A) is a matrix polynomial, so ¢;(\) is a

polynomial, and further

2nr ift#0,
deg Qt()‘> =
2nr —r ift=0.
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Figure 3.4: Damped beam simply supported at its ends.

From the context, it is natural to consider go(A) as a polynomial of grade 2nr
(see [57]), in which case we say that go(A) has r infinite roots. Consider a finite
root \; of go(A) of multiplicity a. In a neighborhood of t = 0, the solutions A of
q:(\) = 0 can be expanded in Puiseux series in ¢, and « of these series (counting
multiplicities) equal A; at ¢ = 0 [47, Chapter 5]. Thus, a roots of ¢;(\), seen as
functions of ¢, converge to A; as t — 0. This shows that 2nr — r roots of g;(\)
converge to the finite roots of go(\) as t — 0. Furthermore, from Theorem 3.3.3
we know that the remaining r roots go to —oc as ¢t — 0.

To show that the finite roots of go(\) are purely imaginary, we note that they
all are eigenvalues of p(A\)Q()). Since p(—\)Q(—=\) = —p(\)QN)T, p(M\)Q(N) is
T-odd (by definition), so A; is an eigenvalue if and only if —); also is an eigenvalue
[56, Theorem 4.2]. Therefore, if ¢o(A) has a root with negative real part, it also
has a root with positive real part. But this is impossible. Indeed, ¢;(\) has a root
with positive real part for some ¢ > 0 only if there is an affected eigenvalue with

positive real part, a contradiction. |
We illustrate Theorem 3.3.5 by a numerical example.

Example 3.3.6. Consider the damped beam problem from the collection NLEVP
[10]. The modes of the QEP describe the vertical displacements of a beam that
is supported at its ends and has a viscous damper attached to it in the middle
(see Figure 3.4). We used the MATLAB function nlevp to create the QEP such
that the coefficient matrices are of size 100 x 100. We then created a strongly
damped version of the same problem by multiplying the damping matrix by 10,
We used the algorithm described in Chapter 4 to compute all eigenvalues of both
problems. The computed spectra are shown in Figure 3.5, with the exception of
one large negative eigenvalue for the strongly damped problem. The experiment

does indeed confirm Theorem 3.3.5. A
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Figure 3.5: Left: The computed spectrum of the standard damped beam problem.
Right: The computed spectrum of the modified strongly damped problem, with
the exception of one eigenvalue around —6.3 x 102 which is far outside the plotted
window.

We end this section by discussing the simplicity of the eigenvalues of strongly
damped matrix polynomials. The matrix L(s) in (3.10), and hence the matrix
polynomial P;(\), has a constant number, k, of distinct eigenvalues for all but a
finite number of values of s, known as exceptional points [45, p. 64]. Exceptional
points are in general nonreal, so for the sake of the argument, we temporarily
expand the scope and allow nonreal values of s. Now, in any simple domain not
containing any exceptional points, we have a Jordan decomposition (albeit not in

its usual likeness)
k

L(s) = Y Ei(s)\i(s) + Fi(s),

i=1
where F;(s), A\i(s) and F;(s) denote the eigenprojections, (distinct) eigenvalues
and eigennilpotents, respectively, and all are analytic in the considered domain
[45, p. 68]. The following observation was made in [53, Theorem 3.3]: for purely
imaginary s, L(s) is skew-Hermitian so the eigennilpotents must vanish. Because
any simple domain, free of exceptional points, can be expanded to contain an
interval of the imaginary axis, in a manner that avoids including exceptional points,
the eigennilpotents must vanish identically for any non-exceptional s. Put simply,
defective eigenvalues can only exist for a finite number of exceptional values of s.

This implies the following theorem.

Theorem 3.3.7. For large enough s, all eigenvalues of Ps(\) (defined in (3.3))

are semisimple.
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3.4 Eigenspaces

Let (-,-) be the M-inner product and || - || the induced norm. In the undamped
case, s = 0, the eigenspaces of P;(\) corresponding to complex conjugate eigen-
values are identical, and any other two eigenspaces are orthogonal with respect
to (-,-). Furthermore, all eigenspaces have real bases. The same is, in general,
not true when s > 0. Our goal in this section is to show that for large enough
s, the same properties are almost true if we restrict ourselves to the eigenspaces
corresponding to eigenvalues in & and group together eigenspaces corresponding
to “close” eigenvalues; more precise statements will be made in Theorem 3.4.1
and Corollary 3.4.3.

Suppose N is large enough so there are no exceptional points in (N, c0); such
N exists due to Theorem 3.3.7. Then there is a constant k such that Ps(\) has
exactly k distinct eigenvalues Ai(s), Aa(s), ..., Ag(s) for s > N, which are analytic
functions of s. Let V;(s) denote the eigenspace corresponding to A;(s) and define

U.(s) = span {Vi(s) o lim \i(s) = z} for s> N. (3.14)

§—00

We shall prove the following result.

Theorem 3.4.1. Let (-,-) be the M-inner product and 21, za, . . ., 22, the distinct
nonzero points on the imaginary axis to which some eigenvalue of Ps(\) converges
as s — 00. If 01(-, ) and Opmax(-, -) refer to the smallest and largest principal angles

with respect to (-, -), respectively, then the following hold:

(a) If z; # Z; and z; # z; then lim 601 (Us,(s),Us,(s)) = 7/2.

(b) slirgo 01 (U, (5), U-oo(s)) = 7/2.
(c) SILHSO 01 (U, (s),Us(s)) = /2.
(d) SILI?O Omax (U, (5), Uz, (s)) = 0.

(e) sli}rgo Hmax(u_oo(s),uo(s)) =0.
To prove Theorem 3.4.1, we need the following lemma.

Lemma 3.4.2. Let S be defined by (3.12) and consider eigenpairs (A\;,v;) and
(Aj,v5) of Ps(X), for some s > 0, for which ||v;|| = |lv;]| =1 and \; € S. There are
constants c; and co which are independent of v;, v; and s, such that the following

bounds hold:
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(a) If \j € S then [vf Dvj| < (c1/s)?.

(b) [vf'Dvj| < ca/s.

Proof. Recall that D = RRT with R € R™". We have
RRTv; = —(\is) " H(MA? + K)v;.

Left multiplication with M ~/2 times the Moore-Penrose pseudo-inverse R, and

taking norms, yield

_IMTYERT(MA? + K|
B R¥r] '

1M Y2 R i

Since |);| is bounded from below and above there is a constant ¢; such that
|M~Y2RTv;|| < ¢1/s, for any s and any choice of v;. For case (a), an analogous

argument gives || M ~Y2RTv;|| < ¢;/s and the Cauchy-Schwartz inequality yields

Wi Dv;| = [(M~'Y2RTv;, M~'*R"v))]
< M TVPRTw|||M VPR vy
< (ar/s).

Similarly, for part (b), we have
v Duj| < [|MT2RTwil[|MT2RT v]| < eofs.
for cy = || M~Y2RT||c;. |

Proof of Theorem 3.4.1. For i = 1:2p, define B; = {2z : |z — z;] < 0} where § > 0
is small enough so B; N B; = 0 for i # j, and let

v = H;éln dist(B;, B;). (3.15)
i

Choose N > 0 such that for s > N it holds that B; contains all eigenvalues of
P,()\) that converge to z;. The B; will hereafter be referred to as “limit balls.”
Now, pick € > 0 and let ¢; and ¢y be the constants from Lemma 3.4.2. By
possibly choosing an even larger N, we may assume that N > ¢2/(ev) and that all
eigenvalues in S,,;, defined in (3.11), have modulus greater than cy/e. Consider
two eigenpairs (\;,v;) and (A;, v;) for which |jv;|| = [Jv;|| = 1. If A; and A; belong

to different limit balls that are not complex conjugate sets, then we have for any
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real s that

)\ v Mv; = (AMuv;)"v
= (= (sDX + K)v;)"v;
v

= v (—(sDX + K))v;
= v (sD(\; — \;) — (sD); + K))v;
- UH(SD( ) vj — (sDXj + K)v;)

= s(\j— \)v HDUJ Aol Mo,

and further "
— o My, = 220 (3.16)
Ai + A

From (3.15) we have [\;+ ;| > «, and by part (a) of Lemma 3.4.2 |svf Dv;| < ¢2/s.
Thus, [vf Mv;| < € for s > N. Since this bound is independent of which normalized
eigenvectors v; and v; we picked, and € > 0 is arbitrary, we have proved part (a)

of the theorem.

If A\; is in a limit ball and A\; € Sy, then v; and v; also satisfy (3.16). By
part (b) of Lemma 3.4.2 |svf Dv;| < ¢y and |\, + Aj| > |\;| > c2/e. Hence,
|of Mv;| < e for s > N, and we have shown part (b) of the theorem.

Since rev P;(\) has the same eigenspaces as P;(\), part (c) follows immediately

if we consider part (b) for the reversed matrix polynomial.

For s > N, the eigenvectors corresponding to the eigenvalues of P;(\) in B5;
and Sy, span the subspaces U, (s) and U_(s), respectively. Furthermore, due
to Theorem 3.3.7, dimU,,(s) and dimU_,,(s) equal the sums of the algebraic
multiplicities of all eigenvalues in B; and S,,, respectively. Since 21, 29, ..., 29
can be paired into complex conjugates, we may assume, without loss of generality,
that Im(z;) > 0 for i = 1:p. We have

diml,, +diml,, + --- +dimlU,, + dimU_,, =
Part (a) and part (b), which we just proved, imply that

lim 6, (U, (s),U.(s)) = 7/2

S§—00
for z € {z1, 22, ..., 2p, —00} \ {2:}. Hence, part (d) follows from Proposition 3.2.4.
Similarly, we have

lim 6; (Uo(s),Us(s)) = /2

§—00
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for z € {z1,22,...,2,}, so also part (e) follows from Proposition 3.2.4. |

The next corollary is an immediate consequence of part (d) of Theorem 3.4.1.

Corollary 3.4.3. For any ¢ > 0, U,,(s) in (3.14) has an M-orthonormal basis

{ur,us, ..., ux}, where [[Im(u;)| < e, j = 1:k, for large enough s.

Proof. The corollary follows immediately from Proposition 3.2.5. |

We end this section by a numerical experiment that illustrates the impli-
cations of Corollary 3.4.3 to the damped beam problem that was discussed in
Example 3.3.6.

Example 3.4.4. As in Example 3.3.6, we created several versions of the 100 x 100
damped beam problem by multiplying the original damping matrix by a parameter
s. We then used the algorithm described in Chapter 4 to solve these eigenproblems
for a sequence of increasing values of s. We then used the technique explained in the
proof of Proposition 3.2.5 to compute the normalized eigenvectors yi,ys, . . ., Yon
with smallest imaginary part. For eigenspaces of dimension one, it follows from
(3.9) that this technique indeed gives us the normalized eigenvectors with smallest
imaginary parts. Since the Takagi factorization is trivial to compute for scalars,
such eigenvectors are easily determined once any nonzero vectors in the associated
eigenspaces are known. We then computed the norm of the imaginary parts of
all eigenvectors y1, 4, ...,y2, and saved the largest one for each value of s. In
Figure 3.6 this norm is plotted as a function of s. The figure confirms the theory:
when the damper gets strong enough the eigenvectors become almost real, meaning

that all nodes in the discretized model vibrate essentially in phase. A

3.5 Forced response

The solution of the homogeneous differential equation (3.1) is known as the free
response. The forced response is the corresponding particular solution when a
nonzero right hand side f(¢) is added to the equation. As we saw in Section 1.1,
the forced response is also strongly connected to the eigenvalues and eigenspaces.

We now discuss this in more detail. Consider the differential equation

P, (%) u(t) = foe™', t€0,7], (3.17)
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Figure 3.6: The maximum of the norms of the imaginary parts of all the computed
eigenvectors yi, ¥, - . . , Yo, of the modified damped beam problems as a function
of the damping parameter s.

where P;()) is as in (3.3), and assume iw, w € R, is not an eigenvalue Ps(\).

Suppose further that s is large enough so all eigenvalues are semisimple. By (1.8)

nl
up(t) = 3 gyl fous (1), wi(t) = ———
j=1
is a particular solution of (3.17), where the A; are the eigenvalues of P;(\) and the

y; and x; are the associated left and right eigenvectors, respectively, normalized
such that

[ d
C | = Ps(A

Since our matrix polynomial is real and symmetric, we can derive a nicer “sym-

) T = sz(Z)\]M + SD)IJ‘ = (51‘]' if Ai = )‘j' (318)

A=)

metric” formula for the response. Because (1.8) followed from (1.4), we aim to
find a “symmetric version” of (1.4). We have the following theorem, which shows
that the assumptions under which Lancaster [50, pp. 127-129] derived formulas

for the forced response are always true.

Theorem 3.5.1. Let P(\) € R[N"*" be symmetric, of degree £, and with non-

singular leading coefficient A,. If all eigenvalues of P(\) are semisimple, then it
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holds that ,
Ny T
MNP\ = ﬁ + oA, k=1:4,
=17

where the (\j, ;) are eigenpairs such that x1 P'(\j)x; = &;; if i = ;. Further-

more, if \; is real, then there is an x; that is real or purely imaginary.

Proof. By [50, p. 65], equation (1.4) holds for left and right eigenvectors y; and
z; that satisfy (1.5). Lancaster showed that such eigenvectors existed as long as
all eigenvalues are semisimple. Recall that, for symmetric problems, each right
eigenvector is a left eigenvector and vice versa. Suppose A; has multiplicity s and
let the columns of Y; = [y, y;, -+ vy;.] and X; = [x;, z;, --- x;,] be associated

eigenvectors such that (1.5) hold, or equivalently, such that
VP (\)X; = 1. (3.19)
We need to show that there exists an eigenvector matrix Z; such that
Z!I'P'(Mo)Z; = I. (3.20)

Since, P()) is symmetric, X; and Y; span the same subspace, so Y; = X;S. We
have
X P'(N)X;=5"T, (3.21)

where S™7 is complex symmetric. If ULU7T is a Takagi factorization of ST then
Z; = X;US1/? satisfies (3.20).

For the second part, we assume that X is real. We may do this, since (3.19) was
deduced in [50] by first considering an arbitrary matrix X; such that range(X;)
is the right eigenspace associated with A;, and then explicitly construct the
corresponding Y;. Taking the real part of (3.19), yields Re(Y;)" P'(\;)X; = I,
which shows that Re(Y}) is of full rank. Further, taking the real part of Y;" P()\;) =
0, shows that all columns of Re(Y;) are (left) eigenvectors associated with .
Hence, we may assume that both X; and Y; in (3.19) are real. In this case, S~7
in (3.21) becomes real symmetric and thus enjoys a real spectral decomposition
ST = QAQT. If we define Z; = X;Q;A"'/2, then each column is either real or
purely imaginary, and Z; satisfies (3.20). |

Using Theorem 3.5.1 and the discussion in Section 1.1, we can now write down
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“symmetric” formulas for particular solutions of differential equations of the form

P (%) u(t) = f(t), telo,T],

where P(A) is as in Theorem 3.5.1 and f(t) is piecewise continuous. In particular,
it follows that

s iwt At
et — et
up( ) ;:1: il fo%( )7 ¢J( ) i — >\j ) ( )
is a solution to (3.17), where the ();, z;) are eigenpairs such that
xl (2\;M + sD)x; = 1, (3.23)

and x; is real or purely imaginary if A; is real.

We saw in Section 3.3 that strongly damped matrix polynomials can have
negative eigenvalues arbitrarily close to the origin. This raises the question: what
happens when w is small and A; is small and negative? In such situations we
certainly have that iw is close to A;, in which case (1.9) shows that v,(t) can be
quite large. To answer this, we investigate the M-norm of the terms :ijjr fo;(t)
in (3.22). Define m, d and k through

2513, (MmA* + dX\ + k) = ij(M)\2 + sDA + K)z; (3.24)
and note that (3.23) and mA7 + d\; + k = 0 imply

1 1 A

bl = o, 7 = T, — i, k] 2 —H]

If v; == x;/|z;||m, then we can bound the term under investigation as follows:

ezwt o eAjt

W — \j

ezwt _ 6)\jt

— )\

1l arl fol = [v] fol —3 | (3.25)

J

)\j‘

Furthermore, if \; is negative, then the right hand side of (3.25) is bounded by

2[v] fol/|mA? — k|. Now, if A; is a small negative eigenvalue such that

)\? < Wpin = min uHKu,
flullamr=1

then [mA3 — k[ = |k — [X;|* 2 Wiin. Thus the term z;z] foib;(t) is well behaved
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provided that the undamped problem does not have a tiny eigenvalue.

3.5.1 A remark on nearly defective systems

We end this chapter by discussing the application of the formula (3.22) to QEPs
that are nearly defective with respect to small perturbations in the damping
parameter s. In view of Theorem 3.3.7, such QEPs are not strongly damped. From
(3.25), we see that the “response in the jth mode,” that is, xjx;frfowj (t), can be
large when m\3 ~ k (where m and k are defined in (3.24)). We now show that
this can happen when a small perturbation of the damping parameter s yields a
defective eigenvalue. Suppose Ps(A) has a defective eigenvalue \; for s = a. We are
interested in the behavior of the eigenvalues and eigenspaces in the neighborhood
of s = a. Since the left companion matrix associated with M~ P,()\) depends
continuously (in fact linearly) on the real parameter s, we may parametrize the
eigenvalue \; as a continuous function of s [45, pp. 106-110]. In other words, there
exists a continuous function A;(s) such that det P;(\;(s)) = 0 and A;(a) = A;, the
defective eigenvalue of P, () referred to above. Now, suppose dim nullP;(\;(s)) = 1
near s = a. Then it can be shown that the associated eigenspace is (a) continuous
in s, where the continuity is understood in the gap metric (see Appendix A), and

(b) has a continuous spanning vector v;(s) [31, pp. 408-411]. Define

vi (5)" (2A;(s)M + sD)v;(s) _ vi(s)" (MA;(s)* = K)v;(s)
lv; ()13 A () llv; () 113 ’
and note that f(s) is continuous. By Theorem 2.3.1, we have f(a) =0, so f(s)

takes arbitrarily small values in a neighborhood of a. For sy such that A;(sg) € S
(defined in (3.12)) and 0 < f(sg) < €/wmax We have

1) =

Im(s0) A (s0)” — k(s0)| <e,

where m(so) = v;(s0)" Muv;(s0)/||v;(s0)lI3; and E(so) = v;(s0)" Kvj(s0)/][v;(s0)[[3;-
In view of (3.25), this shows that if P;(\) has a defective eigenvalue for s = a,
then (3.22) can have arbitrarily large terms in a neighborhood of s = a, at, say,
t =ty > 0, even when iw is bounded away from the spectrum of Ps()) for s close
to a. However, from (2.9), it is clear that the solution is bounded at t = ¢, for all
s in a small interval (a — €,a + €), € > 0. This shows that when the problem is
nearly defective (in the discussed sense), severe cancellation can take place when

summing up the terms in (3.22).



CHAPTER

4

A quadratic eigensolver for
problems with low rank

damping

4.1 Introduction

In this chapter we consider quadratic eigenproblems with damping matrices of

low rank. More precisely, we consider problems of the form
(MXN 4+ DX+ K)z =0, (4.1)

where M, D and K are real, n X n and positive semidefinite matrices, (M, K) is
regular (that is, det(MA + K) # 0) and r := rank D < n. Without the low rank
term D), a simple substitution, w = —A?, turns (4.1) into a definite generalized
eigenproblem (GEP):

Kr=wMz, (4.2)

which is much easier to solve. Our goal is to first develop an algorithm that
solves (4.2) such that all eigenvalues are computed in a symmetry preserving and
backward stable manner. We then design a fast Ehrlich-Aberth iteration that
modifies the solution of (4.2) until we have found the eigenvalues of the damped
problem (4.1). Finally, if the eigenvectors are desired, we compute these using
a special inverse iteration that is based on the Takagi factorization for complex

symmetric matrices.

48
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4.1.1 Motivation

QEPs of the form (4.1) appear naturally in modal analysis of physical structures.
Modal analysis is the study of the vibrational properties of structures. We now
discuss this application briefly. The discussion serves not only as a motivation,
but also allows us to use our intuition of mechanical systems to understand the

choice of starting points used in our algorithm later on.

As we saw in Chapter 3, the homogeneous differential equation

d? d

play an important role in structural engineering. Before we assumed that mass and
stiffness matrices M and K were both symmetric positive definite. In this chapter
we relax these conditions and allow both to be symmetric positive semidefinite, as
long as the pencil (M, K) is regular. The damping matrix D is symmetric positive
semidefinite as before, which implies that MA?> + DX + K is regular (since it
evaluates to a positive definite matrix for large positive values of ). In theory, M
should be strictly positive definite, but singular M is common in practice due to
further simplifications by the engineers. Singular M may, for instance, arise when
the lumped mass model is used. In this case there is no inertia with respect to the
rotational degrees of freedom of a beam, say, so the corresponding mass matrix
becomes singular [46, 69]. The stiffness matrix K is positive definite or positive
semidefinite, depending on the boundary conditions. The damping matrix depends
on what kind of damping is modeled. We consider the case of discrete (linear)
damping, which refers to the physical objects called viscous dampers that were
discussed in Section 3.1. When a viscous damper is modeled with finite elements,
it appears as a positive semidefinite rank one term of the damping matrix. Hence,
if the structure only has a few viscous dampers, their contribution to the damping
matrix is of low rank. This is indeed the case in several applications. It is not
uncommon that less than ten dampers are used, and in some cases as few as one

or two [1].

If only a few viscous dampers are used, and (M, K) is regular, then the
corresponding QEP we need to solve has the structure of (4.3). In particular, if

Mz is a solution to (4.3). We recall

(A, z) is an eigenpair of (4.1), then u(t) = e
from Chapter 3 that the spectrum is symmetric with respect to the real axis and

lies in the left half plane. Thus, if (—d + iw, z) with w > 0 is an eigenpair of (4.1),
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then so is (—d — iw, T). It follows that the real function
u(t) = e 4(cos(tw)Re(x) + sin(tw)Im(x)).

is a solution to (4.3). Notice how the real and imaginary parts of the eigenvalue

correspond to damping and frequency respectively.

4.1.2 Existing algorithms and our objective

The conventional way of solving (4.1) is through linearization, which means that
the problem is rewritten as GEP of twice the size. This approach does not respect
the special structure of problem (4.1). There do exist symmetric linearizations,
but no stable algorithm that can preserve this symmetry is currently available.

Recently, Hammarling, Munro and Tisseur proposed a linearization based
algorithms for finding all eigenpairs of general regular quadratic eigenproblems [34].
Their algorithm, called quadeig, is backward stable in the unstructured sense
described in Section 2.3, as long as the damping is not too strong. The bulk of the
computation lies in solving the linearized problem, for which the QZ algorithm is
used. The QZ algorithm is estimated to use 50m? flops (30m? flops if we only want
the eigenvalues), where m is the size of the matrices [33, p. 413]. Since quadeig
works on a linearization we have m = 2n, where n is size of the coefficient matrices
M, D and K. We get an estimated complexity of 400n® flops (240n® flops for
eigenvalues only).

We shall develop an algorithm that exploits the structure of problem (4.1)
and whose main complexity lies in finding all eigenpairs of the definite GEP (4.2).
There are several methods for solving (4.2), but no existing algorithms are both
backward stable and symmetry preserving. We develop an algorithm, based on
an algorithm proposed by Wang and Zhao [89]. Given the pencil (M, K), where
M and K are as in (4.2), the new algorithm computes a nonnegative diagonal
pencil (Mp, Kp) that is congruent to (M + AM, K + AK), where AM and AK
are symmetric and small in norm with respect to M and K, respectively. Thus, it
computes all eigenvalues of (4.2) in a backward stable and symmetry preserving
manner. This new algorithm is interesting on its own, since GEPs of the form (4.2)
are not uncommon in applications. Further, we prove a result that gives expressions
for the number of zero and infinite eigenvalues. These expressions can be evaluated
using quantities that are conveniently computed as byproducts in our algorithm
for (4.2). This allows us to deflate all such eigenvalues as soon as (4.2) has been

solved. Finally, we mention that our algorithm for (4.2) is estimated to need only
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26n? flops if M and K are nonsingular, and up to 43n3 flops otherwise. This means
that the estimated flop count for our quadratic eigensolver is significantly lower
than QZ-based solvers like quadeig and MATLAB’s polyeig.

The outline of the chapter is as follows. In Section 4.2 necessary background
material is discussed. This includes definitions of backward errors for QEPs and
the Ehrlich-Aberth method. In Section 4.3 we review Wang and Zhao’s algorithm
for definite GEPs and develop a new algorithm based on it that can solve (4.2) in a
backward stable and symmetry preserving manner. In Section 4.4 our algorithm for
solving (4.1) is described and in Section 4.5 we present the results from numerical
experiments. In Section 4.6 we discuss the application to the large scale case, the

possibility of generalizations and related work.

4.2 Preliminaries

4.2.1 Backward errors for polynomial eigenproblems
Let (7, X) denote a computed eigenpair of a matrix polynomial
l l
P(A) =Y A\ andlet AP(A) =) A4N
k=0 k=0

denote a perturbation of P()). If X is finite, we follow [81] and define the relative

backward error of the computed eigenpair (5\, T) as
np(\T) = minfe : (P +AP)N)E =0, |AA] <e|l4l, i =0:¢},  (4.4)

and the relative backward error of the computed eigenvalue \ as

np(A) = min np(A, 7). (4.5)
In general || - || can be any matrix norm; in this chapter, however, we will only use
the spectral norm, so || - || = || - ||2. For the spectral norm, it was proved in [81]
that ,
- - ~ N1
ne (@) = IPOVEN (I Y 14xlIX°) (4.6)
k=0
and

¢ -1
1) = (IPCY 1Y IARIAF) (4.7)
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Notice that

nP(Xa :f) = nrevP(l/Xv f'i:) and UP(X) = 77revP<1/X)

for X # 0, where

¢
rev P(\) 1= Z Ap_p\E.
k=0

Since infinite eigenvalues of P(\) are defined as the zero eigenvalues of rev P(A),

it is natural to define

77P<Ooaf) = nrevP(O7%) and UP(OO) = nreVP(O)'

We also note that if Q()) is related to P()\) via a simple parameter scaling, so

Q) =D ("4,

k=0

then

np(sA, @) = ng(F, ) and  7np(sA) = ng(N). (4.8)

4.2.2 Ehrlich-Aberth iteration

The Ehrlich-Aberth method [3, 23] is an algorithm for simultaneously finding all
roots of a scalar polynomial. If p(A) = 0 is the scalar polynomial equation we want
to solve, then the algorithm takes starting points Ago), e ,/\EO), where ¢ = deg(p),

and then update these points via

(i)
i i q(A
AT = 2@ i) (4.9)

) 1 )
1- M) Y~
2k )\;) — Ag)

where g(\) := p(A\)/p'(N). Clearly these updates can be done in parallel, which is
nice, but if we insist to update in sequential order we might as well use the latest

approximations available. This leads to the slightly faster Gauss-Seidel version:

. . )\(i)

- 1 1
=0 [ e ——
FOEAD A S0 0
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In practice, the Ehrlich-Aberth method exhibits rapid convergence to isolated sim-
ple eigenvalues if good starting points are provided. The algorithm also converges
for multiple and tightly clustered eigenvalues, but more iterations are generally
required in these cases.

Recently, Bini and Noferini [11] used the Ehrlich-Aberth method for finding
the eigenvalues of regular matrix polynomials. If P(\) is such a matrix polynomial,
their algorithm applies the Ehrlich-Aberth iteration to the equation det P(\) = 0,
and for the selection of starting points, it makes use of Newton polygons. For the
evaluation of p(\)/p/ (), which is the most expensive part of the updating process,

they used Jacobi’s formula

% det P(X) = trace (P(A\)~'P'())) det P()\)

to obtain
p'(N)/p(A) = trace (P(\)"'P'(N)) . (4.11)

By using (4.11), each update costs O(n?) flops.

Since the method is iterative, some stopping criterion is needed. Bini and
Noferini gave two suggestions: either stop updating A; when the condition number
of P(\;) is large enough, or when the associated backward error (4.7) is small
enough. Both criteria require O(n?) flops to check.

The Ehrlich-Aberth method can only be used to find the eigenvalues. If also
the eigenvectors are sought, these can be found afterwards using inverse iteration
or the SVD—both techniques requires O(n?) flops per eigenvector.

The algorithm in [11] demonstrated superb accuracy in numerical tests, but
is unfortunately an expensive alternative for solving QEPs. Applied to an n X n
QEP the complexity is O(n?)—assuming the starting points are good enough so

the number of iterations is independent of n.

4.3 GEPs with semidefinite matrices
Wang and Zhao [89] proposed an algorithm for solving
Az = \Buz, (4.12)

where A, B € R™™ are symmetric positive definite. Their method is outlined in
Algorithm 4.1.
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Algorithm 4.1: Wang and Zhao’s algorithm.

Description: Solves (A — AB)xz = 0 where A, B € R"™*" are positive definite.

1 Compute Cholesky decompositions A = L,L% and B = LzL%L.

2 Compute the QR factorization [L4 Lg]" = QR.

3 Define Q1 = [I,, 0,x,)@ and Q2 = [0pxn 1] Q.

4 Compute the singular values o1(Q1) > 02(Q1) > -+ > 0,(Q1) of Q1.

5 Compute the singular values o1(Q2) > 02(Q2) > -+ > 0,(Q2) of Q2 and a
corresponding matrix V' of right singular vectors.

6 Compute eigenvalues: \; = 0;(Q1)/0n—i11(Q2) for i = 1:n.

7 Compute eigenvectors: z; = R™1(Ve;) for i = 1:n.

To see why Algorithm 4.1 works, we note that ) on line 2 has a CS decompo-

9= {Ul UJ {Z]VT’

where Q; = U;CVT and Q, = UsSVT are singular value decompositions (SVDs).
Since each column of ) has unit norm, so must be the case for each column of
[C S]T. In other words, it must hold that ¢ + s% = 1 for i = 1:n. If we define
X = RV, then we have

sition

XTAX =VIRTL, ARV =VIQTQ,V = C? (4.13)

and similarly

XT'BX = $2 (4.14)

Now consider the case when A or B (possibly both) are singular but still positive
semidefinite, and the pencil A — AB is regular. For such problems, Algorithm 4.1
still works after a small modification: instead of computing Cholesky factorizations

on line 1, we compute any other factorizations such that
A=L,LY and B=LgzL%,

where L, and Lz need not be triangular. If A, say, is singular we can, for example,
use the factorization given by L, = UAY? where A = UAUT is a spectral
decomposition. Regarding the eigenvectors, we have Rx = 0 only if (A—AB)x =0
independent of A. Hence, the assumption that A — AB is regular implies that R is

invertible.
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Wang and Zhao showed that if no rounding errors occur on line 6 of Algo-

rithm 4.1, then the algorithm finds the exact eigenvalues of a perturbed problem
(A4+ AA)xr = \(B+ AB)z, (4.15)

where AA and AB are symmetric and |AA|/(||A| + || B]]) and [|AB]|/(]|A] +
|B||) are both small. Here (and below) “small” refers to a modest multiple of
machine precision that depends on n. Put differently, they showed that the pairs
(0n—i+1(Q2),0:(Q1)), i = 1:n, are the exact eigenvalues in homogeneous form of
the homogeneous pencil a(A + AA) — B(B + AB). Note that the same backward
errors AA and AB apply for all homogeneous eigenvalues. Now, let (\;, z;) be an
exact eigenpair of the perturbed GEP (4.15). If we take into account the rounding
errors on line 6 of Algorithm 4.1, then we have X; = A;(1 + &) where § is real and

less than the unit roundoff (in modulus). We get

where AB; is symmetric and [|AB;||/(]|A||+||B]|) is small. Note, that the backward
error AB; depends on \;, so in contrast to the homogeneous case, we no longer
have one pair of backward errors, (AA, AB), for all computed eigenvalues.

The error analysis in [89] is oblivious to which factorizations are being done on
line 1 of Algorithm 4.1 as long as L, L% = A+ AA and L,L% = B+ AB, where
IAA]|/||A|l and ||AB|/||B|| are both small. Therefore the same backward error
result holds if we compute these factorizations from the spectral decomposition,
which can be computed stably using e.g., the QR algorithm [80], [33, p. 464].

The above backward error result does not say anything about the magnitude
of [|AA]/||Al and ||ABJ|/||B||, and is hence not satisfactory with respect to the
backward error defined in (4.5). Fortunately, this can be fixed by an eigenvalue
parameter scaling. If we use Algorithm 4.1 (possibly with our modification to
handle singular matrices) to solve Ax = A\(sB)x, with s = ||Al|/||B||, rather than
(4.12), then we get computed eigenvalues A1, g, ..., A, such that the backward
errors Na—(sp)r(Ai), 4 = 1:n are small. From (4.8), we see that s\, s, ..., s\,
have small backward errors as eigenvalue approximations to (4.12). Taken together,
our modifications leads to a new algorithm which is summarized in Algorithm 4.2;

the corresponding flop count is shown in Table 17.}

'Wang and Zhao pointed out that the cost of the QR factorization can be reduced if we can
take advantage of the triangular structure of L, and Ly (assuming A and B are nonsingular).
For simplicity, this will not be exploited in this thesis.
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Algorithm 4.2: Modified Wang-Zhao algorithm.

Description: Solves (A — AB)z = 0 where A, B € R™" are positive

10

11

12

13

14

15

16

17

semidefinite and A — AB is regular.

if A is nonsingular then

Compute Cholesky factorizations A = L, L7.

else

Compute a spectral decomposition A = UyA,U% and set L, = UAAZ/Q.
end
if B is nonsingular then

Compute Cholesky factorizations B = LzLEL.
else

Compute a spectral decomposition B = UgAgU% and set Ly = UBAgz.
end
Let s = ||A||/||B]| (If ||A]| or ||B|| are unknown, estimations suffice).

Compute the QR factorization [L4 v/sLp]T = QR.

Define Q1 = [I, 0,,x,]Q and Q2 = [0y %y [,,)Q-

Compute the singular values 01(Q1) > 02(Q1) > -+ - > 0,(Q1) of Q1.
Compute the singular values of 01(Q2) > 02(Q2) > -+ > 0,(Q2) of Q2 and a
corresponding matrix V' of right singular vectors.

Compute eigenvalues \; = s0;(Q1)/0y—i+1(Q2) for i = 1:n.

Compute eigenvectors z; = R~} (Ve;) for i = 1:n.

Table 4.1: Flop count estimation for Algorithm 4.2.

Cholesky factorization (1/3)n3 (33, p. 164]
Symmetric QR Algorithm 9n3 (33, p. 463]
Householder QR factorization (2n x n) (12 +2/3)n3  [33, p. 249]
Singular values (2+2/3)n3  [33, p. 493]
Singular values + right singular vectors 12n3 (33, p. 493]
Triangular linear system n? (33, p. 107]
Alg. 4.2: A and B nonsingular 29n3

Alg. 4.2: A xor B singular (37 +2/3)n?

Alg. 4.2: A and B singular (46 +1/3)n?
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We remark that the two if-then-else statements in Algorithm 4.2 can be
executed in parallel. Similarly, the computation of the SVD quantities of ); and
()2 (line 14 and 15) can be done in parallel.

The backward error analysis in [89] only concerns the eigenvalues. Since the
eigenvectors are given by R~V the quality of the computed eigenvectors depend
on the triangular matrix R. As mentioned above, this matrix is always invertible,
but it may be ill-conditioned. In exact arithmetic we have RT R = A + sB, with
s = ||A]|/||B|l, so R is ill-conditioned exactly when there exists a vector v such

that both v Av/||A|| and v Bv/||B|| are small.

4.4 Main algorithm

The proposed algorithm for solving (4.1) is outlined briefly in Algorithm 4.3.

Algorithm 4.3: Main algorithm

Description: Computes all eigenvalues/eigenpairs of (4.1).

1 Compute an S € R™" such that D = SST.
2 Compute the undamped eigenvalues (that is, the eigenvalues of MA? + K)
and a nonsingular X € R™*" such that

XT(MN2 + SSTA+ K)X = MgA? + 887X + Ky =: P(\), (4.16)

where M, and K, are diagonal.

3 Lock undamped eigenvalues that are also eigenvalues of (4.1).

4 Compute the eigenvalues of (4.16) by the Ehrlich-Aberth iteration. Return
the computed eigenvalues if the eigenvectors are not requested.

5 Compute the eigenvectors of (4.16) by inverse iteration.

6 Return (\;, Xv;), i = 1:2n, where (\;,v;) is a computed eigenpair of (4.16).

For the first step of Algorithm 4.3, we can find S by, for instance, computing
the spectral decomposition of D.

The second step of Algorithm 4.3 essentially reduces to solving a definite
GEP. It is easy to see that X must be an eigenvector matrix corresponding to
K — Mw. Furthermore, if wy, k = 1:n, are the eigenvalues of K — Mw, then the
undamped eigenvalues are given by =4i,/w;, if wy, is finite, and oo otherwise. We

use Algorithm 4.2 to find all eigenpairs of K — Mw. Note that there is no need to
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form the matrices X7 M X and X7 KX explicitly: from (4.13) and (4.14) we see
that My and K, are given by the singular values computed in Algorithm 4.2.
The description of step 3, 4 and 5 are more involved, so we discuss these in

separate subsections.

4.4.1 Step 3: Initial locking

It may happen that some undamped eigenvalues are also eigenvalues to (4.1).
Since there is no need to do any further work on such eigenvalues, we declare
them “locked.” When deciding which eigenvalues to lock, we treat zero and infinite
eigenvalues separately from nonzero finite eigenvalues. The reason for this is that
it is not unlikely that zero and infinite eigenvalues of (4.1) are defective. Matrix
polynomials (and constant matrices for that matter) with defective eigenvalues are
often regarded as degenerate cases. Indeed, if we randomly generate the coefficient
matrices of a matrix polynomial, it will almost surely have no defective eigenvalues.
However, we will see that this is not necessarily the case if we impose rank
constraints on the coefficient matrices and force them to be positive semidefinite.

Suppose (g, 1), where Ay, # 0, 00, is a computed eigenpair of M A?+ K and let
n(Ag, 1) denote the corresponding backward error with respect to MA2 + DA+ K.
We declare Ay “locked” if n(Ag, zx) is small enough. In our code, “small enough”
is defined as less than nu where u is machine precision.

The next proposition provides a method to determine how many of the zero

and infinite eigenvalues to lock.

Proposition 4.4.1. Let Q(\) = MAN*+ DA+ K be the matriz polynomial in (4.1),

with (M, K) regular. The number of zero eigenvalues is given by
dim null(K) 4+ dim(null(D) N null(K)),
and the number of infinite eigenvalues is given by
dim null(M) + dim(null(D) N null(M)).
Proof. For readability, we introduce the following variables
k:=dimnull(K) and ¢:= dim(null(D)Nnull(K)).

Pick a real invertible X; such that XITMXl and XITKXl are diagonal and the
first k& diagonal elements of X7 K X are zero. This can be done since (M, K)
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is a definite pencil. Further, pick an invertible X, € R*** such that the first
¢ < k columns Xy @ I,,_y is a basis for null(X{ DX;) Nnull(X{ K X;) and the first
k columns is a basis for null(X{ K X;). Let X = X (X, & I,,_1) and note that
XTQ(MN)X decomposes into a direct sum

XTQNX = MiA? @ (MyA? + Do) + Ky),

where M; is £ X ¢ and null(Dy) N null(K3) = {0}. Note that M;\? has exactly 2/
zero eigenvalues and Qo(\) := MyA% + Do) + K, has at least k — ¢ zero eigenvalues.
We need to show that Q2(A) has exactly k — ¢ zero eigenvalues, or equivalently,
that all its zero eigenvalues are semisimple. To this end, we observe that (QQ2(\)
is real and symmetric, so all right eigenvectors associated with zero are also left
eigenvectors. Next, we pick ¢ > 0 such that det Q2(0) # 0 and define

Q(\) = NQs(1/\ + o).

From Corollary 2.3.3 it follows that zero is a defective eigenvalue of Q2() only if

there exists a real right eigenvector x such that
2TQ (~1/0)x = 27(Dy + Ky /o)x = 0.

Since Dy and K, are both positive semidefinite, such = must lie in null(Dy) N

null(K,) and hence cannot exist.

The number of infinite eigenvalues equals the number of zero eigenvalues of
revQ(A\) := KA\? 4+ DX+ M. Thus, the other half of the proposition can be shown
analogously if we consider rev Q(\) instead of Q(A). |

Remark 4.4.2. The number of “missing eigenvectors” corresponding to the zero
and infinite eigenvalues are given by dim(null(D) N null(K)) and dim(null(D) N
null(M)), respectively. Hence, defective eigenvalues are always present if, for
example, rank D = 1 and dimnull(K) = 2.

By Proposition 4.4.1, the number of zero and infinite eigenvalues depends
on null(K') and null(M), respectively. These spaces are available from the corre-
sponding spectral decompositions, which are computed in Algorithm 4.2. If the
columns of Ny € R™* and N, € R™**2 constitute bases for null(K) and null(M),
respectively, then there are 2k; —rank(DN;) zero eigenvalues and 2ks —rank(DNs)

infinite eigenvalues. These quantities can be computed numerically using the SVD.



4.4. MAIN ALGORITHM 60

4.4.2 Step 4: Computing eigenvalues

We now discuss how to use the Ehrlich-Aberth method to exploit the structure of

(4.16) in order to find all eigenvalues. We focus on the following three questions.
1. How do we pick the starting points?
2. How do we compute (4.11) efficiently?
3. Which stopping criterion should we use?

For starting points we use the undamped eigenvalues with small (in a relative sense)
random perturbations added to the unlocked eigenvalues. These perturbations are
added to break symmetries, since it is well-known that the Ehrlich-Aberth method
may fail to converge due to certain symmetries [3]. Suppose, for example, that
(4.1) has two real simple eigenvalues and all undamped eigenvalues are finite and
nonzero. Assume further that we want to use the update rule (4.9). If we do not
add the perturbations, then starting points can be paired into complex conjugates,
and the update rule (4.9) preserves this symmetry. Hence, convergence to real
simple eigenvalues is impossible. Another problem occurs if two starting points
are the same. In this case we get division by zero in the Ehrlich-Aberth updates.
Also this problem disappears when we add random perturbations to the starting
points.

The rationale behind using the undamped eigenvalues as starting points be-
comes more clear if we think about the application discussed in section 4.1.1.
In this case the eigenvalues correspond to vibrational properties (frequency and
damping) of a physical structure, and the undamped eigenvalues correspond to
vibrational properties of the same structure, but with the strength of the dampers
set to zero. If the damping is small or moderate, our choice of starting points seems
reasonable. But what if the damping is strong? In this case we note that a strong
viscous damper (that is, one with small holes in its piston head, see Figure 3.1) is
in some sense similar to a rigid component. We expect the spectrum to respect
this similarity. In the case when M and K are positive definite, we saw in Chapter
3, that all eigenvalues of MMA? + sD) + K, converge to points on the imaginary
axis as s — 0o, with the exception of rank D eigenvalues which go to —oo. This
means that rank D eigenvalues can be arbitrarily far from all the staring points.
Fortunately, as will be seen in section 4.5.3, Ehrlich-Aberth works quite well in

practice when only a few starting points are “way off.”
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The computation of trace (P(\)~'P’(\)) for fix values of A is the core of our
Ehrlich-Aberth iteration. We compute this trace using the Sherman-Morrison-
Woodbury formula in combination with standard trace laws. The precise procedure
is outlined in Algorithm 4.4; we leave out the tedius algebra that justifies it. If
My and K, are stored as vectors and Algorithm 4.4 is implemented accordingly,
then total flop count is only 4n + 2rn + 4r?n (counting only terms with a factor
n). Since there are 2n eigenvalues, and we expect each eigenvalue to converge in a

few steps, the complexity in n of our Ehrlich-Aberth iteration is quadratic.

Algorithm 4.4: Computation of trace (P(\)~'P'())).

Description: Computes t = trace (P(\)~'P'()\)) where
P(X\) = MgA2 + S5T\ + K,

1 A= Md/\2 + Ky

2 B:i=A"S

3 C:=5TB

a D=1+
5 B :=M,B

6 [:=CD'C

7 G = (BTE)D"!
8 t:= 2\ trace(MyzA™") + trace(C) — 2\%trace(G) — Mrace(F)

When an eigenvalue has converged, we mark it as “locked” and do not update it
in subsequent iterations. We are done when all eigenvalues are locked. The obvious
question is “When do we declare an eigenvalue ‘converged’?” One approach is
to estimate the backward error (4.7) with respect to (4.16), and lock computed
eigenvalues if their backward errors are smaller than some tolerance, say machine
precision. If we use the normest1 algorithm [38] in combination with the Sherman-
Morrison-Woodbury formula, such estimation requires only O(n) flops if we count
r as a small constant. We found, however, that we often get better results (both in

terms of accuracy and speed) with the following heuristic strategy: lock )\,(j) when
I = ATY] < tol x A,

where tol is initially set to be machine precision, and is then relaxed by a factor
10 each 50th iteration. This is the stopping condition used in our numerical exper-
iments. Here the number 50 is somewhat arbitrary. From experience, convergence

of most eigenvalues is usually obtained within 10 iterations. Some eigenvalues
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requires more iterations, but the idea is that if 50 is not enough then the problem
is most likely not the number of iterations, but rather that the tolerance is too
stringent. We stress that the argument is based purely on experience, so there may
very well exist examples where this strategy fails. We remark, however, that some
kind of relaxation strategy for the tolerance is necessary also when the eigenvalue
backward error is used as a stopping condition—otherwise the iteration may go

on forever. We comment more on this at the end section 4.5.3.

4.4.3 Step 5: Computing eigenvectors

When all eigenvalues have been found we compute the corresponding eigenvectors.
Since the computation of eigenvectors corresponding to different eigenvalues are
completely decoupled, this phase of the algorithm is embarrassingly parallel.
We now discuss how to determine an eigenvector v; of P(\) corresponding to a
computed eigenvalue \;. If )\; is an undamped eigenvalue, then v; has already
been found; otherwise, more work is required. The next proposition provides one

method for computing v;.

Proposition 4.4.3. Let \; be an eigenvalue of P(\) but not of Q(X\) := P(\) —
SSTX. Then all eigenvectors associated with \; lie in the range of Q(X\;)™1S.

Proof. Suppose (v;, \;) is an eigenpair of P()\) and write v; = Q(\) 'Sz +y
where y | range(Q(A\;)™'S). We need to show that y = 0. We have

0=P\)v; = PO)(Q(N) 'Sz + )
= (Q(\;) + MSST) Q) Sz +y)
= S(I + MSTQA) 1 8)x + Q(N\)y + \SSTy,

which implies that Q(\;)y € range(S), or equivalently, that y € range(Q();)~19).

The result now follows from the definition of . |

Remark 4.4.4. A consequence of Proposition 4.4.3 is that the geometric multi-

plicity of \; cannot exceed the rank of S.

Proposition 4.4.3 implies that if \; is computed exactly, then it is enough to
look for eigenvectors in the r dimensional subspace range(Q(\;)™'S). Furthermore,
we see from the proof that Q()\;)~'Sz is an eigenvector of P()\) for any z €
null(Z, + \STQ(XN;)71S). Since z can be computed cheaply from the SVD of
I+ X\:STQ(N;)S, this yields a fast method for computing v;. In practice, however,
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the computed eigenvalues contain errors so Proposition 4.4.3 is strictly speaking
not applicable, and the discussed method may lead to inaccurate eigenvectors.
The computed eigenvectors are, however, often very good (frequently with perfect
backward errors of order 1071%) and serve as excellent starting vectors for inverse
iteration.

There are several approaches to inverse iteration for polynomial eigenproblems,
see [64, 65]. The approach we take is (to the author’s knowledge) new. It is
designed for real symmetric matrix polynomials and is slightly cheaper than the
alternatives—although it may be argued that the savings are negligible in our

context. The idea is to iterate according to
o = PO B /o). (4.17)

So, why does this work? To answer this, we note that P();) is complex sym-
metric and hence enjoys an SVD on the form ULU# (also known as the Tak-
agi factorization). If U = [uy uy -+ u,|, ¥ = diag(oy,09,...,0,) and vgk) =
Uy + apg + - - - + Uy, then

PO =UsT T =Y Ly, (4.18)

Jj=1

Since o, is tiny when ); is close to an eigenvalue, we expect (4.18) to be huge
in the direction of u,. This is delightful, since the vector u,, is the best possible
eigenvector approximation we can hope for in the sense that np(\;, u,,) = np(N\;).
As usual with inverse iteration, the ill-conditioning of P();) is benign since the
matrix magnifies errors in the direction of the desired vector.

To compute (4.17) we use the Sherman-Morrison-Woodbury formula with the
starting vector described above. Since the starting vector already is a good approx-
imation, we only take one step of inverse iteration in our code. The complexity
for computing one eigenvector of (4.16) with this technique is linear in n.

Another way to solve the linear systems from (4.17) is to use QR factorization
and back substitution. This is an attractive option from a stability point of
view, albeit more expensive. If the technique used in [82] is employed, each QR
factorization can be computed with O(rn?) flops. The idea is to compute, in
a bottom-up fashion, a sequence of (real) Givens rotations U U, ... U, ; =: U
such that US is trapezoidal and UM, and UK, are r-Hessenberg. This implies
that UP()\;) is m-Hessenberg for any \;, so its QR factorization can be computed

efficiently using Givens rotations. We did not use this approach for our numerical
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experiments. It may, however, be the method of choice when only a few eigenvectors
are sought, or when the eigenvectors are computed in parallel.

We end this section with a negative remark: the approach to first find the
eigenvalues, and then the eigenvectors via inverse iteration, is flawed when multiple
eigenvalues are present. In this case we may approximate the same eigenvector
several times. An obvious “solution” is to compute an invariant subspace rather
than individual eigenvectors; inverse iteration and our choice of starting vector
can indeed be generalized to subspaces. The problem is that it is hard to a priori

decide what the dimension of the subspaces should be.

4.5 Numerical experiments

We implemented Algorithm 4.3 in MATLAB 2012b. Our code is written in serial,
so it does not, for instance, exploit that the workload in steps 4 and 5 of the
algorithm is embarrassingly parallel. Individual MATLAB functions that are
being called, may, however, be multithreaded. For the Ehrlich-Aberth iteration,
we used the Gauss-Seidel updates shown in (4.10). The first part of our algorithm
(step 1-3) make use of MATLAB’s core routines svd and qr. The second part
of our algorithm (step 4-6) is written in “pure” MATLAB code (except for the
computation of small r x r SVDs) and is sometimes slower than the first part
even though the flop count is much lower. Since we expect this speed difference to
wane if the entire algorithm is implemented in a low-level language, we sometimes
state explicitly how much time is spend on the second part.

We compared our algorithm to quadeig, the MATLAB implementation of the
eigensolver in [34] for unstructured QEPs. In the core of this implementation we
find MATLAB’s eig routine, which performs the real QZ algorithm in this case.

The numerical experiments were carried out in MATLAB R2012b in IEEE

double precision arithmetic on a machine with the following specifications.

Memory 16GB (4X4GB) 1333 MHz DDR3 Non-ECC
Processor Intel® Core™ i7-2600 (8M Cache, 3.40 GHz)
Operating System Windows(®) 7 Professional (64Bit)

4.5.1 The damped beam

The damped beam from the collection of nonlinear eigenvalue problems, NLEVP
[10], was studied earlier in Example 3.3.6 and Example 3.4.4. The construction of

the coefficient matrices is explained in [37], where it is also shown that half of the
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eigenvalues are undamped. This makes it an ideal problem for our algorithm. We
modeled the problem such that the coefficient matrices were of size 1000 x 1000.
Algorithm 4.3 computed all eigenpairs in 2 seconds while quadeig needed 112
seconds. The backward errors for the computed eigenpairs are shown in Figure 4.1.
We remark that there is no guarantee that two backward errors plotted with the
same z-coordinate correspond to the same eigenvalue. We see that both algorithm
performed well in terms of backward stability (all backward errors are less than
n times the machine precision). The spectrum, as it was computed by the two

algorithms, are shown in Figure 4.2.

Let us pause a for a while and discuss Figure 4.2. We know that all eigenvalues
must lie in the left half plane, and half of them on the imaginary axis. Hence the
real parts of some of the computed eigenvalues from quadeig must be inaccurate,
even though Figure 4.1 shows all backward errors are about 107'*. In terms of

relative errors, this is consistent with the “approximate bound”
forward error < backward error x condition number,

for the unstructured forward error, if we define the condition number conformably

with the backward error introduced in section 4.2.1. This condition number is

10713 ¢
1014 [
10-15 |
10716

10—17 :_

Backward errors

10718 :_

—19 |, i
10 [| © quadeig ]

+  Algorithm 4.3

10720 [

Computed eigenpairs

Figure 4.1: Backward errors of computed eigenpairs for the damped beam. The
dashed line indicates the machine precision.
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Figure 4.2: Computed spectra of the damped beam.
given by

k() = [M[IAP + DAL+ (1K
[T (2MA+ Dyo|

if A is a simple nonzero eigenvalue of (4.1) and v is an associated normalized
eigenvector [81]. If we, for example, evaluate the condition number of the upper-
right-most eigenvalue using the computed quantities from Algorithm 4.3, we find
that the condition number is of order 107. Assuming this answer is of the correct
order of magnitude, the relative forward error is at most of order 10714 x 10" = 10~".
For the absolute forward error, we note that the modulus of the eigenvalue in
question is about 108, so the absolute forward error is at most of order 10714 x
107 x 10® = 10. This explains why we see some red circles in the right half plane.
The unstructured forward error bound does not, however, explain the nice pattern
in the spectrum produced by Algorithm 4.3. One explanation is the problem has
a lot of structure that Algorithm 4.3 respects.

Finally, recall that each undamped eigenvalue is computed as +iwy, for some
real eigenvalue wy of K — Mw, and is then locked if it is also an eigenvalue of the

damped problem. This explains the straight line of blue crosses on the imaginary
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Figure 4.3: A simple mass-spring-damper system.

axis in Figure 4.2. However, even if we bypass the initial locking phase and add
relative perturbations of order 1078 to all eigenvalues, our Ehrlich-Aberth iteration
returns half the eigenvalues in a strip centered at the imaginary axis of width
about 10713,

4.5.2 A mass-spring-damper system

Our next QEP comes from a simple mass-spring-damper system; the particular
setup is shown in Figure 4.3. To make the problem more interesting, we introduced
defective infinite eigenvalues by setting some of the masses, as well as most damping
coefficients, to zero. We defined n = 1000,

0 ifie{ln} J1/100 ifi€J:={12,n/2+1,n—10}
1 otherwise, 0 otherwise

and k; = 1 for ¢« = 1:n. Notice that there only are three effective dampers, that
is, with nonzero damping coefficients d;. The corresponding mass, damping and

stiffness matrices are given by

M=1- 616%1 — eneg, D= 1—00 (61',1 — ei)<€l’,1 - €i>T

and
-0 1 -

—1
-1 2

respectively [88, p. 2|. Further, Proposition 4.4.1 implies that the associated QEP
has four defective infinite eigenvalues. We solved the eigenproblem using the new

algorithm and quadeig. Although this QEP has the same size as the damped
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Figure 4.4: Backward errors of computed eigenpairs for the mass-spring-damper
system described in section 4.5.2. The dashed line indicates the machine precision.

beam problem in Section 4.5.1, we expect the computation time for Algorithm 4.3
to be longer for this problem. There are two reasons for this. First, only four
eigenvalues are locked initially (that is, the infinite eigenvalues), in contrast to
half the eigenvalues of the damped beam problem. Second, the damping matrix
of this problem has larger rank. The computation time for Algorithm 4.3 was 5
seconds, where more than half the time was spend on the second part (step 4-6) of
the algorithm; the computation time for quadeig was 110 seconds. The backward
errors for the computed eigenpairs are shown in Figure 4.4. As in Figure 4.1, two
errors plotted with the same z-coordinate may correspond to different eigenvalues.

Once the eigenvalues have been computed, Algorithm 4.3 computes the eigen-
vectors at a negligible cost. As mentioned in the introduction of this chapter, this
is not the case for quadeig, which is significantly faster if only the eigenvalues
are sought. Therefore, we reran this experiment with the modification that only
the eigenvalues were computed. This time quadeig required 74 seconds, while
Algorithm 4.3 still used 5 seconds.

4.5.3 QEPs with random coefficient matrices

We created random coefficient matrices using the MATLAB commands

M
M

randn(n); D = randn(n,5); K = randn(n);
MxM’; D = DxD’; K = KxK’;
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Table 4.2: Backward errors and execution times for the tested algorithms. The
last columns shows how many times, on average, each eigenvalue approximation
was updated in the Ehrlich-Aberth iteration.

" quadeig Algorithm 4.3
max (A, v)  time max n(\,v) time (step 4-6) Av. #upd
200 6.3¢—15 0.4 1.7e-15 6(0.6) 82
600 1.6e—14 20.4 1.3e—15 9 (3.4) 7.9
1000 29e-14  110.3 1.3e—15 7(7.2) 7.9
1400 3.7e—14 313.5 2.1e—15 15.8 (12 2) 7.9
1800 5.5e—14 702.2 1.7e—15 43.2 (34.4) 7.7
2200 6.3e—14 1296.6 1.7e—15 42.0 (26.1) 7.7
2600 7.0c 14 21432 1.8¢ 15 58.7 (34.5) 7.7
3000 7.8e—14 3299.6 1.9e—15 84.1 (44.3) 7.7

and solved the corresponding problem for different values of n. Note that the
rank of the damping matrix is 5 for each test problem. The results are shown in
Table 4.2. As expected, Algorithm 4.3 scales much better with n than quadeig.

Our next experiment concerns strongly damped problems, or more precisely,
problems for which || D|| is much larger than ||M|| and || K||. Such problems have
badly scaled linearizations, even if parameter scalings are employed [24]. This
implies that linearization based algorithms, such as quadeig, cannot compute
all eigenpairs backward stably, unless the same problem is solved twice using
two different linearizations [92]. The proposed algorithm is “linearization free”
and does not share this drawback. However, it is still worth investigating the

performance on strongly damped problems. There are two reasons for this:
1. There are rank D eigenvalues that are far away from all starting points.
2. As seen in Chapter 3, eigenvalues may cluster around the origin.

We generated test problems using the following MATLAB code:

M
M

randn(250); D = randn(250,r); K = randn(250);
MxM’; D = s*(D*D’); K = K*K’;

The results for different values of s and r are shown in Table 4.3. We see that

the norm of D does affect the accuracy. However, the increase in the worst case
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Table 4.3: Backward errors and execution time for Algorithm 4.3. As in Table 4.2,
Av. #upd denotes the number of average Ehrlich-Aberth updates per eigenvalue.

. r=>5 r =25
max n(\,v) Av. #upd max n(\,v) Av. #upd
le+00 1.1e—15 7.9 1.5e—15 17.0
le+02 3.0e—15 6.9 1.4e—14 12.8
le+04 1.8e—14 7.3 8.4e—13 17.0
1le4+-06 4.6e—14 7.2 8.2e—13 20.9
le+08 3.7e—14 7.0 6.2e—13 26.0
le+10 4.3e—14 7.8 1.4e—12 29.8
le+12 2.3e—14 8.3 9.0e—13 36.1
le+14 1.3e—14 9.0 3.7e—13 42.2

backward error is modest (a factor 10 or 100) and appears to stagnate as s grows.
The results in Table 4.3 can be explained as follows. When s is large, there are
2r real eigenvalues; half of them cluster around the origin and the other half are
large and negative. As s grows, our algorithm fails to satisfy the initial stopping
condition for some eigenvalues, in particular the real ones, and therefore relaxes
the tolerance (after 50 iterations). This is the reason for the growth in the worst
case backward errors. It also explains the increase in average number of Ehrlich-
Aberth steps taken per eigenvalue. We remark that taking more steps before
relaxing the tolerance does not necessarily improve the accuracy. The problem
is not always that the iterates are “lost” and far away from the eigenvalues
they should approximate, but rather that the Ehrlich-Aberth corrections, which
are computed using the Sherman-Morrison-Woodbury formula, are not accurate
enough. The author has not found any example where the updates computed
using the Sherman-Morrison-Woodbury formula was seriously inaccurate, but has
encountered cases where the associated eigenvalue backward error stagnates before
it reaches nu, while a naive update using MATLAB’s backslash yields backward
errors at machine precision. This is why a relaxed tolerance sometimes is needed
also if the eigenvalue backward error is used as stopping condition, unless the initial
tolerance is known, a priori, to be attainable. Such knowledge, however, would
require a rigorous error analysis of the Sherman-Morrison-Woodbury formula as

well as error bounds for the computed eigenvalue backward error estimates. This
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is outside the scope of this thesis.

4.6 Discussion

4.6.1 The large scale case

Todays models of vibrating structures are often so large that it becomes unfeasible
to find all eigenpairs. Even in cases when it is possible, all eigenpairs are rarely
of interest. Instead subspace based methods are used to target the most impor-
tant eigenvalues. When a good subspace has been found, a smaller “projected”
eigenproblem needs to be formed. There are several ways of forming this smaller
problem. A good approach is to project directly onto the coefficient matrices,
in style of an orthogonal Rayleigh-Ritz procedure [9]. This leads to a smaller
system that shares the essential structure that all coefficient matrices are positive
semidefinite. More precisely, if the columns of U span a computed subspace of

dimension k, then we form
Q(\) :=U" (MN+ DX+ K) U,

which is a matrix polynomial of size k x k. The next step is to find all eigenpairs
of Q(N). If k is significantly larger than the number of discrete dampers (recall
that less than 10 dampers is not uncommon in practice) then we have a problem

on same form as (4.1) to which the proposed algorithm can be applied.

4.6.2 Generalizations

The main idea behind this work was that the structure “diagonal plus low rank”
can be exploited to quickly compute eigenvalues and eigenvectors. We considered
a rather special QEP, but it is also possible to apply this idea to other types of
eigenvalue problems. A major obstacle, however, is the choice of starting points for
the Ehrlich-Aberth iteration. Consider, for example, a rank one modification of a
standard eigenvalue problem Az = Az. If we already have a spectral decomposition
A = SAS™!, then for any u and v, S™'(A+vu”)S is the sum of a diagonal matrix
and a rank one matrix, so we can apply the techniques discussed in this chapter
to quickly compute all its eigenpairs—assuming good starting points are available.
The analogue of the starting points used in our algorithm, would be the eigenvalues
of A. Unfortunately, we cannot, without further insight into the problem, argue

that this choice is any good. In fact, it can be arbitrarily bad: Ackermann’s
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formula (for pole placement) [4] states that a rank one modification—albeit an
extreme one— is enough to change the spectrum of any given nonderogatory
matrix arbitrarily.

One situation where good starting points are available appears in homotopy
methods. Consider, for example, the following problem: Given a vector u and
spectral decomposition A = SAS~! such that all eigenvalues of A have negative
real part, find the smallest t > 0 such that A 4 tuu® has a purely imaginary
eigenvalue. If we define x = S~'u and y" = u’S, then A + taxy” is similar to
A+ tuu®? and on the form “diagonal plus rank one.” Hence one way to attack the

problem is to solve a sequence of eigenvalue problems
A+tZIEyH, 1=0,1,2,..., where 0=ty <t; <ty <---,

by an Ehrlich-Aberth iteration that exploits the structure and uses the eigenvalues

of the previous step as starting points.

4.6.3 Related work

A completely different approach, which applies to a larger family of QEPs with
low rank damping, was recently studied by Lu, Huang, Bai and Su [55]. Their
algorithm is based on a trimmed linearization of a rational eigenvalue problem that
approximates the QEP of interest. This means that the bulk of the computation
comes from solving a non-definite generalized eigenvalue problem of size m x m,
where m is larger than the matrix size n, but significantly smaller than 2n. An
advantage with this approach is that the algorithm is directly applicable to large

scale problems.
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5

Triangularizing matrix

polynomials

5.1 Introduction

In this chapter we consider the following problem: given a matrix polynomial
P(X\) € F[A\]™™ construct, when possible, a triangular or trapezoidal matrix
polynomial T'(A) € F[A]"*™ of the same degree and eigenstructure as P(\). If this
is possible, then P()) is said to be triangularizable. Recall that the eigenstructure
of a matrix polynomial refers to the eigenvalues and their partial multiplicities or,
equivalently, to the elementary divisors of the matrix polynomial, including those
at infinity.

To make the text in this chapter more readable, we say that a matrix is
triangular if all entries (7, j) such that i > j are zero; this includes trapezoidal
matrices. Similarly, we say that an n x m matrix is quasi-triangular if the leading
min(n,m) X min(n, m) submatrix is quasi-triangular.

We will show that when F is algebraically closed, any P(\) € F[A]"*™ with
n < m is triangularizable, thereby extending an earlier but little-known result
by Gohberg, Lancaster and Rodman for square monic matrix polynomials with
complex coefficient matrices [32, proof of Theorem 1.7]. Over the real numbers,
not all matrix polynomials are triangularizable. We will prove, however, that
as long as n < m, all matrix polynomials in R[\|"*"™ are quasi-triangularizable,
that is, strongly equivalent to some quasi-triangular matrix polynomial. Our
results extend in a non-trivial way some recent results by Tisseur and Zaballa

for square regular quadratic matrix polynomials [84]. Our proofs concerning the

73
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reduction to triangular and quasi-triangular forms are constructive provided that
the elementary divisors (finite and at infinity) of the original matrix polynomial
P()) are available. Since this is the only information that is used, we are solving
the following inverse problem: given a list of elementary divisors (finite and at
infinity) over a field F, determine under what conditions they are admissible by a

nxmoof a fixed degree, and,

triangular/quasi-triangular matrix polynomial in F[A]
in case they are admissible, design a constructive procedure to obtain it. We end
this chapter by discussing such inverse problems and state a conjecture for the
inverse Hermitian polynomial eigenvalue problem.

The chapter is organized as follows. In Section 5.2 we discuss how the Mdbius
transformation will be employed. Section 5.3 concerns triangularization of matrix
polynomials over algebraically closed fields and Section 5.4 treats the analogous
quasi-triangularization over the real numbers. In Section 5.5 the inverse polynomial
eigenvalue problems solved in the previous sections are identified and the case of
Hermitian matrix polynomials is considered.

Since all derivations in this chapter are carried out over polynomial rings, the

notation “(\)” is omitted for scalar polynomials.

5.2 Application of the Mobius transformation

Recall the Mcbius transformation for matrix polynomials introduced in Section 2.2.
For a given matrix polynomial P(X) € F[A|"*™ n < m, we will use the following
technique to prove that it is strongly equivalent to a triangular or quasi-triangular

matrix polynomial of the same degree:

(i) If P(X\) has elementary divisors at infinity, we apply a Mobius transforma-
tion to P(A) with M&bius function m4 such that M 4(P) only has finite
elementary divisors and (M -1 0 M4)(P) = P()\) up to a product by a
nonzero scalar. If P(\) has no eigenvalues at infinity then we take A = I,
so that M4 (P) = P(\).

(ii)) We then show that M 4(P) is equivalent to a triangular or quasi-triangular

matrix polynomial T'(\).

Notice that M 4-1(T') is triangular or quasi-triangular as 7'(\) is triangular or
quasi-triangular, respectively. We claim that, provided that F is an infinite field,
a Mobius function always exists that satisfies the two conditions of item (i)
and M 4-1(T) is strongly equivalent to P()). In fact, let a,c € F, ¢ # 0, such
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that a/c is not an eigenvalue of P(\) and take b,d € F such that A = [iz}
is nonsingular. Write P(\) = Ay(eh — a)! + Ap_1(ch — a)"! + - + Ay, with
suitable Ay, ..., A;. Given that a/c is not an eigenvalue of P()) it follows that

rank Ay = rank P(a/c) = rank P()\). Also,
Ma(P) = Ag(eh + d)f + (be — ad) Ay (A + d) 4 -+« + (be — ad)' A,

so that the leading coefficient of M4 (P) is ¢!Ay. Hence rank rev(M 4(P))(0) =
rank Ay = rank P()) and M 4(P) has no eigenvalues at infinity. Now, m-1(z) =
(—dz+10)/(cz — a) and

M a1 (Ma(P)) = (cA — a) Ma(P)(ma-1(X) = (be — ad) P(N).

This proves our claim about the existence of a Mobius function that satisfies
the two conditions of item (i) for each matrix polynomial P()\). The second part
of the claim (that P(A) and M 4-1(T) are strongly equivalent) is an immediate

consequence of Theorem 2.2.1.

5.3 Triangularization over algebraically closed
fields

We start with a deflation procedure which will be used to construct upper triangular
matrix polynomials with diagonal entries of a specified degree. The techniques
used to prove the following two results appear for IF = C in the proof of a theorem
by Gohberg, Lancaster and Rodman on the inverse problem for linearizations [32,

proof of Theorem 1.7].

Lemma 5.3.1. Let di|---|d, be monic polynomials with coefficients in F and
define {; := degd,;. Assume that for a given positive integer g and a pair of indices
(i,7) such that {; < q < {;, there is a polynomial s with degs < {; such that
di_1|sd;|dy for some index k < j. Then D(X) = diag(ds, ..., d,) is equivalent to

D(X\) + diek_lef, where e; denotes the ith column of the n x n identity matriz and

ﬁ()\) = diag(fil, e 7di—17di+17 e dk—la Sdi, dk, e ,dj_y —dj/S,dj+1, ceey dn)

k — 2 terms Jj — k terms n — j terms

Proof. We obtain E(A) + diekflejr by performing the following elementary trans-

formations on D(\):
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(i) add to column j column ¢ multiplied by s,
(ii) add to row j row ¢ multiplied by —d;/(sd;),
(iii) permute columns i and 7,

(iv) successively interchange rows ¢t and ¢t + 1 for ¢ = i: k — 1, so that rows i,
i+ 1, ..., k=2, k—1 of the new matrix arerows ¢t + 1,7+ 2, ..., k— 1

and 1, respectively, of the former one,
(v) permute columns i to k — 1 in the same way as the rows in (iv). |

Theorem 5.3.2. Let dy|---|d, be monic polynomials with coefficients in an alge-
braically closed field F. Then there exists a monic triangular matriz polynomial
P(\) € F]A\]™™™ of degree ¢ and with dy, ..., d, as invariant factors if and only if

> i degd; = In.

Proof. The “only if” part is trivial. For the “if” part, suppose that there are
monic polynomials dy|-- - |d, such that > 7, £; = {n, where {; = degd; and let
D()\) = diag(dy, ...,d,). If ¢, = ¢ then ¢; = ¢ for i = 2:n. Hence D(A) is a monic
triangular (in fact diagonal) matrix polynomial of degree ¢ and the construction
is done. If, on the other hand, ¢; < ¢, then ¢,, > ¢ and so {1 < {1+ {, —{ < {,,
then there is a monic polynomial s of degree ¢,, — ¢ such that dj_1|sd;|d}, for some
index k, 1 < k <n. By Lemma 5.3.1, D()) is equivalent to

_d2 -

L) = dis - d:1 :[DM) " }

d_,
B —d, /s |

where Dy(\) = diag(dy, ..., dg_1,d1s,...,dpq1) = diag(dgl), o ,dgﬂl) is in Smith
form. If deg D; > ¢ then we look for a new index k£ and a monic polynomial s; of
degree deg dfjll —{ such that d,(:_)l |51d§1) |d,(€1). Apply the elementary transformations
of Lemma 5.3.1 to the whole matrix 77()) so that the obtained matrix has the
degree ¢ polynomial —dill_)l /s1 as the (n — 1)st diagonal entry. Notice that these

elementary transformations can modify the off-diagonal elements of the nth column
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of T1(\) but the degree ¢ polynomial —d,, /s in position (n,n) remains unchanged.
We repeat this deflation process until all diagonal entries are of degree ¢. The
resulting matrix polynomial T'()\) is upper triangular but not necessarily monic or
of degree /. We can, however, use the diagonal entries to eliminate off-diagonal
terms of degree larger than ¢ — 1 in the following way: if degt;; > ¢ — 1 for 7 < j
then t;; = t;;b;; + ¢;; for some b;; and ¢;; such that degc;; < degt;; =€ or ¢;; = 0.
Then adding to the ith column of 7'(\) the jth column multiplied by —b;; reduces
the (i,j) entry to zero or to some polynomial with degree strictly less than ¢.
Note that to reduce the degree of all the off-diagonal entries of T'(\) we must
work bottom up. We now have all degree ¢ polynomials on the diagonal, and their
leading coefficient is plus or minus 1. Thus, after multiplication by a diagonal sign

matrix, we end up with a monic upper triangular matrix polynomial of degree /. }

Notice that for a given list of invariant factors dy| - - - |d,, such thatZ?zl degd; =
In, there may be more than one monic triangular matrix polynomial of degree ¢

having dy, ...,d, as invariant factors, as illustrated by the following example.

Example 5.3.3. Let F = Cand d; = 1,dy = (N2 +1)\? and d3 = (\2+1)A\?(A—1)
be given. Note that d;|ds|ds and Z;’:l deg d; = 9 so that by Theorem 5.3.2 there
is a 3 x 3 monic triangular matrix polynomial T'(\) of degree 3 with dy,ds, d3
as invariant factors. To construct T'(\) we first look for a degree degds — ¢ = 2
polynomial s and an index k such that dy_1|sd;|dy. We have to take k = 2 and for
s we can choose either s = A\? or s = A2 + 1. Both choices yield a different upper

triangular cubic matrix polynomial.

o If s = A\? then by Lemma 5.3.1 D()\) = diag(di, ds, ds) is equivalent to
Ti(A\) = diag(A%, (A* + DA%, —(A2 + 1)(A — 1)) + eyel. Then we look for
a linear polynomial s; such that A\?[s;A?[A?(A\? + 1). We can take either
s1 = A —1ior s; = A+ 1. The latter choice yields

NN+ 1) A2 1
T,(\) = 0 —A2(A— 1) —(A—1)
0 0 —A2+1)(A-1)

e The choice s = A2 + 1 leads to the real matrix polynomial
A+1DX A2+l 1

Ty(\) = 0 —(A2+ 1)\ —A . A
0 0 XA —1)
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We are now ready to state the main result of this section, which generalizes
[57, Theorem 9.3].

Theorem 5.3.4. For an algebraically closed field F, any P(X) € F[A]"*™ with

n < m s triangularizable.

Proof. Assume P()) has degree ¢ and rank r. Since F is algebraically closed, it is
infinite (otherwise we could define the polynomial 1 + ITy,cp(A — );), which does
not have any roots in F) and from the discussion in Section 5.2 it follows that
there is a Mobius function my4 induced by a nonsingular matrix A € F2*2 such
that if M 4(P) is triangularizable then P(\) is strongly equivalent to triangular
matrix polynomial of degree ¢. We will now show that M 4(P) is triangularizable.
By [57, Proposition 3.29], rank M 4(P) = rank P(\) = r. Let

D()\) = diag(dl, . ;dr, O, . 70) c F[A]nXm

be the Smith form of M 4(P). Because all minors of M 4(P) of order r are of
degree at most r¢, and because the greatest common divisor of all such minors is
invariant under unimodular transformations (see [26, p. 140] or [32, Theorem S1.2]),
it holds that Z;zl degd; < rf. We consider two cases.

Case 1 )7, degd; = r{. By Theorem 5.3.2, the regular part diag(d,, ..., d,) €
FIA"™*" of D(A) is equivalent to an r x r upper triangular matrix polynomial of

degree ¢. Hence M 4(P) is triangularizable.

Case 2 Z;Zl degd; < rl. If r =m, then M4(P) is square and regular, that
is, M4(P) has m{ eigenvalues, a contradiction. Thus r < m. Starting with
To(\) = diag(dy, . .., d,) € F[\]"*", we follow the construction in Theorem 5.3.2

until we reach a step, say r — k, such that the matrix polynomial has the form

_CZ * * ]
dy
Tr_e(\) = dy, |, (5.1)
S *
L *

where deg c@ < ¢ for j = 1:k and the asterisks on the diagonal denote polynomials
of degree ¢. Now, as in the proof of Theorem 5.3.2, suppose we have applied
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an appropriate sequence of elementary transformations to reduce the degree of
the off-diagonal entries of fr,k(A) to polynomials of degree strictly less than /.
Then M 4(P) is equivalent to the upper triangular matrix polynomial of degree ¢,
T k(N = ﬁ_k(/\) ® 0y m—r. Note that i_k()\) has a singular leading coefficient
so rankrev(7,_;)(0) < r. This means that T,_,(\) has elementary divisors at
infinity, and it is hence not strongly equivalent to M 4(P). We now show how to
remove the elementary divisors at infinity while maintaining the upper triangular
form. Note that since r < m, the last column of T, _;()) is a zero column. Thus
permuting the columns according to (1,2,...,n) (cycle notation) preserves the
triangular structure. Define g; through deg()\gi@) = (. Using a sequence of k right
elementary operations we obtain the equivalent matrix polynomial

_)\gldl 671 ke *

/\92672 d; : ’ :
T()\) = )\gkgk Jk * ooeee Xk % On—r,m—r—h (52)
o~ * -

which is still upper triangular and of degree ¢. It now remains to show that
rev T(A) = XT(A!) has no elementary divisor at zero. For this we write d; in

factorized form
o { Hﬁ;‘[{i()\ — i) it € > gy,

di :
1 otherwise,

and let

0—g; )
= Hj:‘({ (1 — /\)\U) if ¢ > Gi,
1 otherwise.

Then rev(T') equals

[ c1 A9 C1 ke * 7
Co /\9202
Ck /\gkck * e K D On—r,m—r—l‘
* *
L *
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By construction, the polynomials represented as asterisks on the diagonal of rev(T')
do not annihilate when evaluated at zero, and similarly, ¢;(0) # 0. Therefore
rankrev(7)(0) = r and so rev(7") has no elementary divisors at zero. Hence, the
upper triangular matrix polynomial 7'(\) in (5.2) is strongly equivalent to M 4(P),
that is, M4(P) is triangularizable. |

Remark 5.3.5. If n > m, we cannot always triangularize; see Example 5.3.7. The
construction fails when we can no longer guarantee that r < m, implying that we
cannot permute the nonzero part of the matrix one step to the right. However,
using similar arguments, we can in this case ensure that » < n. By permuting the
nonzero part of the matrix one step down instead of one step to the right, we can
still build a matrix polynomial with the correct elementary divisors; this matrix

will have Hessenberg structure (all entries (¢, j) are zero for i + 1 > j).

We illustrate Theorem 5.3.4 with the following example taken from [87, Exam-
ple 1].

Example 5.3.6. The quadratic matrix polynomial

A+ X 4N+ 30 2)\2
Q(\) = A AN —1 2N —2
A2 4ANZ— )\ 2)2-—2)

has Smith form

1 -1 -1 1 -3 6 1 0 0
DA =|-X 14X x| QW |0 —2| =10 x=1 0],
0 -x 1 0 0 1 0 0 0

and since det(Q(X)) = det(D(N)) = 0, Q(A) is singular. This matrix polynomial has
only one finite elementary divisor. Note that rankrev(Q)(0) = 1 < 2 = rank Q(\),
so Q(A) has elementary divisors at infinity. Now the Smith form of rev(Q), given
by D()) = diag(1, A2(A — 1), 0), reveals an elementary divisors at infinity for Q(\)
with partial multiplicity 2.

As zero is not eigenvalue of QQ(\), bearing in mind the technique described in
Section 5.2, we can take a = 0 and ¢ = 1. In fact, if A = [{ ] then M4(Q) = rev(Q)
has no elementary divisors at infinity and we can follow the proof of Theorem 5.3.4

with this matrix. We start the triangularization process with the submatrix

diag(1, \*(A — 1)). Lemma 5.3.1 with (,7) = (1,2), k = 2 and s(\) = A — 1 yields
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T(\) = diag(A — 1, =A%) + e,el. Hence, D()) is equivalent to

A-1 1 0
TN =] 0 =X 0
0 0 0

The matrix polynomial T7()), which is quadratic and upper triangular, has a
singular leading coefficient indicating that T7(\) and M4(Q) are not strongly
equivalent. Its elementary divisors at infinity can be removed as described in the

proof of Theorem 5.3.4. First we permute the columns according to (1,2,3), to

obtain:
0 Xx—1 1
To(A) =10 0 —\?
0 0 0

Second, multiply the second column by A and add it to the first one. This yields:

AA—1) A—1 1
TN\ =| o0 0 -2,
0 0 0

which is strongly equivalent to M 4(Q). Finally,

A+1 =240 )\

Mp-1(T) =rev(T) = 0 0 -1
0 0 0
is quadratic, triangular and strongly equivalent to Q(\). A

The next example shows triangularization is not always possible when n > m.

Example 5.3.7. The quadratic matrix polynomial Q(\) [ A’\Q} has the Smith
form D(\) = [3} A triangular matrix polynomial 7'(A) = [?] has the Smith form
D(\) if and only if ¢ = A, but then degT'(\) # deg Q(\). A

5.4 Quasi-triangularization over the real

numbers

We now concentrate on the non-algebraically closed field R. Although some real
matrix polynomials are triangularizable over R[A] (see for instance Example 5.3.3

and Example 5.3.6), it is shown in [84] that not all quadratic real matrix polynomials
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are triangularizable over R[A]. A characterization of all matrix polynomials that
are triangularizable over R[)| is given [79].

We now show that any P(\) € R[A]"*™ with n < m is quasi-triangularizable.
We start with an analogue of Theorem 5.3.2 for real matrix polynomials.

Theorem 5.4.1. Let dy|---|d, be monic polynomials with coefficients in R. Then

nxn

there exists a monic quasi-triangular matriz polynomial T'(X) € R[] of degree

C and with dy, ..., d, as invariant factors if and only if Z?Zl degd; = (n.

Proof. We only prove the “if” part as the “only if” part is trivial. Suppose that
there are monic polynomials d;| - - - |d,, such that Z?Zl l; = In, where {; = degd;
and ¢, < (. Let T,,(\) = diag(dy,...,d,). We start by constructing an upper
triangular matrix polynomial equivalent to 7,,(\) whose diagonal entries have
degree either { or {4+ 1 or £ — 1.

Assume that there is a pair of indices (7, j) such that ¢; < ¢ < ¢; for which there
is a real polynomial s of degree ¢; — ¢ such that dj_;|sd;|dj for some index k < j.
It is important for us to remark that the existence of such a real polynomial s is
equivalent to the existence of a real polynomial r of degree ¢; — ¢ — deg(dy—1/d;)
such that r|(dy/dx_1). Then by Lemma 5.3.1, T,,()\) is equivalent to a matrix

polynomial of the form

Sdi dz

—dj/S

dj1

dy,

By permuting rows and columns we can move the degree ¢ polynomial —d;/s to the
lower right corner while keeping the upper triangular form and the (n—1) x (n—1)

leading submatrix in Smith form. Specifically,

S dl dz

djt1

—dj/S



83 CHAPTER 5. TRIANGULARIZING MATRIX POLYNOMIALS

We say that a polynomial —d;/s has been deflated to the (n,n) position. We
repeat this deflation procedure for all possible pairs of indices (i,j) satisfying
the above conditions. Also, by means of appropriate permutations of rows and
columns which do not introduce nonzero entries in the lower triangular part of
the matrix, we can move (deflate) all the diagonal entries of degree ¢ down to
the lower right part of the matrix. We end up with a matrix polynomial of the

following form

Cl * e *
Co
T,(\) = cp  * x|,
* *
L *
where the ¢; are polynomials such that ¢;|cy| - - |, (that is, the p x p leading

principal submatrix of 7,,(\) is in Smith form), > | deg¢; = p¢, and the asterisks
on the diagonal denote polynomials of degree £. We redefine ¢; to be the degree of
¢;. Note that if £; = ¢ then T,()) has all its diagonal entries of degree /.

Suppose that ¢; < ¢, which implies that p > 2. We show that if we cannot
deflate a degree ¢ polynomial, then we can consecutively deflate two polynomials
of degree ¢ + 1 and ¢ — 1, respectively. If p = 2 and there is no real polynomial s
of degree 5 — ¢ such that c¢;|sci|co then there is no real polynomial r of degree
¢y — € such that r|(ca/cq). This implies that ¢y /cq has no linear factor and ¢o — ¢ is
odd. Thus there is a degree ¢ — (¢ + 1) polynomial s; such that ¢;|sjc1|c2. Then
using the procedure described in Lemma 5.3.1 with (¢,7) = (1,2), k = 2 and sy,
we deflate a degree ¢ 4+ 1 polynomial in position (2, 2) leaving sjc; of degree ¢ — 1
in position (1, 1).

We now assume that p > 2 and that for any pair of indices (4, j) with ¢; < £ < {;
we cannot find a real polynomial s of degree ¢; — ¢ such that c¢;_1|s¢;|c; for any
index k, i < k < j. Then there is no real polynomial 7 of degree ¢; —¢ —deg(cj_1/c;)
such that r|(cx/ck—1). It follows then that ¢, /c,_1 contains no linear factors and
l; — U (=degs) and 1 — {; (= deg(ck—_1/c¢;)) have different parity. We consider

three cases.

Case 1 (3 < { < {, ;. Then ¢; < { < ¢, and there is a degree £, — (¢ + 1)
polynomial s; such that for some index k < p, cx_1|s1c1|ck. We use the procedure
described in Lemma 5.3.1 with (i,7) = (1,p), s; and the index k to deflate the
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degree ¢ + 1 polynomial —¢,/s; to position (p, p). This produces a matrix T),_;(\),
whose (p — 1) x (p — 1) leading principal submatrix is a Smith form still having ¢,
and c,_; as diagonal elements. We then repeat the argument using c; and ¢,
and a polynomial sy of degree ¢,_1 — (¢ — 1) such that c;_1|sa2ca|cy for some index

k < p—1 to deflate the degree ¢ — 1 polynomial —¢,_1/s2 to position (p—1,p—1).

Case 2 /5 > (. As explained above, there are no linear factors in ¢y /¢y, so ¢; and
{5 have the same parity. Further, ¢3 — ¢ is odd and ¢3/cy contains no linear factors
(otherwise there would be a real polynomial  of degree ¢35 —¢—deg(cs/c;) such that
r|(c3/c2) and so ca|scy|es for some polynomial of degree /3 — ¢; a contradiction).
Hence ¢4, {5 and ¢3 have the same parity. Using ¢y, cs and a polynomial s; of
even degree (5 — ¢ — 1 such that ¢;|sjc|ca, we apply the procedure described in
Lemma 5.3.1 to deflate the degree ¢ + 1 polynomial —cy/s; to the (p,p) diagonal
entry. This produces a triangular matrix whose (p — 1) x (p — 1) leading principal
submatrix is diag(sici, cs, ..., ¢p). Note that deg(cs/(s1c1)) is even and f5 — £ is
odd. Note also that ¢, > ¢ implies that 2¢ > ¢ + ¢, and so {3 — deg(s1c1) =
b3 —ly+ 0+ 1—10; >3 — L+ 1. Hence, we can always find a polynomial s, of
degree ¢3 — ¢ + 1 such that sjc1|sasicr|cs and deflate the degree £ — 1 polynomial
—c3/s9 to position (p — 1,p —1).

Case 3 /{,_; < (. The condition Y >, deg¢; = pl implies ¢,—¢ > 0. Furthermore,
¢,—0is odd and ¢,,—¢,_; is even because otherwise there would be a real polynomial
s of degree ¢, — £ such that s|(c,/c,_1) and so ¢,_1|sc,_1|c,. This would imply that
the degree ¢ polynomial —c,/s could be deflated by using Lemma 5.3.1. Now we
use ¢,_1, ¢, and a polynomial s; of even degree ¢, — ¢ — 1 satisfying ¢,_1|s1¢,-1]c,
to deflate the degree ¢ + 1 polynomial —c,/s; to position (p,p). We are left with
diag(cq, ..., ¢p_2, S1¢p—1). Notice that ¢, + ¢,_1 > 20. If deg(sic,—1) = ¢ — 1 (that
is, £, + {,—1 = 2¢) we have already deflated two polynomials of degrees £ + 1 and
¢—1 to positions (p,p) and (p— 1, p—1). Otherwise, we look for a real polynomial
sy of degree deg(s1cp—1) —€+1 = {,_1 +{, — 2¢ such that c,_s|sac,_2|s1¢,—1. Note
that deg ss is even so we can always construct it. Using the procedure described
in Lemma 5.3.1 with (i,7) = (p—2,p—1), k = p—1 and sy, we deflate the degree
¢ — 1 polynomial —sjc,—1/s2 to the (p — 1, p — 1) position.

We repeat these processes until all diagonal entries of the matrix polynomials
are of degree either ¢, ¢ + 1 or ¢{ — 1, and each diagonal entry of degree ¢ + 1
is directly preceded by a diagonal element of degree ¢ — 1. It now remains to

transform the resulting upper triangular matrix polynomial to quasi-triangular
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form with entries of degree at most /. We assume that the diagonal entries have
been scaled to become monic. Now suppose that all the entries below row i are of
degree ¢ or less. If the 7th diagonal entry is of degree ¢ then we use the procedure
described at the end of Theorem 5.3.2 to reduce the entries in row i except the
(i,7) entry to polynomials of degree strictly less than ¢. If the ith diagonal entry
is of degree ¢ + 1, then the (i — 1)th diagonal entry is of degree ¢ — 1. We use the
procedure described at the end of Theorem 5.3.2 to reduce the entries in rows ¢
and 7 — 1 except those on the diagonal to polynomials of degree at most ¢ for row
i and polynomials of degree at most ¢ — 2 for row ¢ — 1. Hence rows ¢ — 1 and ¢
look like

0 -~ 0 diy O O - O} degd;_1 =0—1, deg <(—2,
Czi X

0 -~ 0 0 X degd; = (+1, deg x < 0.

Next, we add A times row ¢ — 1 to row ¢, and then —\ times column ¢ — 1 to

column i leading to

0o --- 0 >\d~i71 €, k- * ’

where dege; < ¢ and no entry hiding behind the asterisks is of degree larger than
¢. By moving upwards through the matrix in this way we end up with real quasi-
triangular matrix polynomial 7'(\) = Zﬁ:o NTj. Since Y77 degd; = (n, T(\)
has /n finite eigenvalues, implying that the leading coefficient 7}, is nonsingular.
The matrix polynomial 7, "T'()) is of degree ¢, is monic, real and quasi-triangular,

and has dy, ..., d, as invariant factors. |

Example 5.4.2. Let
D(X) = diag(1, (A +1)%, (A +1)%, (A + 1)?) = diag(dy, da, d5, dy)

be the Smith form of a 4 x 4 cubic matrix polynomial. We follow the proof of
Theorem 5.4.1 to construct a quasi-triangular polynomial of degree ¢ = 3 with
Smith form D(\). Notice that ¢ < ¢ < ¢y = {3 = {4, where ¢; = degd; and
that there is no real polynomial s of degree ¢5 — ¢ = 1 such that 1|s|dy. This
corresponds to Case 2 in the proof of Theorem 5.4.1. Following the instructions
yields s; = 1, so the first part of Case 2 is simply a permutation of ds to the
lower right corner. Because dy = d3 = dy, this does not modify D(\) but to
follow Case 2 in detail, we now consider the matrix diag(dy, ds, dy, d2). Next, we

look for a degree ¢35 — ¢ + 1 = 2 real polynomial sy such that 1|ss|d3. We have
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to take s, = A? + 1. Then, by Lemma 5.3.1, D()) is equivalent to T;()\) =
diag(A\? + 1, (A2 + 1)2, = (A2 + 1), (A2 + 1)?) + e,ei . It remains to apply the last
step of the proof of Theorem 5.4.1 to block triangularize the polynomial. This

leads to
AN+l AN +1) 1 -
A2 +1 2 +1 A —\?
T(\) = ( ) . A
0 0 M+l AN+
0 0 AAZ+1)  A24+1

We can now state the analogue of Theorem 5.3.4 for real polynomials.
Theorem 5.4.3. Any P(\) € R[A]"*™ with n < m is quasi-triangularizable.

Proof. The proof is along the same line as that presented for Theorem 5.3.4. We
only sketch it and point out the differences.

We apply a Mobius transform M 4 to P(A) induced by a real 2 x 2 nonsingular
matrix A such that M 4(P) has no elementary divisors at infinity. We compute
the Smith form D(X) of M(P), and let diag(ds,...,d,) denote the regular
part of D(\), where r = rank P(\). Starting with diag(ds,...,d,), we follow
the triangularization procedure in the proof of Theorem 5.4.1 with two small
modifications if ) 77, degd; < fr:

(i) We stop the induction procedure when the remaining (non-deflated) diagonal

elements are of degrees strictly less than ¢.

(ii) If the induction procedure reaches case 3, then item (i) assures that £, > ¢. We
might, however, have ¢, + ¢, 1 < 20—1 ({,+{,_; isevenso {,+ 0, 1 =2(—1
is not possible), in which case we deflate a polynomial of degree £ — 1 to
position (p,p). The remaining diagonal elements are of degrees strictly less

than ¢ so we stop the induction.

Now, all diagonal elements of degree ¢ + 1 are preceded by a diagonal element of
degree /—1. Hence, we can perform the block-triangularization as in Theorem 5.4.1.

Finally, we remove unwanted elementary divisors at infinity using the procedure
described in Theorem 5.3.4. |

Remark 5.4.4. In the singular case n < m, r < m, the procedure for removing
elementary divisors at infinity moves the nonzero quasi-triangular part of the
matrix polynomial one column to the right. This means that the resulting matrix

polynomial is in fact triangular.
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Remark 5.4.5. If n > m, then we can, similar to Remark 5.3.5, build a strongly
equivalent matrix polynomial that would be quasi-triangular if the first row was
deleted.

5.5 Inverse problems

The main objective of this chapter was the characterization of the real and complex
matrix polynomials that can be reduced to triangular or trapezoidal form while
preserving the degree and the finite and infinite elementary divisors. However,
as a by-product, we solved a structured inverse polynomial eigenvalue problem.
Recall that problems concerning the construction of matrix polynomials having
certain eigenvalues or elementary divisors are called inverse polynomial eigenvalue
problems. In [32, Theorem 1.7] a monic inverse polynomial eigenvalue problem
is solved over C (in fact over any algebraically closed field). Since monic matrix
polynomials have no elementary divisors at infinity, the Smith form contains all
the information about elementary divisors. It is shown in the above reference that
in order to build such an n x n matrix polynomial of degree ¢, the only constraints

on the list of its elementary divisors are

(i) the geometric multiplicities are bounded by n (because any regular n x n

matrix polynomial has n invariant factors), and

(ii) the sum of the partial multiplicities of all the elementary divisors is nf.

This is generalized to matrices with nonsingular leading coefficients over arbitrary
fields in [60, Theorem 5.2]. From Theorem 5.3.4 and Remark 5.3.5 it follows that
we can realize a list of finite and infinite elementary divisors by an n X m matrix
polynomial of degree ¢ over an algebraically closed field if and only if condition (i)

above and

(iii) the sum of the partial multiplicities of all elementary divisors, including

those at infinity, is at most £ min(m,n),

are satisfied, thereby extending the result in [32, Theorem 1.7] and [60, Theorem 5.2].
Furthermore, from Theorem 5.4.3 and Remark 5.4.5, we get the solution to the
corresponding inverse problem over R[\]. As one could expect, the only additional
constraint on a complez list of elementary divisors is that nonreal elementary
divisors must come in complex conjugate pairs.

Constraints on the structure of matrix polynomials often impose constraints

on the elementary divisors. We have described these constraints in the case of real
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triangular matrix polynomials and have shown that there are no constraints for
complex ones other that (i) and (iii).

Recall that a matrix polynomial is called Hermitian or self-adjoint if all the
coefficient matrices are Hermitian. If the leading coefficient is nonsingular, it is
well-known that all nonreal elementary divisors come in complex conjugate pairs
[30, Lemma 1.2]. Given a regular Hermitian matrix polynomial P()\), we can
always find a real Mébius transformation m 4 such that M4 (P) is Hermitian and
has nonsingular leading coefficient. Hence, it follows from Theorem 2.2.1 that also
the nonreal elementary divisors of P(A) must come in complex conjugate pairs.
This constraint on the list of elementary divisors is exactly the same constraint
as in the inverse polynomial eigenvalue problem over R[\]. We have proved the

following result.

Theorem 5.5.1. Any reqular Hermitian matriz polynomial is strongly equivalent

to a real matriz polynomaial.
We conjecture that the theorem is true in the other direction too.

Conjecture 5.5.2. Any reqular real matrixz polynomial is strongly equivalent to a

Hermatian matriz polynomial, and vice versa.

Note that the set of Hermitian matrix polynomials of degree ¢ and size n x n
has exactly the number of same degrees of freedom as the set of real n x n matrix
polynomial of degree ¢. That is, both sets can be identified with R"*.

Since any regular real matrix polynomial can be mapped to a real matrix
polynomial with invertible leading coefficient using a real Mdbius transformation,
it is enough to prove the conjecture for matrix polynomials without infinite
eigenvalues.

It is easy to see that the conjecture is true for pencils. Given a real pencil
with invertible leading coefficient, we may, for instance, construct a Hermitian
pencil from the associated Jordan form as follows: permute the diagonal blocks so
Jordan blocks with complex conjugate eigenvalues of the same size appear in pairs

on the diagonal. Then multiply each such pair, J5(\) @ Js(\) (here s denotes the
size of the Jordan block), by the sip matriz

- 1
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of size 2s x 2s, from left or right. The resulting submatrix is then Hermitian.

Another argument makes use of the fact that any real matrix is the product of
two Hermitian matrices, one of which is invertible [17]. As mentioned above, we
may assume that the real pencil we start with has invertible leading coefficient.
Multiplying the entire pencil with the inverse of this leading coefficient yields a
real monic pencil I\ — A. If A = H;'H,, where H, and H, are Hermitian, then
Hi\ + H, is Hermitian and strongly equivalent (in fact strictly equivalent) to
- A

Mackey and Tisseur [59] recently showed that the conjecture is true for quadratic
matrix polynomials. Their proof is constructive and quite involved, and it is unclear
if it can be generalized to higher order matrix polynomials.

We end this chapter by proving that the conjecture is true for 2 x 2 matrix

polynomials. We need the following lemma.

Lemma 5.5.3. Let p(\) = Zf:o ;N\, ap # 0, be a scalar real polynomial. For
any k € {1,2,...,0 — 1}, there exists a shift o such that the coefficient in front of

N in p(\ + o) is nonzero.

Proof. By the binomial theorem we have

L

pA+0)=> ai(A+0) = i: : a; C) X',

i=0 i=0 j=0

where the coefficient in front of A\* is given by

¢ .
. 14
Z o (;) o F=q (k) "% 4+ lower order terms in o.

i=k
Choosing o large enough yields the result. |

Theorem 5.5.4. Any reqular real matrixz polynomial of size 2 X 2 1is strongly

equivalent to a Hermitian matriz polynomial.

Proof. As mentioned above, it is enough to prove the theorem for real matrix
polynomials with invertible leading coefficients. Let diag(d;, d2) be the Smith form
of such a matrix polynomial of degree ¢. If the coefficient in d; in front of A’ is
zero, we use Lemma 5.5.3 and consider a shifted matrix polynomial instead. Let
{1 and ¢y denote the degrees of d; and dy respectively. Multiply dy by —1 and

consider the ansatz

1 0 d1 0 1 =z d1 dlx
_ = ~ B . (5.3)
z 1 0 —dy] |0 1 dixz dixx — dy
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Because ¢; + 5 = 2¢ we have that £5 — ¢, is even. Write

do = (PATH + aX) + (s — ar),

N

-~

ta

where deg(s) = ¢ and a € R. Polynomial long division yields
ta = di(q+ @) +rq,

where deg(r,) < ¢; and deg(q + o) = f5 — ¢1. For large « the real polynomial
q + « has no real roots, and hence ¢ + o = xZ for some nonreal polynomial z.
Thus the (2,2) entry in right hand side of (5.3) is

di2T% — dy = dyxT — (dle +r,+s— a)\z_l) =:p.

Note that p is real and of degree . We reuse the letter ¢, and do another long
division to obtain dyz = pq+ r. Taking the complex conjugate yields d1x = pg+ 7.
We get

{1 —q}[dl dlml[l 0}_[d1(1—qqux)+pqq r

0 1 dix p —cjl_ r P

Since the determinant is of degree 2¢, the (1, 1) element on the right hand side
is of degree ¢. Finally, if we used Lemma 5.5.3, then we shift back to obtain a
matrix polynomial that is equivalent to what we started with, Hermitian and of

degree /. ]



CHAPTER

6

Reduction of matrix
polynomials to simpler

forms

6.1 Introduction

In many applications it is beneficial to first reduce matrices to simpler forms. For
example, without the initial reduction to Hessenberg form, the complexity of the
QR algorithm for computing eigenvalues would be O(n*) instead of O(n?). As a
further example, the spectral decomposition S™'DS of an n x n matrix A can
be used to decouple the system of ODEs Au(t) = u(t) + f(t) into n independent
scalar ODEs, Dy(t) = y(t) + g(t), where y(t) = Su(t) and g(t) = Sf(t). These
equations can then be solved in parallel. In hopes of that reduced forms can also
be useful for computations on matrix polynomials, we discuss in this chapter how
to reduce matrix polynomials to triangular, diagonal and Hessenberg form, and
related block forms, while preserving the degree and eigenstructure. The reductions
are done by means of structure preserving similarity transformations applied to the
left companion linearization. We discuss the construction and existence of these
transformations and illustrate with MATLAB code how they can be performed
in practice. The problem of given a matrix polynomial, finding an equivalent
matrix polynomials of the same degree and of simpler form, in particular diagonal
form, has been studied before [19, 20, 28, 63]. In contrast to previous work, our
construction handles the reduction to the different structures mentioned above in
a uniform manner. Our construction also shed some light on how equivalent matrix

polynomials relate to each other, without mentioning unimodular transformations.

91
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6.1.1 Structure preserving transformations

Consider matrix polynomials
PA) =P +P_ N7 -+ Py with  det(P) #0, (6.1)

over F = C or R. It is, in general, not possible to reduce such matrix polynomials to
the simpler forms mentioned above using only strict equivalence. For example, if the
degree ¢ > 1, then there exist nonsingular matrices £ and F' such that EP(\)F is
triangular, only if the first column f; of F'is such that rank[P,f; --- P f1 Py fi] = 1.

But finding such vector f; is clearly not possible in general.

We saw in Chapter 5, that unimodular transformations provide enough freedom
to reduce any square matrix polynomial to triangular form over C and quasi-
triangular form over R, while preserving the degree. Of course, this includes the case
of Hessenberg form. Further, it is an easy exercise to show that any complex/real
matrix polynomial with semisimple eigenstructure is equivalent to a diagonal /quasi-
diagonal matrix polynomial of the same degree. But how can we compute these
simpler forms in practice? The reductions described in Chapter 5 are based on
applying unimodular transformations to the Smith form, which is not convenient
from a numerical point of view. To avoid this, we work with linearizations instead.
Suppose P(A) has the same eigenstructure as R(\) = I\ + Zﬁ;é R;N and take
any monic linearization I\ — A of P()A). Note that I\ — A is also a linearization
of R(A). The Gohberg, Lancaster, Rodman theory [32] tells us that there is an
¢n x n matrix X such that (A4, X) is a left standard pair for R(\), which means

that the fn x fn matrix
S=[XAX .- ATX] (6.2)
is nonsingular and
AX + A'XRe o+ + AXRy + X Ry = 0. (6.3)

Taken together, (6.2) and (6.3) can be rewritten as
R,
I -R
STLAS = . | =R (6.4)

I —Ry,
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showing that A is similar to the left companion matrix associated with R(\). Since
S preserve the left companion structure, we say that the similarity transformation
defined by S is a structure preserving transformation. In fact, for any given monic
linearization IA — A of P()), any nonsingular matrix S of the form (6.2) will
always transform A into a left companion matrix associated with some matrix
polynomial, as in (6.4). Note that if Y := (e, ® I)S™! and R, = I,,, then it follows
from [51, Theorem 14.2.5 and Theorem 14.7.1] that

¢
R_j=- Y YAWIXR, j=1:L
i=l—j+1

The above discussion suggests that in order to reduce P(X) in (6.1) to a simpler
form, it is enough to find an n¢ x n matrix X such that S in (6.2) is nonsingular
and ST1AS has the desired zero pattern, where A can be any matrix such that
I\ — A is a linearization of P()).

In the generic case, when all eigenvalues are distinct, it turns out to be surpris-
ingly easy to find X such that S7'AS is the left companion matrix of a matrix
polynomial in triangular, diagonal or Hessenberg form. We illustrate this with
a snippet of MATLAB code. The code below generates a random monic cubic
matrix polynomial, computes the left companion form of an equivalent triangular

matrix polynomial and plots the (numerical) zero pattern of it.

n =5; deg = 3; % size and degree
PO = randn(n); P1 = randn(n); P2 = randn(n);
C_P = [ zeros(n) zeros(n) -PO;
eye(n) zeros(n) -Pi;
zeros(n) eye(n) -P2 ];
[U,”] = schur(C_P,’complex’);
X = Uxkron(eye(n), ones(deg,1));
S = [X C_P*X C_P~(deg-1)*X];
C_R = S\C_PxS;

spy (abs(C_R)>1e-12)

If we replace schur(C_P,’complex’) by eig(C_P), then C_R becomes the com-
panion matrix of an equivalent diagonal matrix polynomial; and if we replace
schur (C_P, ’complex’) by hess(C_P) and ones(deg,1) by eye(deg,1), then
C_R becomes the companion matrix of an equivalent matrix polynomial in Hessen-
berg form. The code can be generalized to any degree and works as long as the

block Krylov matrix S is nonsingular, which it is for almost all coefficient matrices.
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ooooooooooo

Figure 6.1: Spy plots for the reduced matrix polynomials obtained by the code
shown below: triangular (left), diagonal (middle), and Hessenberg (right).

Spy plots from one execution of the above MATLAB code and the two discussed
modifications of it are shown in Figure 6.1. In this chapter we discuss why and
when the above code works. In the rare cases when it fails, we describe whenever

possible what has to be achieved for the reductions to go through.

To be slightly more general, we also consider reduction to certain block forms.
For a given n x n matrix polynomial of degree ¢ with entries in F = C or R, we

consider the following reduced forms:

e block-diagonal form:
D(X) = Di(A) @ Da(X) @ - - - @ Di(N) € F]A]™" (6.5)
of degree ¢ with D;(\) € F[A]**% 1 <i<kand s; + -+ s = n,

e block-triangular form:

TH()\) Tlg()\) s T1k<)\)
T(\) = TN ) | eF (6.6)
Tie(\)

of degree ¢ with T;;(\) € F[A]**%, 1 <j <k and $;+---+ s =n, and
e Hessenberg form:
H(X) = NHy+ -+ \H, + Hy € FA™", (6.7)

with coefficient matrices H;, i = 0: /¢, in Hessenberg form.
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6.2 Conditions for reduction

Let F = C or R. For matrices A € F™*™ and V € F™** we define the block
Krylov matrix

KA V)=[V AV ... AT e etk

and the block Krylov subspace
Ke(A, V) =range K,(A, V).

For a subspace X of F and a matrix A operating on that subspace we define
AX ={Ax : z € X}.

Assume that P(A) is given by (6.1) and let Al — A be any monic linearization
of P()), for example, the left companion linearization of P; ' P()). Recall that we

are looking for a matrix X € F™*" such that
(i) S:=[X AX --- A*'X] is nonsingular, and

(ii) IA — S™'AS is the left companion linearization of one of the reduced forms
in (6.5)-(6.7).

If (i) holds, then ST'AS is a left companion matrix associated with a monic
matrix polynomial, say R(A\) = A1 + -+ + AR; + Ry, and

Ry
R

STIAS(e, @ ) =STTAX =~ | | (6.8)
Ry

We see that the (i,7) element of R(\), i # j, is zero if and only if the vector
S~1Az; has zeros in the entries i,i +n,...,i + (¢ — 1)n, where x; denotes the
jth column of X. From S7![X AX ... A*'X] =T and (6.8) it follows that

[R()\)]” = O, 1 7&] <~ Aij € K@(A, [1’1 ot XLjq Lyt l’nD (69)

We are now ready to state our main theorem, but before we do so we introduce
some new notation. For the block reductions (6.5) and (6.6), it is useful to partition
Xas X =[X; Xy -+ X3, where X; € F*% and s; +- - -+ s; = n. Finally, we let

r1,; and Xi.; denote the matrices [x1 xo --+ ;] and [X; Xy -+ Xj], respectively.

Theorem 6.2.1. Let F = C or R and consider P(\) € F[A]"*"™ of degree ¢ and

with nonsingular leading matriz coefficient. Let \I — A be any monic linearization
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of P(N\). Then P()) is equivalent to a monic matriz polynomial R(\) of degree ¢
having one of the reduced forms (6.5)—~(6.7) if and only if there exists X € Fmxn
such that

(i) the matriz [X AX --- A1X] € F™ s nonsingular, and

(i) (a) Ke(A,X;) is A-invariant for i = 1:k for block-diagonal form as in
(6.5),

(b) Ko(A, X14) is A-invariant for i = 1:k for block-triangular form as in
(6.6),

(c) range A‘w1; C Ky(A, 21.441) fori = 1:n — 1 for Hessenberg form as
in (6.7).

Proof. (=) Suppose that P(\) is equivalent to R(\). Then A/ — A is also a monic
linearization of R(\) and as explained in the introduction, there is a matrix X such
that (A, X) is a left standard pair for R(A), which implies (i) and AS = SCL(R)
where S = [X AX --- A“1X].

Now suppose that R(\) has the block-diagonal form of D(\) in (6.5). Let
I1; € F*%i be the projection matrix such that K,(A4, X;) = K,(A, X)II; = STI,.
Then from AS = SCL(D) we have that

AK(A, X;) = ASIL, = SCp(D)IL; = SILCL(D;) = Ko(A, X))Co(D;),

which proves (ii)(a). The proofs for (ii)(b)—(c) are similar.

(<) Suppose that there exists X such that S = [X AX --- A“1X] is
nonsingular. Then the matrix S™1AS is the left companion form of a monic
matrix polynomial of degree ¢, say R()\), equivalent to P(\).

Now AS = SCL(R), (ii)(a) and (6.9) imply that the n x n blocks Ry, ..., Ry_1
in the last block column of ST'AS (see (6.8)) are block-diagonal with k diagonal
blocks, the ith diagonal block being s; X s;, where s; is the number of columns of
X, i = 1:k. The proofs for (ii)(b)—(c) are similar. |

6.3 Construction of the matrix X

We discuss in this section a way to construct the matrix X in Theorem 6.2.1 such
that properties (i) and (ii) hold.
We start by proving some technical results. Let IA — A be the left companion

matrix of a monic matrix polynomial P(\) of size n x n and degree ¢. Further, let
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IT denote the permutation matrix

[e1 enyr -+ €(t—1)n+1 €2 €nt2 " E(u—1)n42 " €n C2p - €.

Then the permuted linearization I\ — IT7 AIl is called the left companion lineariza-
tion of P(\) in controller form. If we view this linearization as an ¢ x ¢ block
pencil, then it has the same zero structure as P(\). Furthermore, the diagonal
¢ x ¢ blocks are the companion matrices of the corresponding scalar polynomials
on the diagonal of P()).

Using the controller form, it is easy to deduce the next theorem.

Theorem 6.3.1 (Complex case). Suppose A € C* has no eigenvalue with

geometric multiplicity greater than n. Then A has a Schur decomposition

Ty * * *
T22 * k
A=Q e
TTLTL

where the diagonal blocks Ty; € C™*, i = 1:n, are nonderogatory.

Proof. Since A has no eigenvalue with geometric multiplicity greater than n,
it follows from [32, Proof of Theorem 1.7] that /A — A is a linearization of an
n X n upper triangular monic matrix polynomial P()) of degree ¢. This matrix
polynomial has a left companion linearization in controller form, which itself
must be monic. Let H denote the constant matrix of this linearization. Then
A= SHS™! for some S. Further, H is block upper triangular, with blocks of size
¢ x ¢, and all diagonal blocks must be nonderogatory (since they are companion
matrices). Let U;T;U}" be a Schur decomposition of the ith diagonal block and set
U=U&U;®---®U,. Then

H=UTU", with T = . ,

is a Schur decomposition. Finally, let QR = SU be a QR factorization, and note
that A = Q(RTR™1)Q is a Schur decomposition of A. Since the ith diagonal
¢ x ¢ block of RTR™! is similar to 7T} the theorem is proved. |

We now prove the real analogue of Theorem 6.3.1.
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Theorem 6.3.2 (Real case). Suppose A € R has no eigenvalue with geometric

multiplicity greater than n. Then A has a real Schur decomposition

Typ % * *
TQQ * *

A=Q S QT (6.10)
TSS

where each Ty; is either of size £ X £ and nonderogatory or of size 20 X 2¢ and such

that all eigenvalues have geometric multiplicity one or two.

Proof. Since all eigenvalues of A have geometric multiplicity at most n, it follows
that JA — A has a real Smith form D(X) ® I(y—1),, with degdet D()\) = nl. By
Theorem 5.4.1, D()) is equivalent to some real monic quasi-triangular matrix
polynomial T'(\) of degree ¢. It follows that

D(A)

Y

n-an| [TW

](Z—l)n:| ](Z—l)n:| ’

where ~ denotes the equivalence relation for matrix polynomials. In other words,
A is a linearization of some monic quasi-triangular matrix polynomial of degree
¢. If H denotes the constant matrix of the left companion linearization of T'(\)
in controller form, then the rest of the proof is essentially the same as last part
of the proof of Theorem 6.3.1, with the only difference that we consider the real

Schur decomposition instead of the complex. |

We now restrict ourselves to the (highly generic) case when no eigenvalue of A
has algebraic multiplicity larger than n. In this case, the Schur decompositions in
Theorem 6.3.1 and Theorem 6.3.2 can be computed relatively easily as follows.
First compute any (real or complex) Schur decomposition. Then reorder the
diagonal entries/blocks using the procedure in [8] according to rules described
below. We discuss the real and complex case separately.

Complex case: Suppose there are k eigenvalues of algebraic multiplicity n,
and note that £ < . Reorder the Schur form such that the leading & x k submatrix
has one instance of each of these eigenvalues. If there are k < ¢ such eigenvalues,
pick any ¢ — k distinct eigenvalues of algebraic multiplicity less than n and reorder
the diagonal such that these appear after the first £ eigenvalues that were deflated.
The leading ¢ x ¢ submatrix obtained in this way has simple eigenvalues and is
thus nonderogatory. By continuing inductively on the lower left (n —1)¢ x (n —1)¢

part of the matrix, we arrive at the desired Schur form.
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Real case: The procedure over R is similar, but to keep the decomposition
real, we need to move nonreal eigenvalues in complex conjugate pairs. First, reorder
the Schur form such that one instance of each eigenvalue of algebraic multiplicity
n appears in the leading k x k matrix (assuming there were k such eigenvalues). If
k = ¢, continue inductively as in the complex case. If k < £ and k is even, move ks
2 x 2 blocks, with pairwise different eigenvalues of algebraic multiplicity less than
n, so they appear directly after the deflated k x k submatrix on the diagonal. Here
ke < (¢ — k)/2 should be chosen to be as large as possible. If the leading ¢ x ¢
block is nonderogatory, continue inductively as in the complex case. Otherwise
move { — k — 2ky distinct real eigenvalues of algebraic multiplicity less than n so
they appear after the kg 2 X 2 blocks we just deflated. If & < ¢ and k is odd, divide
into two cases. If there is a real eigenvalue of algebraic multiplicity less than n,
deflate one instance of that eigenvalue and continue by deflating 2 x 2 blocks as
above, so the leading ¢ x ¢ matrix becomes nonderogatory. If there is no such real
eigenvalue available we aim to form a leading 2¢ x 2¢ block where all eigenvalues
have algebraic multiplicity at most two. Reorder the Schur form so the leading
2k x 2k submatrix contains two of each eigenvalues of algebraic multiplicity n.
Since 2k < 20 is always even and all real eigenvalues have algebraic multiplicity n,
there are ¢ — k available 2 x 2 blocks with pairwise distinct eigenvalues of algebraic
multiplicity less than n. Move these so they appear after the leading 2k x 2k
submatrix. The leading 2¢ x 2¢ submatrix now has the desired property. Continue
inductively as in the complex case, with n — 2 instead of n.

Theorem 6.3.1 and Theorem 6.3.2 will be used in combination with the following

lemmas.

Lemma 6.3.3 (Complex case). If B € C** is nonderogatory, then there erists

x € C* such that the Krylov matriz K,(B,z) is nonsingular.

Proof. Since B is nonderogatory it is similar to the companion matrix C' of its
characteristic polynomial [40, Theorem 3.3.15], that is, B = S~!CS for some
nonsingular matrix S. It is now easy to see that K,(C,e;) = I. Hence letting
r = S le; yields the desired result. |

The next lemma is the real counterpart of Lemma 6.3.3.

Lemma 6.3.4 (Real case). Let B € R**% have eigenvalues with geometric mul-
tiplicity at most 2. Then there exist two real vectors x and y such that K,(B, [z y])

18 nonsingular.
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Proof. We can rearrange the real Jordan decomposition of B so that

€ RMX%, my > mo >0

m2

s-ips =™ | N
Jo

with J; and J; nonderogatory. This latter property implies that J; and J, are
similar (via real arithmetic) to left companion matrices C; € R™>*™ and C; €

R™2%m2 respectively. Hence there exists a nonsingular W € R**% such that
WﬁlBW = Cl D 02 =:C.

It suffices to prove that there exist u,v € R* such that M = [K,(C,u) K,(C,v)]
is nonsingular because taking x = W=l and y = W~1v then yields the desired
result.

If m;y = my then u = e; and v = ey yield M = Iy, and we are done. If
my > Mgy, we let u =e; and v = €/_p,4+1 + €, +1. Then direct calculations show
that

l—mo mo mg f—mg

where * denotes some irrelevant ms X (¢ — my) matrix. It is now easy to see that

M has full column rank, and thus is nonsingular. |

Finally we have a lemma that can be seen as a block generalization of
Lemma 6.3.3 and Lemma 6.3.4.

Lemma 6.3.5. Let F denote C or R. If all eigenvalues of A € FF>** haye
geometric multiplicity at most k, then there exists X € FF*F such that K,(A, X)

s nonsingular.

Proof. We will handle the real and complex case simultaneously. Let A = ZTZ~!
be the decomposition from Theorem 6.3.1 or Theorem 6.3.2 and denote the
diagonal blocks by Tj;, 1 = 1:s. For each T;; we define W; in the following way. If
T;; is of size £ x ¢ take W; to be the vector in Lemma 6.3.3 such that K,(T};, W;)
is nonsingular, and if Tj; is of size 2¢ x 2¢ take W; to be the 2¢ x 2 matrix whose
columns are the two real vectors in Lemma 6.3.4. Letting W =W, W@ - - - W,
and X = ZW yields Ky(A, X) = ZK,(T,W), which is of full rank. |
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6.3.1 Reduced forms

We now have all the necessary results to construct the matrix X in Theorem 6.2.1

such that properties (i) and (ii) therein hold.

Proposition 6.3.6 (Block-triangular form). Let F = C or R. If

T % * *
T: * *
A=Z 2 771 g Finxin, (6.11)
S
Ty

where Ty; is of size s;l x s; and each eigenvalue of T;; has multiplicity at most
Si, fori=1:k with sy + - -+ + s, = n then there exists X = [X; Xy -+ X with
X; € F8si such that S in (6.2) is nonsingular and Ko(A, X1.;) is A-invariant for
1=1:k.

Proof. By Lemma 6.3.5, we can for each Tj; pick a V; such that K,(T;,V;) is
nonsingular. Thus, if we form X = Z(V; ® Vo @ -+ - @ V}), we have that K,(A, X)
is nonsingular. Further, if we let Z;.; denote the first s; + s + -+ - 4+ s; columns of

Z, then we have

KZ(Tllv ‘/1) k * *
K T ,V ES *
AK (A, X1,;) =range AZ; o(Th2, Va) |
*
K(Ti, Vi)
Ko(T11, TiiVh) * N §
KE(TQ%TQZ‘/Q) * *
= range 7.,
*
- ’CZ(A7 Xl:i),
fori =1:k. .

Remark 6.3.7. The proof of Proposition 6.3.6 provides a means to construct X.
From the proof we see that the columns of X;.; must be a basis for the invariant

subspace of A corresponding to the eigenvalues of 111, Tos, ..., T};.
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Proposition 6.3.8 (Block-diagonal form). Let F = C or R. If

Dll
D
A=2Z — 77t e Flnxn, (6.12)
Dy

where Dy; is of size sil X s;{ and each eigenvalue of D;; has multiplicity at most
si, for i =1:k with sy + - -+ + s, = n then there exists X = [X; Xy -+ Xi| with
X; € B such that S in (6.2) is nonsingular and K,(A, X;) is A-invariant for
1=1:k.

The proof is similar to that of Proposition 6.3.6 and is omitted. We have the

following analogue of Remark 6.3.7.

Remark 6.3.9. The columns of X; are a basis for the invariant subspace of A

corresponding to the eigenvalues of D;;.

Clearly the decomposition in Proposition 6.3.8 is not possible for an arbitrary

number of blocks. Indeed, the linear matrix polynomial I\ — J,, where

is of size £ x ¢, cannot be reduced to a block diagonal structure with smaller block
size.

Let IA — A be a linearization of P()A) in (6.1). From Theorem 6.2.1 and
Proposition 6.3.8, we see that reduction to diagonal form is possible if we can

partition the Jordan blocks associated with A into n sets, such that
(a) each set has at most one Jordan block of each eigenvalue, and
(b) the sizes of all Jordan blocks in each set sum up to ¢.

The result also holds in the opposite direction. That is, it is possible to reduce
P(X) to diagonal form, only if we can partition the Jordan blocks of A such that
(a) and (b) hold. To see this, we simply note that any diagonal monic matrix
polynomial D(A) = d;(A) @ da(A) @ - -+ @ d, () has left companion linearization
in controller form: IA — (Cr(dy) ® CL(d2) & --- @& Cr(dy)). The following question
arises: When is it possible to partition the Jordan blocks such that (a) and (b)
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are satisfied? This problem was recently solved by Lancaster and Zaballa [52] for
the special case of quadratic matrix polynomials with nonsingular leading matrix
coefficient, and by Zuniga Anaya [93] for general regular quadratics. For matrix

polynomial of higher degree the problem is still open.

Proposition 6.3.10 (Hessenberg form). Let F = C or R and consider
A=ZHZ ' ¢ Fimein, (6.13)

where H is upper Hessenberg and partitioned in { x £ blocks. Assume that the
¢ x £ diagonal blocks are unreduced. If we let X = Zley epyq - -+ e(n_l)[_;’_l] then

Ki(A, X) is nonsingular and range A'x1; C Ko(A, 21.441) fori=1:n—1.

Proof. Let ji.; = [e1 epy1 -+ ei—1)41). We have Ky(A, X) = ZKi(H,j1.n),

which is obviously nonsingular. Furthermore,
range A'w1,; = range ZH'j1.; C ZKo(H, jriir1) = Ke(A, 1441),
completing the proof. |

In practice we are interested in Hessenberg decompositions A = UHU | where
U is unitary or real orthogonal, depending on whether we work over C or R. By
the implicit @Q-theorem [33, Theorem 7.4.2], the Hessenberg matrix H is uniquely
defined, up to signs, by the first column of U. Hence a random Hessenberg matrix
similar to A via unitary/real orthogonal transformations, can be constructed using,
e.g., the Arnoldi algorithm with a random starting vector. If a matrix has distinct
eigenvalues, the resulting Hessenberg matrix will be unreduced with probability
one. Since this is the generic case for matrix polynomials, Proposition 6.3.8 may
be used to reduce almost all matrix polynomials to Hessenberg form, without
further care.

If a matrix on the other hand has an eigenvalue of geometric multiplicity greater
than one, then any similar Hessenberg matrix is necessarily reduced. Now, according
to Proposition 6.3.8 the reduction to Hessenberg form is still valid if H is reduced,
as long as the diagonal £ x £ blocks are unreduced. This means that all zeros on the
subdiagonal are in the positions (¢ 4+ 1,¢), (20 4+ 1,2¢),...,((n — D)+ 1,(n — 1){).
If we have a zero in any other position on the subdiagonal, K,(A, X) becomes
singular and the reduction will fail. This raises the following question: is it possible
to move zeros on the subdiagonal, from unwanted to wanted positions, using a

finite number of Givens rotations or Householder reflectors that are constructed
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from the entries in the matrix in the usual manner to introduce zeros? The
following argument shows that the answer is in general “no.” For an introduction
to the algebra the argument is based upon, we refer the reader to [67, Chapter 3]
or [25, Section 56]. Assume that the answer to the above question is “yes” and
suppose we want to compute all eigenvalues of a Hessenberg matrix H € R™*".
To make the argument crystal clear we may think of H as the left companion
matrix of an arbitrary monic real polynomial p(x) of degree n. Consider the field
Ko := Q(h11, b2, - - ., hyy), that is, the smallest field containing rational numbers
and all entries of H. Clearly, it holds that H € K{*". When Givens rotations or
Householder reflectors are constructed to introduce zeros upon operation on a
matrix with entries in a field F C R, they have entries in a pure (field) extension
F(s) of F. (By definition, [F(s) is a pure extension of F if s™ € F for some integer
m > 1.) Suppose, for example, we want to eliminate the second component of
[z,y]" € F? C R? using a Givens rotation G. Then

ol )
N

so we have G[z,y]" € K(y/2%+y2)%. Thus, if we start with H € KI*", one
application of a Givens rotation or Householder reflector—that are constructed
in the usual manner—moves our matrix to a larger set K7*" := Kq(y/x)™*", for
some x € Ky. Thus, if we apply ¢, say, Givens rotations or Householder reflectors
to our initial matrix H, we extend the field, in which our matrix entries lie, ¢
times, using only pure extensions. If K; denotes the relevant pure extension of

K;_1, then we have
Ko CK; C--- CK,.

The final field K; is therefore (by definition) a radical extension of K.

Now, consider H & 1 and note that H @1 is a reduced Hessenberg matrix with
a zero on the last entry on the first subdiagonal. Suppose we can move this zero
to the middle of the subdiagonal using Givens rotations or Householder reflectors

that are constructed in the usual manner. We get a similar matrix of the form

{Hn H12]
Hy |’

where Hi; and Hoy are square. The spectrum of H @ 1 is the union of the spectra
of Hy; and Has, so we may continue by computing the eigenvalues of these smaller

matrices. If we continue recursively, by forming H1;®1 and Hoo®1, and successively
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split the spectra, then we eventually end up with several small eigenvalue problems
of size at most 4 x 4. These small matrices all have entries in a radical extension K;
of Ky. Furthermore, since the associated characteristic polynomials are of degree
at most 4, their eigenvalues lie in a radical extension of K;. In other words, all
roots of the characteristic polynomial of H, which is p(z), lie in a radical extension
of Ky. Thus, p(x) is (by definiton) solvable by radicals over Ko. Since p(x) is
arbitrary, this contradicts the Abel-Ruffini theorem, which states that for £ > 5
there are polynomials a,x’ + a,_2'~! 4 - - - 4 ao that are not solvable by radicals
over Q(ag, ay,...,ap). A classic example is x° — z + 1.

We remark that the argument does not depend on the fact that H @& 1 has
the zero we want to move in the last position on the subdiagonal. Indeed, the
argument still holds if we replace H @ 1 by, say, H @ A, for any A € Q**2.

We end this chapter with two remarks about the usage of the Abel-Ruffini

theorem in the field of numerical linear algebra.

Remark 6.3.11. The Abel-Ruffini theorem is commonly mentioned as an argu-
ment against the existence of a general direct eigenvalue algorithm. If we only
consider algorithms that perform additions, subtractions, multiplications, divisions,
and root extractions, then the argument is indeed valid. This is clearly the case for
any algorithm that only applies a finite number of Givens rotations or Householder
reflectors, that are implemented in the usual manner to introduce zeros. We cannot,
however, reason about an eigenvalue algorithm, that computes, say, a logarithm

at some point, using the Abel-Ruffini theorem.

Remark 6.3.12. As it is stated above, the Abel-Ruffini theorem implies that
we cannot write down a general (finite) formula for the roots of polynomials of
degree ¢ > 5 using only +, —, X, =, v/ with k& € N, the rational numbers and the
polynomial coefficients. This weaker statement is sometimes also referred to as the
Abel-Ruffini theorem. However, the non-existence of such a general formula for the
roots is of less interest to the field of numerical linear algebra. This weaker result
does not even rule out the existence of a direct algorithm that only performs, say,
Givens rotations to eliminate matrix entries in the usual manner. The subtlety
here is that each polynomial could (hypothetically) have its own set of formulas for
its roots, even though there are no general formulas that applies to all polynomials
of a certain degree. For instance, we need the stronger form of the Abel-Ruffini
theorem stated above to rule out the existence of a Givens rotation based direct
eigenvalue algorithm that makes use of a (nontrivial) pivoting strategy, or contains

any other conditional statements that depend on the input matrix.



CHAPTER

7

Error analysis of the
shift-and-invert Arnoldi

algorithm

7.1 Introduction

Consider an implementation of the Arnoldi method [7, 90]. Not much meaning can
be given to the computed quantities if they deviate too much from the recurrence

that underpins the algorithm in exact arithmetic:
AV =VenH,, H,=H(l:k+1,1:k).

Luckily, good implementations, where in particular the orthogonalization is done
with care, can be shown to be backward stable [6, 21, 29, 70] in the sense that
the computed quantities Vi1, and H, satisfy an exact recurrence with a slightly
perturbed matrix:

(A+ AAV;, = Vi H,. (7.1)

This means that we can compute a basis of an exact Krylov subspace corresponding
to a nearby matrix. Since the basis will in general not be perfectly orthonormal, so
VB Vi # I, we use the term “Krylov recurrence” instead of “Arnoldi recurrence”
when referring to recurrences like (7.1). If A is Hermitian, then it can be shown
that the computed basis spans a Krylov subspace associated with a perturbed
Hermitian matrix A + AA [44]. There is a catch in this case, though: the small
(k + 1) x k matrix associated with this Krylov subspace is in general not the

computed Hessenberg matrix.

106
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In this chapter we perform a similar backward error analysis of the shift-and-
invert Arnoldi algorithm. For example, we show that an implementation of the

Arnoldi method applied to A™!, yields computed matrices Vi, and H, such that
(A+ AA) Vi = Vi Hy,

and we give an upper bound for ||AA|s. Perturbed versions of the shift-and-
invert Arnoldi algorithm have been considered in the literature as a part of the
theory of inexact methods, see [54, 61|. However, these results neglect that the
orthonormalization is not performed exactly, and furthermore, assume bounds on
linear system residuals that may be unattainable (more on this in Section 7.2).
We consider more general linear system residuals and take the error from the
orthonormalization into account. Our analysis of how the orthonormalization errors
propagate into the shift-and-invert Krylov recurrence highlights the importance
of columnwise backward error bounds for QR factorizations, and is thus of a
different flavor than the corresponding analysis for standard Arnoldi, done in, for
example [21].

We also use our error analysis to motivate when “breakdown” should be
declared, that is, when A, ; may be considered to be “numerically zero.”

The algorithm we study can be divided into two main subproblems: solving
linear systems and orthonormalizing vectors. We state our backward error results
in such a way that they are independent of how these subproblems are being
solved, but we also discuss relevant and commonly used approaches for solving

these two tasks.

7.1.1 Technical outline

We study floating point implementations of Algorithm 7.1, where A is assumed
to be of size n x n, ¢ is the shift, b is the starting vector, and k is the maximum
number of steps we perform. Throughout the chapter | - || refers to the spectral

norm. In exact arithmetic, the function on line 4 of Algorithm 7.1 is defined as
orthogonalization(w;, V;) = [w; — Vj(Vijj), Vijj],

which corresponds to classical Gram-Schmidt if implemented as it stands. In
floating point arithmetic, however, orthogonalization routines with better numerical
properties, such as modified Gram-Schmidt, are usually employed.

In the jth iteration in Algorithm 7.1, a new vector w; is computed and
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Algorithm 7.1: The Shift-and-invert Arnoldi algorithm

Input: A, 0, b, k

Output: Vi == [v1,...,041], Hy, = [hijlizm1:k11j=1:%
1 vy =b/|b]|

2 for j=1,2,... k

3 wj:(A—UI)*lvj
4 [w;, hy.j] = orthogonalization(w;, V;)
5 hjpy = [lwl]

6 if hj—i-lj = 0 break
o
T Ui = wi/hj;

s end for

decomposed into a linear combination of vy,...,v; and a new component that
will be the definition of v;;. In exact arithmetic, this can be described by the
Arnoldi recurrence (A — o) 'v; = Viha.j; + hj1vj41. When the corresponding
computation is done in practice, however, errors are present in all steps of the
computation. First, we need to solve a linear system. If we use a direct solver the
matrix A — ol needs to be formed. We consider the rounding error in this step as
part of the residual from the linear system. This does not affect the norm of the

residual significantly, because the rounding error is very small,
|float(A — o) — (A —al)| < max la; — olu < ul|A—oll.

Here float(A — o) refers to the computed shifted matrix and u is the unit roundoff.

Let r; be the residual from the linear system, so
(A—O’[)’LU]':U]‘—FT]' (72)

is the actual linear system that has been solved. Then we have the following

equality for the computed quantities:
(A—al) v +1;) = w; = Vipihi.jy1j + G5

where g; is an error coming from the orthonormalization process. Defining

fi=r;—(A—ol)g; and Fy, = [f1 fo --- fi] yields a perturbed recurrence

(A= o) (Vi + Fy) = Vi .
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We discuss the residual r; and the error g; in Section 7.2 and Section 7.3, respec-
tively, and provide bounds for both quantities. In Section 7.4, we use these bounds
in order to bound F},, and subsequently the backward error for the shift-and-invert
Krylov recurrence. In Section 7.5, we explain how the idea of implicit restarting
can be used to gain further insight into the backward error. We also discuss in
what sense we have Hermitian backward errors if the method is applied to a
Hermitian matrix A. Finally, we talk about breakdown conditions: in floating
point arithmetic, the test if h;;1; = 0 in Algorithm 7.1 is rarely done. Instead
one usually checks whether hj;;,; is “small enough.” This case is referred to
as breakdown. A sensible definition of “small enough” is when the quantity is
dominated by errors. We discuss this in more detail and derive backward error

bounds for this case.

7.1.2 Notation

The scalar o refers to a shift while 0,1, (X) refers to the smallest singular value of
X. The dagger notation X' refers to the Moore-Penrose pseudo-inverse of X. The
lower letter u is reserved to denote the unit roundoff if real arithmetic is used,
and /5 times the unit roundoff if complex arithmetic is used (see Appendix B).
When the matrix size is understood from the context, we denote zero matrices
and identity matrices as 0 and I, respectively. Similarly, the vector e; denotes the
ith column of the identity matrix whose size is understood from the context. For a
matrix X, the lower case z; refers to the ith column of X and Xj, to [x1 xo -+ xy],
that is, the first & columns of X.

7.2 Errors from linear systems

In this section we discuss bounds on the residual r; from (7.2).

7.2.1 Backward error bounds

The normwise backward error associated with a computed solution y of a linear
Ax = b is defined as

nap(y) = minfe : (A+AA)y = b+ Ab, [[AA]| < e[| All, [Ab]] < €][bll},
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and given by the formula

nap(y) = llrll/ ANyl =+ [lol) (7.3)

where 7 = Ay — b [66]. See also [36, p. 120]. This result is true for any vector
norm || - || and its subordinate matrix norm. Thus, if we solve the linear systems

in Algorithm 7.1, up to a backward error €, then it holds that
751l < ([IA = o I [[[}w;]] + [Jv;]]) €t (7.4)

where 7; is defined in (7.2). If the linear systems are solved by a backward stable
direct method, we have €p, < ¢(n)u, where ¢(n) is an algorithm dependent
constant. If we are interested in the smallest possible €y, such that (7.4) holds,
then we need to compute ||7;||/(||A — o1||||w;|| + ||v;]|). However, this may not be
feasible for the spectral norm, due to the term ||A — oI||. In these cases we can
replace ||[A — oI|| by a lower bound (the tighter the better), and thus obtain an
upper bound for €,,,. We can for instance do a few iterations of the power method
applied to (A — ol)(A — oI). MATLAB’s normest function does exactly this.
This would lead to a lower bound of ||[A — o], since convergence is always from
below. Another possibility is to use the (lower) bound in [39]. We can also bound
the matrix spectral norm in terms of the corresponding infinity-norm or 1-norm.
The following proposition shows that such bounds can be satisfactory for many

sparse matrices, in particular those which can be permuted to banded form.

Proposition 7.2.1. Let k.o and ke, denote the maximum number of nonzero
entries in a row and column of A, respectively. Then the following two upper and

lower bounds hold:

1
A < Aoo < krow A )
i 4l = 1Al < Vhoull Al

1
——|Alls < |Alli < VEellAll2.
\/m” ||2 = ” ||1 > 1|| ||2

Proof. We have ||Al|lw = ||Az||o for some x with ||z]l« = 1 and at most Koy

nonzeros. We get

[Alloo < f[Az]loo < [[Az]l2 < [[All2llz]l2 < v hrowl All2;
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which is the desired upper bound for ||Al|«. Further, we have

1Al = Ao < Vol A [l2 = v/Ecatl| All2,

which is the desired upper bound for ||A|l;.
The lower bounds follow from [86, Theorem 4.2]. |

The inequality (7.4) can also be used as a stopping criterion for iterative linear
system solvers [5]. In this case, €y, denotes the desired backward error, which is
given prior to execution. If we replace ||[A — o|| with a lower bound, then we get

a more stringent stopping criterion.

7.2.2 Residual reduction bounds

An alternative to (7.4) is to use the bound
751l < flvsll€ton- (7.5)

This bound is commonly used as a stopping condition when the linear systems are
solved by iterative methods. Unfortunately, as a stopping condition, (7.5) “may be
very stringent, and possibly unsatisfiable” [36, p. 336]. See also [22, pp. 72-73] for
a 2 x 2 example that illustrates the pitfall of comparing the norm of the residual
with the norm of the right hand side. However, since (7.5) is de facto commonly
used in computer codes it is still worth to study it under the assumption that the

stopping criterion is met.

7.2.3 Auxiliary residual bounds

In order to treat both (7.4) and (7.5) in a unified way, we consider the following
auxiliary bound
751l < flvsller + [[A = o I|[[[w; €2 (7.6)

Clearly, the substitutions (€1, €2) <= (€nw, €bw) and (€1, €2) <— (€401, 0) give back (7.4)
and (7.5), respectively. We can simplify the bound in (7.6) in cases when A — o/
is not too ill-conditioned with respect to e¢5. To see this we need the following

lemma.

Lemma 7.2.2. If k(A —ol)es < 1 and (7.6) hold, then

€1+ k(A —ol)e
7511 < sl

1 —kr(A—ol)e
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Proof. We have

il < |A = al|[|(A— o)~ (v; +15)|le2 + [Jvlex
< K(A = ol)||lv; + 7jllea + |lvs]lex
< KA —=al)(|[vj|l + |7 11)e2 + |lvsler.

Reordering gives the result. |
The next result yields a family of new residual bounds independent of ||v,]|.

Proposition 7.2.3. Let (A —ol) " (v; + ;) = w; and assume (7.6) hold. If

€1+ k(A —ol)e
1 —k(A—o0l)e

0< <y <1, (7.7)

then
€
|mus(@+ 1
1—7

>HA—0MWWW

Proof. From (7.6) we have

o]
|vus(@+q 1A = oIy
J A ollw] j

Thus we need to show ||v;||/(||A — oI||||w;|]) < 1/(1 —~). We have

o] _ o] v
A= ollllw;ll A= I[[|(A—= o)~ (v; +r)ll = llvj + 75"

and from the reverse triangle inequality,

[ vl vl
v + 75l = Mol = N5l

Now, by Lemma 7.2.2 and assumption (7.7), we have

€1+ Kr(A—ol)e

| < | < Al
Il < G e g sl < Al
Putting everything together yields
o o] L .
A = aIlllw;ll = MMl = llr5ll] = 1=~

In particular if k(A — o) < (1 — 2¢;)/(3€2), then we have k(A — ol)es < 1
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and can take 7 = 1/2 in Proposition 7.2.3, to obtain
75l < (261 + €2) | A — o I [[ [y . (7.8)

This is the same bound as we get from (7.6) if we replace (€1, €2) with (0, 2€; + €2).
In particular, if the linear systems are solved in a backward stable manner so that
(7.4) holds, and K(A—0cl) < (1—2€py)/(3€pw), then (7.8) holds with 2¢; +€5 = 3€py.

7.3 Errors from orthonormalization
In this section we are concerned with the orthonormalization error
9; = wj — Vipihija;.

Up to signs, this error can be viewed as the backward error in the (j + 1)st column

of a perturbed QR factorization

(v wy wy -+ wi] = Viyaler Hpl #1091 g2 -+ gl (7.9)

Thus, we are interested in columnwise backward error bounds for QR factoriza-
tions. The next theorem shows how such bounds can be obtained from normwise
backward error bounds given in the spectral norm or the Frobenius norm. It
applies to floating point algorithms qr(-) that are unaffected by power-of-two
column scalings, in the sense that if [@, R] = qr(A), then [Q, RD] = qr(AD)
for any D = diag(dy,ds,...,d;) where the d; are powers of 2. Barring under-
flow and overflow, this covers commonly used algorithms such as classical and
modified Gram-Schmidt with and without (possibly partial) reorthogonalization,
Householder QR and Givens QR.

Theorem 7.3.1. Let qr(A) denote an algorithm that computes an approximate
QR factorization of an n x k matrix A in floating point arithmetic. Suppose
further that [Q, RD] = qr(AD) for any D = diag(dy,da,...,dy) where the d;
are powers of 2. If QQ and R denote the computed factors, AA = A — QR and
IAA]L. < v||All«w, where || - ||« denotes the spectral norm or the Frobenius norm,
then ||Aas|| < 29VE||as||u fori=1:k.

Proof. For i = 1:k, we define d; = 271°82llailll /50 1 < ||a;||d; < 2. Since AAD is
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the backward error from qr(AD) we have
dil|Aa;]| = |AADe;| < | AAD|. < A||AD|cu < 2yVE|ADeillu = di2yVk| as |,

for i = 1 : k, from which the theorem follows. |

The constant v in Theorem 7.3.1 is obviously algorithm dependent and many
bounds for it exist in the literature. Some of them contain both n and k [72], and
others only £ [12, 2], [36, Theorem 19.13]. In [36, p. 361] a columnwise bound
depending on n and k is given. For Krylov methods we usually have n > k, so

bounds independent from n should certainly be favored. We shall assume that
g1l < nn, k)lJwlu, (7.10)

holds for some function n(n, k).

7.3.1 Columnwise errors in modified Gram-Schmidt

Our next theorem shows that for modified Gram-Schmidt (MGS), with and without

one round of reorthogonalization, 7 in (7.10) does not depend on n and is given by

n(n, k) = Ck,
where ( is a modest constant. We need the following forward error result for _axpy
operations.

Lemma 7.3.2. Let o be a scalar and x and y vectors. If
s = float(az +y) — (ax +y) then |s|| < 2(||az| + ||ly|)u.

Proof. The ith component of ax+y can be viewed as the inner product [z; y;][a 1]7.
Thus the componentwise forward error is bounded by |s| < 2u(|az|+ |y|) [43] (see
also Appendix B). We get ||s|| < [[2u(laz| +[y])]| < 2(l|laz]| + [[y[)u. W

The next theorem gives columnwise backward error bounds for MGS with and

without one round of reorthogonalization.

Theorem 7.3.3. Let () and R denote the computed factors in the QR decomposi-
tion of an n x k matriz A, which was obtained by a floating point implementation of

modified Gram-Schmidt with or without one round of reorthogonalization. Assume

1) llgill =1 for j =1:k, and
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(i) (1+ (n+3)u)* <1+ 4d for some d > 0.

Then there exists a AA such that A+ AA = QR with |Aa;|| < c¢j|la;||u, where
c = 4(1 +d) if no reorthogonalization was done and ¢ = 10(1 + §)? if one round of

reorthogonalization was done.

Let us pause for a while and discuss the assumptions before we proceed with
the proof. Assumption (i) is imposed to keep our analysis cleaner; it does not
affect our final bounds in any significant way. Assumption (ii) is needed for the
following reason: if we compute y = float(x — ¢; (qfx)) for some 1 < j < k, then,
assuming (i), the quantity 1+ (n+ 3)u = 1+ ||¢;*(n + 3)u is an upper bound for
llyll /||| [36, Lemma 3.9]. Thus, (ii) guarantees that we can apply a sequence of
k elementary “floating point” projections of the form I — ¢;¢” to any vector z,

and the resulting vector will be bounded in norm by (1 + J)|z||.

Proof of Theorem 7.3.3. Let RV and R® denote the strictly upper triangular
matrices containing the orthogonalization coefficients corresponding to the first
and second round of orthogonalization, respectively. We define R = 0, if no
reorthogonalization is done. Assume for a while that R and R® are given, and

suppose we want to compute

Jj—1 Jj—1
1 2
=1 i=1

(0)

This can be viewed as 2(j — 1) _axpy operations. We define a;~ = a; and
S0 ﬂoat(ag-i*l) — rg)qi) fori=1:5—1,
i1 2 o
ﬂoat(ag ) rgizjﬂ)jqi_jﬂ) fori=j:2(5 —1).

Using Lemma 7.3.2 yields

i1 1 . .
4 _ a§ )—rl(j)qi—ksi fori=1:5—1,
J i1 2 oy
Gé- - r((z‘zj_‘_l)jch—j—&-l + i for i = J: 2(] - 1)7
where
1 i—1 . .
oo < 4 20 al g D fori=1:j -1,
= 2 i—1 . .
20yl + llaf M for i = j:2(j — 1),
Now, ag.i_l) is also the result of applying ¢ — 1 elementary floating point projections
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to a;, so the discussion prior to the proof gives Hag»ifl)H < (14 (n+ 3)u)a;].
Further, from (ii) we have (1 + nu)||a§i_1)|| < (1 +0)|laj|| fori =1:5—1 and
(1+ nu)||a(Z VI < (14 6)2|a;|| for i = j:2(j — 1). The forward error of a
computed inner product float(zy), where x and y are of length n, is bounded by
nul|z||||y|| [43]. See also Appendix B. It follows that

(i—1)

i—1)
] < [foat(gf el V)| < [gal V| + nuflal™ V| < (14 0)a

and, similarly, that \7" ] < (1+0)?||a;||. Thus s; is bounded by

41 +9)|ajju  fori=1:j—1,

sl < L
4(1+0)|Jajllu fori=j:2(5 —1).

We have

2(3-1)

Z% G - Z% a=a =3 s
If we define d; = ﬂoat(Ha;-Q(j_l))H) and ¢; = ﬂoat(a?(j_l))/dj) and note that
2(j—1 : 2(j—1
a0 =gy + f; with [ < (1w < (14 0)2 s fu,

then we get
2(5—1)

j—1
1 2
aj — Z(rz(j) + 7‘5]-))%‘ —d;q; = Z Si-
i=1

Finally, defining R = float(R™") + R®) 4 diag(dy, da, . . ., dy) yields

J 2(5—-1)
D D TR IS
=1 =1
where
Ary; = TS) + Tg) —7rij, so  |Ar;l < |r§;) + 'r’g)\u <2(1+ 5)2Haj|]u.

Using the above bounds for f;, the s; and Ary; gives [|Aa;|| < 10(1 + §)%j||a;|u.
If no reorthogonalization was done, then we have s; = 0 for i = j:2(j — 1),
and Ar;; = 0, ||f;]] < (1 +9)|la;|lu for all j. Taking this into account yields
[Aay]] < 4(1 +0)jlla,lu. i

Remark 7.3.4. Suppose the perturbed QR factorization (7.9) was computed
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using MGS. Then, taking 6 = 1/10 and assuming the conditions of Theorem 7.3.3
hold, yield that n(n, k) in (7.10) is bounded by n(n, k) < 5k if standard MGS is
used, and 7(n, k) < 13k if MGS with one round of reorthogonalization is used.
We point out that these bounds should not be interpreted as saying that standard
MGS should be favored over MGS with reorthogonalization. In this context of
shift-and-invert Arnoldi, the difference between the constants 5 and 13 is not
significant, and, as we will see in the next section, retaining a well-conditioned
basis (which is the effect of reorthogonalization) is of great importance to the

shift-and-invert Arnoldi algorithm.

7.4 Errors in the shift-and-invert Arnoldi

recurrence

Recall the perturbed Krylov recurrence
(A—ol) ' (Vi + F) = V1 Hy, (7.11)

where Fy, = [f1 fo --- fi] and f;, for j = 1:k, is defined by f; =r; — (A —ol)g,.
We discussed in sections 7.2 and 7.3 how to bound r; and g;, respectively. By
using these bounds, we can now easily bound Fj,. Assuming (7.6) and (7.10) yields

1£ill < llvjller + [[A = a[[[w; ]l (e2 + n(n, j)u). (7.12)
Further, from (7.9) we see that
[w;ll = [IVisaha:j1 + g5ll < VieallllPr: a1l + n(n, 5)llws[u,
which in turn implies

Vgl lh1: sl

[w] <

assuming that n(n, j)u < 1. We get
1551 < Nlviller + 1A = oL {[[[Vialllha: gl cin(e2)

and further (assuming that n(n, k) is monotonically increasing in k)

1l < VE[IViller + VEIA = o I|[|Viera || Egll e (e2), (7.13)
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where (n. 1)
€2 +nn,K)u
n(€) = —————— 14
() = T T
should be thought of as a tiny factor.
Similarly, if we assume the bound (7.8) instead of (7.6), we get
1l < VEIA = oI Vi [ Hllewn (261 + e2). (7.15)

This is the same bound we get from (7.13) if we replace (€1, €2) by (0, 2€; + €3).
Having established (7.13) and (7.15), we are now ready to reshuffle equation
(7.11) in order to derive backward error bounds for the shift-and-invert Krylov

recurrence. We will derive perturbed recurrences of the form
Vi=(A4+AA—-ocl)Vii 1 H,. (7.16)

If we look at this from a backward error perspective, (7.16) means that we have
taken k steps, without errors, of a shift-and-invert Krylov algorithm applied to a
perturbed matrix, and all linear systems that occurred in the process must have

been consistent. However, in order to rewrite (7.16) as
(A+AA— o) W = Vi H,y,

we need to ensure that A + AA — o/ is invertible. We need the following lemma

to solve this technicality.

Lemma 7.4.1. Let A and V' be matrices of size n X n and n X k respectively,
such that rank AV = k. Then for any € > 0, there exists a matriz X with || X|| < €
such that A + X is nonsingular and XV = 0. Furthermore, if A is Hermitian,

then we may take X to be Hermitian.

Proof. Find a unitary matrix ) such that

o 0
=[] o
for some k x k matrix V5, and define AQ = [A; As] where A, is of size n x k.
From rank AV = k, it follows A5 has rank k. Define Y so its columns span the
orthogonal complement to range of Ay, and set Z = [Y — A; 0]. We have that
A+ ZQ" =Y Ay]QH is nonsingular and ZQ®V = 0. In particular, this means
that the pencil A + AZQ* is regular. If X is any value outside the spectrum of
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the pencil such that |A| < ¢/||Z||, then X = AZQ" satisfies the conditions of the
theorem.

For the second part, suppose A is Hermitian and @ is such that (7.17) holds.
Write

A, A I—-A,; 0
Q7TAQ = { E 12} and W = [W H ], w >0,
AL Ay 0 0

where Ajp; is of size (n — k) x (n — k). We have that QWQ¥ is Hermitian,
QWQHV =0, and Q(Q7AQ +W)QH = A+ QW Q™. Thus, for the same reason
as above, it is enough to find one w > 0 such that Q7 AQ + W is nonsingular. Let

D 0

Ay =U
22 {0 0

|

be a spectral decomposition so D is of full rank and define [B; Bs] = A;oU such
that B; has as many columns as D. We have that Q” AQ + W is nonsingular if
and only if

wl B, wb,
BE D 0
wB 0 0

is nonsingular. Further, since [A], AL]" is of full rank, and

By B,

I 07[A,
D 0= Y U,
0 0

it follows that B, is also of full rank. We have

wl B, wb, I —w'B —w'B

BE D 0 0 I 0
wBf 0 0 0 0 wT
wl 0 0
=| Bf D-w'BEB —wBIB,|,
wBi —BE B, -BEB,
which is easily seen to be nonsingular for large enough values of w. |

If we use the bound on Fj shown in (7.13), then we can deduce the following

theorem.
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Theorem 7.4.2. Let (A —ol) " (Vj + Fy) = Vi1 Hy, be of full rank and assume
Fy is bounded as in (7.13) and Vkr(Vi)ey < 1. Then there is a AA of rank at
most k such that Vi, = (A+ AA — ol)Vi 1 Hy,, and

r(Vier + w(Vir1)R(Hy ) cin(€2)
1 —VEks(Vi)er

IAA| < VE|A = ol

Y

where cg,(€2) is given by (7.14).

Proof. From Vy+F), = (A—0l)Vii1Hy, and Vy, = (A+AA—01)Vi 1 H,, we see that
any eligible A A has to satisfy AAV, 1 H, = —F. We choose AA = —F,. (V1 H,)f
(which is of rank at most k) implying [|AA| < || Fkll/omin(Ve+1H},). Substituting
|| E%|| by the upper bound given in (7.13) yields

184] < YFIViller + VRIA = o L[Vica || Hyllin(c2)
a Omin(Vig1H,)

VE| Vil
S 0 kl|A — oI||k(V4 H Ve (6),
= Omin(Var1Hy) * \/_H oI ||K(Vies1) K (Hy ) Crn(€2)

For the denominator we get

o-min(vk—f—lﬂk) Z O-min((A + AA — O-I)Vk-f—lﬂk)/HA + AA - UIH
> omin(Vi)/([[A — oI|| + [[AA]),

where we used oyin (XY) < || X||omin(Y) which holds for any matrices X, Y. Thus

VE[VRlI([A = oI + [AA])er
Umin(vk)

[AA] < + VE|[A = o 1|5 (Vi )R(Hy ) cpn(€2)

which can be reordered to the claimed bound. [ |

If the linear systems are solved up to a normwise backward error €, and (7.8)

and (7.15) hold for 2¢; + €3 = 3y, then we get the following corollary.

Corollary 7.4.3. Let (A —ol) (Vi + Fy) = Vi1 Hy, be of full rank and assume
Fy. is bounded as in (7.15) with 2¢; + €3 = 3eny. Then there is a AA of rank at
most k such that Vi, = (A+ AA — ol)Vi1Hy,, and

IAA] < VEIA = 01| 6(Vir ) 6(Hy ) cin (3ebm ),

where cg,(+) is given by (7.14).

A few remarks are in order.



121 CHAPTER 7. THE SHIFT-AND-INVERT ARNOLDI ALGORITHM

Remark 7.4.4. If A+ AA— oI in Theorem 7.4.2 and Corollary 7.4.3 is singular,
then we can invoke Lemma 7.4.1 with V = Vj 11 H, to obtain a backward error
AA, arbitrarily close to AA, such that (A + AA — 1)V, = Vi1 H,. The new
backward error AA will in general have rank greater than k, but its numerical
rank is still bounded by k. Here the definition of numerical rank can be arbitrarily
strict, in the sense that we may define the numerical rank to be the number of

singular values that are greater than ¢ > 0, for an arbitrarily small e.

Remark 7.4.5. If the orthonormalization is done properly, using, for instance,
MGS with reorthogonalization, then x(Vj41) ~ 1. In this case we can ignore the
factors k(Vi41) and k(Vy) when evaluating the bounds in Theorem 7.4.2 and
Corollary 7.4.3. In particular this means that the bounds can be estimated cheaply

as long as ||A — oI|| (or a good estimate of it) is known.

Remark 7.4.6. For the standard eigenvalue problem, shifts are used to find
interior eigenvalues, so any sensible shift satisfies || < ||A]|. Thus, we have
|A—ol| <2|JA| in practice.

Remark 7.4.7. In view of [14], we note that our bounds do not contain the
loss-of-orthonormality term ||V;Z,V, ., — I||. Instead we saw that the condition
number of the computed basis V11 plays a role in the bounds of the backward
error. We note, however, that a small value of |[V,/{,V,, — I|| implies that Vj, is

well-conditioned:

1+e€
HVkﬂVkH —I<e<l = K(Vin)< \/ e

The next example shows how Theorem 7.4.2 can be used to derive a simple a

posteriori backward error bound.

Example 7.4.8. Suppose a matrix A and a shift ¢ with |o| < ||A]| are given,
and suppose we perform k steps of the shift-and-invert Arnoldi algorithm. To
solve the linear systems we use an iterative method that employs (7.5) as stopping
condition, that is, the linear systems are considered “solved” when the residuals
are less than some tolerance €y, (we ignore the norm of the right hand side
since it is approximately one). We use a rather crude tolerance so €y, > u. For
the orthogonalization we use MGS with one round of reorthogonalization so
cen(0) < 13ku (cf. Remark 7.3.4). If

€tol > K(H})crn(0), (7.18)
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then Theorem 7.4.2, with €; = €, and e, = 0, and the following remarks, yield
that the computed quantities satisfy

(A+AA — o) Wi = Vi H,y,

where

4\/_/‘€(Vk+1)€tol
- \/—K(sz)ﬁtol
Here we have used the fact that x(V;41) > £(V%). Since MGS with reorthogonaliza-
tion was employed, we expect k(Vj41) to be close to one. Thus, (7.19) tells us that

[FAVE/[RS 1Al (7.19)

the relative backward error ||AA||/||A|| is of roughly the same size as the tolerance
we used to solve the linear systems. So, in this setting the shift-and-invert Arnoldi

algorithm is backward stable. A

We end this section with a numerical experiment. We consider the matrix

-_9 1 -

of order n = 1000, and the shift 0 = —2. It is well-known that the spectrum of A is a
subset of the interval (—4, 0), and the eigenvalues are given by —2+-2 cos(mk/(n+1)),
for k = 1:n. It follows that the shifted matrix A — o[ is invertible and has norm
2cos(m/(n+1)) = 2.

We implemented the shift-and-invert Arnoldi algorithm in MATLAB R2013a.
For orthonormalization we used MGS with one round of reorthogonalization. The
matrix A— ol was stored in sparse format, and the linear systems was solved using
MATLAB’s “backslash” and 1u routines. We took k = 30 steps with the starting
vector [1,1,...,1]7, and in each iteration we computed the backward error shown
n (7.3), where the residual was evaluated in extended precision (32 digits) and
then rounded to double precision. We did this using the vpa function from the
Symbolic Math Toolbox. We also computed the error Fy, = Vi, — (A — ol)Vi11H,
in extended precision and rounded the result to double precision. For each 7 = 1: £k,

we computed

B(IAAV) = /Gl A = o | 5(H;)jn(3ern),

where ¢, was set to be the largest backward error of the linear systems that

was encountered in the algorithm, and ¢;,,(3€py) = (3€pw + 13ju)/(1 — 13ju) (cf.
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10_4 1 | | | |
[|— B(|aAL)|)
o A4
1078 | .
10—12 » A
10716 l l 1 1 1
5 10 15 20 25 30

J
Figure 7.1: Computed backward errors and associated bound.

Remark 7.3.4). As is mentioned in Remark 7.4.5, the above quantity is a good
estimate of the bound in Corollary 7.4.3. We also evaluated the expression for the
backward error, AAY) = —F,(Viy 1 H, )T, given in the proof of Theorem 7.4.2, and
estimated its norm. We did this using the MATLAB routines pinv (for the Moore-
Penrose pseudo-inverse) and normest. The quantities B(|[AAU)|)) and ||AAY)|
are shown in Figure 7.1 for j = 1:30. Even though the (estimated) upper bound
B(]|]AAY]|) can be seen to be rather pessimistic, it does show that the backward
error is less than /u. In other words, by evaluating B(||AA®||) (which is cheap),

we can deduce that the computation is backward stable up to single precision.

7.5 Further topics

7.5.1 Implicit restarting

The bounds in Theorem 7.4.2 and Corollary 7.4.3 contain the factor k(H,), so if
k(H,) > 1 we cannot guarantee a small backward error. If we recall how Arnoldi
locates eigenvalues [85, pp. 257-265], we have, unfortunately, reason to suspect
that this is the case. Since Arnoldi does not target the largest eigenvalues, but any
isolated eigenvalue cluster, Hy, := [l 0]H, is likely to have both large and small
eigenvalues, which suggests that H; may be ill-conditioned. We will now show
that the situation can be much better than expected if we restrict our attention to

the largest eigenvalues of Hy, that is, the ones corresponding to eigenvalues of A
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closest to the shift 0. The idea is to do an implicit (thick) restart [74], and purge
the small eigenvalues of H. In exact arithmetic, a thick restart of an Arnoldi
recurrence

(A—oI)"'Vj, = Vi Hg + hyi1 pVr 164

refers to a transformation to
(A—ol)"'U = UT + hiy14vr161 Q,
where H, = QT Q" is a Schur decomposition and U = V,(Q, and a truncation
(A—ol)'Uy = UT) + hgyr svrsr6r Qo

where T, is the leading ¢ x ¢ submatrix of T, and U, and @), denote the first
¢ columns of U and @), respectively. The truncation is commonly referred to
as purging. The idea behind purging is to filter out the Ritz values we are not

interested in.

Now, since small eigenvalues of H correspond to eigenvalues of A far from

the shift o, it is reasonable to assume they are of less interest. Suppose
(A — O'[)il(vk + Fk> = Vk+1ﬂk

and consider a Schur form Hj, = QT Q" such that t;, i = ¢ + 1: k, are the small

eigenvalues to be purged. We have

_ -1 — T
(A= D) (U + Q) = [U vey1] [ hwez@}’

where U = V;(). Throwing away the last k — ¢ columns yields

T
(A= ol)" (U + FrQe) = [Ur vg41] |:hk:+1 lfeTQé} ’
KCl

where Q, = Q(:,1:4), U, =U(:,1:4) and T, = T'(1:¢,1:¥). Defining w1 = vp41,

T,
IZ - T 9
Piq1,1€), Qe

and E, = F}Q,, results in a compact recurrence

(A—=ol) " (Us+ Ep) = Ui T, (7.20)
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where || Ey|| < || Fg||. Note that our bound on E, depends on k and not ¢. We can
now repeat the proof of Theorem 7.4.2, and use the bounds ||E,|| < ||Fy|| and
Omin(Urs1) = 0min(Vik+1), and the recurrence (7.20) instead of the one assumed in
the theorem. We get

U =(A+AA—-oc)Upi T,

where

Ve (Vi)er + VB (Vi1 Cen(€2) ||/ Tmin (7))
1-— \/E/f(Vk)el .

[AA] < A= o] (7.21)
Comparing this to the bound in Theorem 7.4.2 we see that x(H,) has been
replaced by || H}||/0min(L,). Further, it holds that

VL) < 1 i (| |) = w20

It follows that if H, is ill-conditioned due to the small eigenvalues we purged,
then || Hy|l/omin(T,) < k(H,) and (7.21) shows that the upper bound for the
backward error corresponding to the part of the spectrum we care about is much

smaller than the upper bound for the general backward error.

7.5.2 Hermitian backward errors

We now restrict the scope to the Hermitian matrix eigenvalue problem, that is,
when A = A" and o is real. Let us mention that we still consider the shift-and-
invert Arnoldi algorithm, as it is shown in Algorithm 7.1, and not the shift-and-
invert Lanczos algorithm with a three-term recurrence. In the Hermitian case,
Algorithm 7.1 is also known as the shift-and-invert Lanczos algorithm with full
orthogonalization, and it is used in, e.g., MATLAB’s eigs command.

Is it, for a Hermitian A, possible to find a Hermitian backward error AA? We
have seen in the proof of Theorem 7.4.2 that AA has to satisfy AAV, 1 H, = —Fj.
Unfortunately the following Lemma rules out existence of such a Hermitian AA

in general.

Lemma 7.5.1. Let X € C* and F € C*. Then there exists a Hermitian E
with EX = F if and only if X" F is Hermitian and FX'X = F. In that case,
there is such an E with rank(FE) < 2k and || E||« < 2||F||«/0min(X) where || - ||

denotes the spectral norm or the Frobenius norm.

Proof. The proof is simple and, for k& = 1, is contained in [58]. We give it for
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completeness. Let E be any matrix such that £X = F. This implies EXXTX =
FXTX and (using XXX = X) EX = FX'X, contradicting EX = F if F #
FX'X. Thus F = FXTX is necessary for the existence of an F with EX = F.
Now, if E is Hermitian, then sois X EX = X" F. Hence, if X F is not Hermitian,
then there is no Hermitian E with £X = F'.

On the other hand, if X F be Hermitian and F = FX'X, then

E:=FXT+(FXHH - xtHpE X Xt = pXT 4+ (FXTYH (T — XX1)

is also Hermitian. Furthermore, rank(E) < 2k, EX = F, and (using that [ — X X{

is an orthogonal projector)
1] < 2l FXT. < 2P ()X ]l = 2P|l /omin(X). u

The next result shows that one still gets a Hermitian backward error if one
replaces the Hessenberg matrix H, by some other (k4 1) x k matrix G,. Before
we state the theorem, we should clarify what we mean by “backward error” in
this case. If we replace H, by something else, we cannot say that the computed
quantities (V41 and H, ) satisfy an exact Krylov recurrence of a perturbed input
matrix. We can, however, still say that the computed subspace is a Krylov subspace
of a perturbed Hermitian input matrix. We refer to this Hermitian perturbation

as the backward error.

Theorem 7.5.2. Let A be Hermitian and (A—oI)™'(Vi+F},) = Vi1 H,.. Suppose
it holds for G,, € CHE+DXE that VkHVkHQk is Hermitian and Vi1 Gy, is of full rank.
Then there is a Hermitian AA of rank at most 2k such that

Vi = (A4+ AA - o)V 1Gy,

and

1A = o D[IVer [l Hy — Gill + [Fxll

AAl <2
I I < Omin(Vi+1Gy)

Proof. From Vi, = (A4+ AA —01)V,11G,, and
Vit Fy=(A—o)Viply,=(A—ol)VenGy + (A—ol)Vip (Hy — Gy)
we see that any eligible AA has to satisfy

AAVe1 Gy, = (A — U]>Vk+1(ﬂk - Qk) — b=V, — (A - UI)VkHQk‘
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Since it is assumed that Vi1G), is of full rank, Lemma 7.5.1 implies that such a

Hermitian AA exists if
(Vi1 G)" (Vi = (A = o) Vi1 G) = (Vi1 GL) " Vi — (Vien G) " (A — o D) Vin G,

is Hermitian. Since the first term on the right hand side is Hermitian by assumption,

this is easily seen to be the case. Also by Lemma 7.5.1, AA is bounded by

|AA| < 2|[(A = o) Vi1 (Hy, — G.) — Fill /Omin(Vi1Gy)
<2([[(A = o D)[|2Vesa | Hy, — Gill + 1 Fell)/ omin (Vi1 Gy),

and is of rank at most 2k. [ |

Remark 7.5.3. If A+ AA — oI is singular, then we can use the second part of
Lemma 7.4.1 to find a Hermitian backward error AA arbitrarily close to AA such
that A + AA — oI is invertible.

In order to obtain a small Hermitian backward error, we need to find a matrix
G, close to H such that V;#V,, G, is Hermitian. One possibility is

Ty

G, =R, { ] Ry, (7.22)

Pii1 ker
where Ry, Ry are the upper triangular QR factors of Vi, Vi1, respectively, and
T}, is the tridiagonal part of the Hermitian part of Hy. Then G, is Hessenberg and
computing Ritz pairs is particularly easy: we need to find vectors z and scalars
such that

VE(A+ AA —ol) Wiz = pVi V2.

Here we have used Remark 7.5.3 in order to ensure that A+ AA — o[ is invertible.

By using the Krylov relation (A + AA — oI)"'V;, = Vi1 G, we obtain
ViV Gz = pVi'Vz.

Inserting the QR factorizations V; = Q;R;, j = k,k + 1 and the formula for G,
shown in (7.22) yields

Tk

T

R 0| Ry Ry Ly [h
k+1,kCk

} Ryz = uRkHsz,

which simplifies to TpzZ = puz where z = Ryz. So, the Ritz values are just the

eigenvalues of T, (which are real, since T, is Hermitian). To obtain the Ritz vectors,
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we would have to multiply z with R,;l. However, since Ry is close to the identity
matrix if the orthogonalization has been done properly (for instance, by using
MGS with reorthogonalization) we can approximate Z by z. Thus, (approximations
of) Ritz pairs for the choice (7.22) of G, can be obtained without computing
Ry, R+ 1. We also note that choosing the eigenpairs of T) to construct Ritz pairs

is what is done in practice.

7.5.3 Conditions for breakdown

We now discuss how to derive a sensible breakdown criterion based on our error

analysis. We saw in Section 7.1.1 that the computed quantities Vj,; and H ; satisfy
(A=ol)™ (Vi + Fy) = Vi ;.
This recurrence can be rewritten as
(A= o)™ (V; + F}) = V; Hj,

where F; = F; — (A — 01)hji1,50j41€] . Note that the first j — 1 columns of F

and [} are identical. For the last column, we have

fi=r;j—(A—=0l)(g; + hjt1,0541),

where r; is the residual from the linear system, and g¢; the columnwise backward
error from the orthonormalization. It is natural to declare breakdown when the
error introduced by neglecting h;;; ; is of the same order as the errors that are

present in the computation. This leads us to the following breakdown condition:
hiv1s < lgill + llrill/ I (A = o )vjpl].

We can simplify this condition by replacing ||g;|| with its bound in (7.10). This
yields
hyrg < nn, g)lwsllu+[Irsll/1(A = oDvjall- (7.23)

We now discuss how to evaluate (7.23) in practice. For the residual term ||r;|| we
consider two cases. The residual, or a good upper bound of the residual, may be
given to us. This is the case if we, for instance, use an iterative linear system solver
that guarantees a residual less than some tolerance. In this case, we can substitute

||7;]| in (7.23) by the given tolerance. If the residual, or any good bounds for it,
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are not given, then we need to compute it. Let m be a constant such that the

following forward error bound holds for an arbitrary vector x
|Ifloat((A — ol)x) — (A — ol)zx| < mu||A —ol||||z].

If A— ol is given as a dense matrix, we have m = n*? [36, p. 70]. For sparse

matrices, m can be much smaller. The computed residual 7; satisfies

1751 < (1 + w)l[float((A — o l)w;) — v
< (L+w)(llrsll +mullA = a I} {Jw;])-

By comparing to (7.4), we recognize ||A — o!||||w;||mu as a part of the norm of a
residual associated with a computed solution with corresponding backward error
mu. Thus, we can compute a satisfactory 7; if we use an extended precision u
such that mu < w.

For the computation of vector (A — ol)v;41, we have

|float((A — o1)v;) — (A — o T)y|| < mullA - o1][Jo,]
< mun(A - oD)||(A - oDy, .

and, using the reverse triangle inequality, that
(A = al)vj|| (1 — mur(A — o)) < |[float((A — ol )v)|.

Thus the computed vector is accurate enough as long as mux(A —ol) < 1. If
A — ol is so ill-conditioned that this is not satisfied, then we can use an extended
precision @ such that mux(A — ol) < 1.

If (7.23) and (7.6) hold, then

151 < 2(llvjllex + 1A = oIl [[ew; | (e2 + n(n, )u)).
By derivations similar to those leading to (7.13), we get
1551 < 2(V3lViller + VIlIA = oIVl Iy llen(e). (7.24)
From this we obtain the following “breakdown analogue” of Theorem 7.4.2.

Theorem 7.5.4. Let (A—ol) ' (V; + f’]) = V,H; be of full rank and assume f’j
is bounded as in (7.24) and \/jr(V;)e; < 1. Then there is a AA of rank at most j
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such that V; = (A+ AA —ol)V;H; and

(Vi)er + (Vi) | H |/ omin (H ) cjn(€2)
1 —/jr(V})e ’

: K
1AA]l < 2V/jl|A = ol

where c;j,(+) is given by (7.14).

The proof is omitted since it is essentially the same as the proof of Theo-
rem 7.4.2. In a similar manner, we can get corresponding breakdown analogues to
Corollary 7.4.3 and Theorem 7.5.2.



CHAPTER

8

Conclusion

In Chapter 3 we studied strongly damped quadratic matrix polynomials, or more
precisely, matrix polynomials MM? + sDX + K, where all coefficient matrices
are real and positive semi-definite, M and K positive definite, and the damping
parameter s goes to infinity. We showed that such polynomials in many ways
are similar to their undamped counterparts MA? + K. In particular we extended
some of Lancaster’s early work [50], and furthermore, showed how the eigenvalues
move as the damping gets stronger. We saw that strong damping leads to small
negative eigenvalues close to zero, which are harmless in the sense that it does not
cause any term in the response (3.22) to blow up, as long as the corresponding
undamped problem does not have a tiny eigenvalue. This is interesting from a
practical point of view. When no damping is present, the smallest eigenvalues are
the most interesting ones. In this case, they are purely imaginary and correspond
to the modes with the lowest frequencies. Engineers are concerned with these
modes since external forces that commonly come into play (e.g., from car traffic
or earthquakes) are likely to have low frequencies components foe™!, w € R,
themselves, and if an external force has a frequency close to that of a mode, we
saw in Section 1.1 that resonance is likely to appear (see also [50, p. 125]). The
fact that strong damping leads to small negative eigenvalues suggests that when
damping is present, the region in which the “interesting” eigenvalues lie is much
more complicated to describe than in the undamped case.

We also derived a new “symmetric” formula for the inverse of real symmetric

matrix polynomials with invertible leading coefficient (Theorem 3.5.1), and used
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this to write down the particular solutions for associated ODEs.

In Chapter 4 we first developed Algorithm 4.2 for solving definite generalized
eigenvalue problems Ax = ABx, where both A and B are semidefinite. We assumed
further that A and B were both real, but the algorithm is easily generalized to
complex matrices. Algorithm 4.2 is to the author’s knowledge the first one that
computes all eigenvalues of such problems in a backward stable and symmetry
preserving manner. Here symmetry preserving means that we can compute a

nonnegative diagonal pencil D; — AD5 such that
XH(Dy —ADy)X = A+ AA - \B + AB),

where AA and AB are symmetric and small with respect to A and B, respectively.
This means that one backward error AA+ A AB applies to all computed eigenvalues
in homogeneous form. This should be compared to the QZ algorithm, which, applied
to such problems, also computes all eigenvalues in a backward stable manner, but
not with respect to symmetry. However, if a computed eigenvalue is real, then it
can be shown that the symmetric backward error is also small. But contrary to
Algorithm 4.2, different eigenvalues do in general have different backward errors,

even when we consider them in homogeneous form [71, 35].

We used Algorithm 4.2 as a first step in the more involved eigensolver Algo-
rithm 4.3, which computes the eigenvalues, and eigenvectors if desired, of certain
QEPs where the damping matrix is of low rank. In particular, we used the fact
that Algorithm 4.2 can diagonalize the undamped problem via congruence. Al-
gorithm 4.3, which makes use of an Ehrlich-Aberth iteration, was shown to be
both fast and accurate in numerical experiments. The algorithm is linearization
free, which means that it does not have the same problem with strong damping
as, for example quadeig [34]. This allowed us to confirm our theory in Chapter 3
by numerical examples, and we could compute all eigenpairs of a strongly damped
vibrating beam so the worst backward error encountered was smaller than 10~4.
If also the eigenvectors are desired, our algorithm computes these in a final step
using an inverse iteration that is specially designed for real symmetric matrix
polynomials. To motivate why this iteration works, we used the Takagi factoriza-
tion for complex symmetric matrices. Since our quadratic eigensolver computes
all eigenvalues/eigenpairs, it is only suitable for small and moderately sized QEPs.
For large scale quadratics, where only a few eigenvectors can be stored in memory;,
some “subspace based” algorithm needs to be applied to construct QEPs of a

size that the new algorithm can handle. Possible future work includes the design
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of such an algorithm. Further, for such an algorithm to be useful, we need to
understand which eigenvalues to look for; as mentioned above, this is a nontrivial
problem.

The degree deficiency ndeg P(A\) — degdet P()\), of a regular n x n matrix
polynomial P()), equals the algebraic multiplicity of the infinite eigenvalue of
P(\) (cf. page 18). Similarly, n degrev(P) — deg det rev(P) equals the algebraic
multiplicity of the zero eigenvalue. Unfortunately, these expressions are impractical
from a numerical point of view. For the special matrix polynomials considered in
Chapter 4, we derived more convenient expressions for the algebraic multiplicity
of zero and infinite eigenvalues, that could be computed numerically using the
SVD. This result, which was summarized in Proposition 4.4.1, depends on the
special structure of the coefficient matrices and cannot be applied to more general

quadratics. To see this, take for example,

M)\2+D)\+K{>\2 AQ_A]F 1}>\2+{0 _1]>\+[0 O}
X A+1] oo 11 0 1|

The algebraic multiplicity of the eigenvalue at infinity is
4 — degdet(MN° + DX+ K) = 2,

but
dim null(M) + dim(null(M) N null(D)) = 1.

An interesting open problem is to derive “numerically computable” expressions,
like the ones in Proposition 4.4.1, for more general matrix polynomials.

In Chapter 5 we solved inverse polynomial eigenproblems. In particular, we
showed that the only additional constraint that is imposed on the eigenstructure of
an n X n matrix polynomial if it has real instead of complex matrix coefficients, is
that all elementary divisors (seen as a matrix polynomial over C) of finite nonreal
eigenvalues come in complex conjugate pairs. We conjectured that the same is
true for regular Hermitian matrix polynomials, and supported the conjecture with
proofs for some special cases. In particular, we saw that the conjecture was easily
verified for pencils. This is of relevance to polynomial eigenproblems that are solved
via linearizations. For instance, it follows immediately that any real regular matrix
polynomial has a Hermitian linearization. Thus, in terms of the eigenstructure
(defined on page 18) a Hermitian linearization is not richer in structure than
an unstructured real linearization. Since a real linearization enforces the same

constraints on the eigenstructure as a Hermitian linearization, one idea is to use
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real (possibly nonsymmetric) linearizations of Hermitian matrix polynomials. If
we use an algorithm that works in real arithmetic, then the symmetry (with
respect to the real axis) in the eigenstructure will automatically be preserved even
though we break all Hermitian structure. The hard part, which is left as an open
problem, is to construct such linearizations in a cheap manner. If we can afford
to double the problem size one approach is the following: let A(\) 4+ iB(\), with
A(N), B(A) € R™" be a regular Hermitian matrix polynomial we want to find
the eigenvalues of and note that A(\) +iB(\) ~ A(\) — iB(\). We have that

AN —z’B(A)] N { AN B()\)]

A(\) +iB(N) —B()\) A(\)

so eigenstructure of P(\) is the same as that of A(A) +iB(\) but each elementary
divisor appears twice as many times. Furthermore, P()) is real, so we may pick
any real linearization, for example (2.7), and solve the associated GEP using an

algorithm that works in real arithmetic.

In Chapter 6 we described a method for reducing monic matrix polynomi-
als P(X\) of degree ¢ to (block) triangular, (block) diagonal and Hessenberg
form, by means of structure preserving similarity transformations applied to
the left companion linearization. Our method made use of block Krylov matrices
[V AV ... A*"1V] where A is the constant part of some monic linearization of
P(\). This ill-conditioning is something we need to worry about, in particular as ¢
gets bigger. The main problem, however, is to identify applications of the simpler
forms. The diagonal form has received some attention in the literature since it
may be used to transform second order systems of ODEs to equivalent “decoupled”
systems of second order [19, 20, 28, 63]. It is, however, unclear (at least to the
author) what is gained in doing this. In the quadratic case, the diagonal form tells
us what the eigenvalues are—mneither more nor less. It was suggested in [63] to
use diagonalization to decouple systems of ODEs and then solve decoupled scalar
second order ODEs. However, since the standard way of solving scalar second
order ODEs is via a linearization, we might as well linearize the system of ODEs
and do the decoupling on the linearization level.

In Chapter 7 we showed that a floating point implementation of the shift-
and-invert Arnoldi algorithm, where errors from all steps of the computation
are taken into account, yields computed quantities that satisfy an exact shift-
and-invert Krylov recurrence of a perturbed matrix. Here, the word “Krylov” is
used instead of “Arnoldi” since the computed basis cannot be guaranteed to be

perfectly orthogonal. We showed that the norm of the backward error depends on
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the condition number of the computed Hessenberg matrix H,, and argued that
even if this number is large, the restriction to the most important part of the
recurrence (that is, what is left after purging the small eigenvalues of Hy) can have
a small backward error. For Hermitian matrices A, we showed that there is an
Hermitian backward error AA such that the computed basis V1 spans a Krylov
subspace associated with A + AA. However, as in the case of standard Arnoldi
[44], the small (k + 1) x k matrix associated with this subspace is generally not
the computed Hessenberg matrix. Finally, we defined a new breakdown condition
based on our error analysis. If this condition is met, we could derive a new set of
backward error bounds, which show that an invariant subspace of a perturbed
matrix has been found.

One problem that is interesting to look into is how the results in Chapter 7

can be generalized to pencils A — AB. In this case the perturbed recurrence
(A—ol)(Vi + Fy) = Vi1 H,y,
studied in Chapter 7, has to be replaced by
(A — oB)(float(BVy) + Fi) = Vi1 H,.

Thus a new error, that is, the error from the computation of BV}, has to be taken

into account.



APPENDIX

A

The principal angles and

the gap

A.1 Two results on the principal angles

In this section we prove Theorem 3.2.1 and the equality in (3.5). We need the

following two results; both are well known [41, Section 3.1].

Theorem A.1.1. The singular values o1 > 09 > --- > 0, of a matrix A can be

characterized recursively as follows:

o = max{ [z Ay| : |lzlla = [yl = 1,
xHCL'j:yHyj:Oa j=12,...1—1}

where x; and y; are mazimizing vectors (in fact singular vectors).

Proof. We have |z Ay| < ||z|l2/|All2llyll2 = o1 and z Ay, = oy where x; and 1,
can be any left and right first singular vectors, respectively. Hence the result is
true for i = 1. Set B =Y _, opxyf’ . For any vectors = and y in the ith set above,
we have |z Ay| = |z By| < ||z||2||Bll2l|ly|l2 = 0. Since z1 Ay, = o; for any ith

left and right singular vectors x; and y;, the result follows. |

Theorem A.1.2. The smallest singular value of a p X p matriz A = USVH | is
given by
. H
0, = min max |z"" Ayl|.
" lele= ||y||2:1‘ v
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Proof. Let f denote the right hand side above. We have

/< max [ Ay| = o,
lyllz=1

for any pth left singular vector x,. For any = we can pick y such that [|y|s =1
and VHy = U”x. Hence

f> min |(U2)"SU"2| = min |[w”Sw| = o,.
[|l][2=1 lw|2=1

Let (-, -) denote the A-inner product for some Hermitian positive definite matrix
A, and let || - || be the induced norm. The proof of Theorem 3.2.1 we present is
a straightforward generalization of the proof given in [13] for the standard inner

product. We will make use of the following fact.

Fact A.1.3. Let f : X — R such that f[X] is a closed interval of the real line.
For any decreasing function g : f|X] — R it holds that

o (o 0)) = mipg(7(0) and g (mip 1)) = mac()

zeX zeX rzeX

Proof of Theorem 3.2.1. Cosine is a decreasing function on [0,7/2]. Hence, by
using Fact A.1.3, we see that taking cosine on both sides of the definition of
0;(U, V) yields

cos(0;(U,V)) = max{ |[(u,v)| : ueld, veV ||u|=]v|=1,

(u,uj) = (v,v;) =0, j=1,2,...,i—1}

= [(us; vi)]-
By defining u = Uz, v =Vy and u; = Ux;, v; = Vy; we get

cos(0;(U,V)) = max{ [o"(UTAV)y| : |zl = |lyl2 =1,
alr;=yfy; =0, j=1,2,...,i—1}

= |z (UTAV)yi|.

The result now follows from Theorem A.1.1. [ |

We have the following characterization of the largest principal angle between

subspaces of the same dimension.
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Theorem A.1.4. If p = q, then the largest principal angle is given by

Omax (U, V) = max min £(u,v).

uel veY
lull=1jvll=1
Proof. Using Theorem A.1.2 we get

co8(Omax (U, V)) = 0,(UTAV) = min max [27U" AVy|

zll2=1 llyll2=1
= min max lu? Av| = min max |{u, v)].

u v
[[ul|=1 flof|=1 [[ull=1 [Jv]|=1

Since arccos is a decreasing function on [0, 1], Fact A.1.3 implies that

Omax(U,V) = arccos | min max |(u,v)| | = max arccos | max |(u,v)]
ueld veyY U vEV
ull=1lv]|=1 [[ull=1 llvfl=1

= max min arccos(|(u,v)|) = max min £(u,v).
ueld veY ucel wveV
[[ull=1 [lvfl=1 lull=1lvf|=1

A.2 The gap

In this section we introduce the gap between subspaces of C™ and relate it to the
largest principal angle. As in the previous section, all norms and angles are with
respect to the A-inner product for some Hermitian positive definite matrix A. We
have the following definitions [45, p. 7 and p. 197]:

dist(u, V) = min ||u — v||,
veEV

0 if U =0,
SU,V) =

max dist(u, V) otherwise,
o1

and
gap(U,V) = max (6(U,V),0(V,U)) .

Note that we in general have (U, V) # 6(V,U), so gap # ¢. If dimU = dim V,
however, we will see that it always holds that gap(U,V) = §(U,V) = 6(V,U).

Since we assume that the norm is induced by an inner product, an equivalent
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definition is given by

gap(U,V) = [Py — Py, (A1)

where Py, and Py, are orthogonal projections onto U and V), respectively [31,
Theorem 13.1.1]. From (A.1) we see that the gap is a metric on the set of subspaces
of C". Thus we may talk about continuous subspaces depending on a parameter.
More precisely, we say that U(s) is continuous on I C R, if for each a € I, it holds
that li_I>n gap(U(s),U(a)) = 0.

Vsarignts of the next two lemmas can be found in [73, p. 249-250].

Lemma A.2.1. Let the columns of V and V| be A-orthonormal bases of V and
YV, respectively. If ||lu|| = 1, then sin £(u, V) = ||[VH Aul|.

HIE|

Since VVH A and V| VI A are A-orthogonal projectors onto V and V| , respectively,

Proof. Define

we have
e+ ss =u" AVVHTA+ VIV A)yu = u" Au = 1.

Now, cc and sfs are scalars and equals the squares of 2-norms of V# Av and
VI Av, respectively. By Theorem 3.2.1, cos? § = cf ¢, where 6 is the principal angle
between span{u} and V. It follows that sin 6 = (ss)1/2. |

Using this result we can prove the next lemma.
Lemma A.2.2. If ||u|| =1, then sin £(u,V) = mig |lu — v|| = dist(u, V).
veE

Proof. Let V and V| be as in Lemma A.2.1. Write V7 Ay = w and VI Au = u,
and note that VZAVz =z and VEAVx = 0, for any . We have

{VH} Alu— V) = lﬂ:x} |

Vf U
Further,
v u—x
lu =Vl =|l| 5| Alw=Vz)| =] -
Vi 2 U Iz
which is minimized for z = @, with minimum ||u, ||, = ||V Aul|s. By Lemma

A2.1, |[VH Aully = sin £(u, V). |
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Now, if dimif = dimV > 0, then we have
max dist(u, V) = maxsin<£(u,))
ueU ueU
flull=1 flull=1
= sin max £(u, V)
ucl
flull=1
= sin max min £(u,v)

ueU veY
[lull=1[v]=1

= sinfn.(U,V),

where the first equality follows from Lemma A.2.2; the second from the fact that
sine is an increasing function on [0, 77/2]; the third from the definition of the angle
between a vector and a subspace; and the fourth from Corollary A.1.4. Since
Omax (U, V) = Onax(V,U), we have proved the following theorem.

Theorem A.2.3. If dimU = dimV, then gap(U,V) = (U, V) = sin Opax (U, V).

Now, consider two gap functions gap(-,-) and gap/(-,-) associated with the
norms || - || and | - ||', respectively. (These norms need not be induced by inner

products.) Since all norms on C" are equivalent, there exist « and /5 such that
allull < [lull” < Blull
for any v € C". Using this and the definition of the gap, one can show that
o / s
78U V) < gap'(U, V) < TgapUd, V).

for any two subspaces U,V C C™ [75, Theorem 4.4]. See also [31, Theorem 13.8.3].
Thus, if U(s) and V(s) are two subspaces of the same dimension k, depending on

a real parameter s, it follows that a condition like

B G (U(s), V(s)) = 0

5—00

is independent of which positive definite inner product €. (+, ) refers to.
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B

Roundoff error in complex

arithmetic

Let F denote the set of finite floating point numbers with base § and precision t.
Consider a sum s = &1 +x9+- - -+, where the z;, € F, k = 1:n, and let s denote
the computed sum. Assuming nu < 1, where u = % B17t is the unit roundoff, the

forward error associated with this computation is commonly bounded as

ku
1—ku

n
=8l <> lmel, where =
k=1

Recently, Jeannerod and Rump [43] simplified this bound and showed that

S—sl < (n—1ud |ml, (B.1)
k=1
with no constraints on n. Using this result, they then deduced the following forward

error bound for the computed inner products of x,y € F™:
2"y — float(z"y)| < nulx|"lyl. (B.2)

When using complex numbers, one can often use the rounding error analysis from
the analogous real computation, if one simply redefines the unit roundoff u to
be a slightly larger value. See e.g., [36, Section 3.6]. We now prove that this can
be done for (B.1) and (B.2). For (B.1), the following theorem shows that we can

keep the same v when summing up complex numbers.
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Theorem B.0.1. If neither underflow nor overflow occurs, then (B.1) also holds

for complex floating point numbers, that is, when x, € F +iF for k= 1:n.
Proof. Write xy = ay, + ib;. By (B.1), we have

e (U mi |ak|>2 +((n- mi yb,€|)2

k=1 k=1

((n—1)u \Zrakarbu]
< ((n—1)u) (Z Hak| +z]bk|])

((n—1u (Z!mk]) |

For complex inner product we need to consider complex multiplication. Recently,
Brent, Percival and Zimmermann [15] showed that the forward error for multiplying

two complex number z and w can be bounded as
|zw — float(zw)| < V5|z||wlu. (B.3)

We use this to prove the next theorem.

Theorem B.0.2. If neither underflow nor overflow occurs, then (B.2) also holds

for complex floating point vectors x,y € (F + iF)" if we replace u by v/5u.

Proof. Assume n > 1, otherwise we are done. If we define f, = float(ZTryx) — Tryk,
then (B.3) and Theorem B.0.1 yield

|zHy — float(z%y)| = ‘:L’Hy — ﬂoat(i(fkyk + fk)) ‘

n n
< ’33H3/ — > (@ + fk)’ Y [Tryk + fil
k=1 k=1

< DUl +nu )y (zallyel + 1))
k=1 k=1

<(1+ \/g/n + ux/g)nuz |2k | [y

k=1
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Abel-Ruffini theorem, 105

angle, 29

Arnoldi algorithm, 106-130
breakdown, 128-130
implicit restarting, 123
purging, 124
shift-and-invert, 106-130

Arnoldi recurrence, 106

backward error
Arnoldi recurrence, 117-128
Hermitian, 125-128
eigenpair, 51
eigenvalue, 51
linear system, 109
QR factorization, 113

canonical angle, see principal angle
companion matrix, 24, 93
condition number

nonzero eigenvalue, 65

damped beam problem, 38, 64

damper, see viscous damper

damping matrix, 27

definite GEP, 48, 53-57, 132

differential equation, 9-13, 24, 43-47,
134

discrete damper, see viscous damper

Ehrlich-Aberth method, 52
eigennilpotent, 39
eigenprojection, 39
eigenspace, 9
eigenstructure, 18
eigenvalue, 8
affected by damping, 36
algebraic multiplicity, 18
of zero and infinity, 58
at infinity, 8, 18
defective, 19, 21-22, 39
derivative, 36
finite, 8, 18
geometric multiplicity, 18
regular matrix polynomial, 19
homogeneous form, 55
inclusion regions for QEPs, 33-36
semisimple, 10, 19
simple, 19
unaffected by damping, 36
undamped, 57
eigenvector, 9
smallest imaginary part, 43
elementary divisor, 18
at infinity, 18
elementary transformation, 17

exceptional point, 39

field extension
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pure, 104

radical, 104
Floating point arithmetic, 24-25
flop, 24
forced response, 43

free response, 43

gap, 33, 138-140

Gerschgorin-like disc, 33

Gram-Schmidt orthogonalization,
114-117

IEEE double precision, 25
invariant factor, 17

inverse iteration, 63

Jacobi’s formula, 53
Jordan form, 22, 39

Krylov reccurence, 106

linearization, 22
left companion linearization, 23
of Hermitian matrix polynomials,
133
real, 134

Moébius transform, 21
Mobius transformation, 20, 74
machine precision, 24
mass matrix, 27
singular, 49
matrix polynomial
degree, 8
elementary, 16
equivalent, 17
strictly, 17
strongly, 19
grade, 38

Hermitian, 88

monic, 8
quasi-triangularizable, 73
regular, 8, 18
reversal, 18
self-adjoint, see Hermitian
singular, 18
T-odd, 38
triangularizable, 73
unimodular, 16

modal analysis, 49

mode, 27

nonderogatory matrix, 72, 99

partial multiplicity, 18

partial multiplicity sequence, 19
polynomial eigenproblem (PEP), 9
principal angle, 29, 136-140

Puiseux serie, 38

QR factorization, 113-117
quadratic eigenproblem (QEP), 9
quasi-triangular structure, 14

QZ algorithm, 50, 132

rank, 17

resonance, 12, 131

roundoff error
_axpy, 114
complex arithmetic, 141
floating point operations, 24

matrix-vector multiplication, 129
modified Gram-Schmidt, 114

Schur decomposition, 97-99
singular value, 136-137

sip matrix, 88

Smith form, 17-18

solvable by radicals, 105
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spectrum, 8 Takagi factorization, 32, 43, 45, 63

standard pair, 92

stiffness matrix, 27 unimodular transformation, 17
singular, 49 unit roundoff, 24

structure preserving transformation,
93 viscous damper, 26, 49
SVD of complex symmetric matrix,

see Takagi factorization Wang and Zhao’s algorithm, 53



