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Introduction

Matrix structures are encountered in various guises in a wide variety of mathe-
matical problems from theory, applications and scientific computing. Structures
are the expression, given in terms of the language of linear algebra, of the specific
properties satisfied by the mathematical model.

As an example, the most simple structure widely encountered is the one of
banded matrices where the entries a; ; of a matrix A are zero for [i—j| larger than
a given small constant value & > 0. This kind of structure reflects the locality
features of some functions involved in the model or the local action of some
operators, like derivatives in differential equations or point-spread functions in
image restoration models.

Another example of structure, of particular interest in the world of Internet is
sparsity. Informally, an n xXn matrix is sparse if the number of its nonzero entries
is of the order of n. In complex network analysis like in the social networks, or
in search engines as in the Google PageRank problem, sparsity reflects the fact
that not all the parties involved in the game, say web pages or member of a
social network, are connected to each other but the set of connections starting
from a node is independent of the overall number of nodes.

The analysis of matrix structures concerning both theoretical and compu-
tational properties, is fundamental for designing fast and highly effective algo-
rithms to solve specific problems where the dimension is very large. In fact,
when the size is huge, general purpose algorithms require a CPU time of years
or centuries even by using the fastest super-computers available nowadays. An
example is the PageRank problem where a system of size larger than 10'° must
be solved to sort web pages according to their importance. In this case, Gaussian
elimination would require many billions of years of CPU time, whereas iterative
methods, specifically designed for sparse matrices allow to solve the problem in
real time with a sufficiently good approximation.

Structure analysis is important not only for algorithm design and applica-
tions but also for the variety, richness and beauty of the mathematical tools
that are involved in the research. Significant in this regard is the following sen-
tence from the mathematician Alexander Grothendieck, who received the Fields
medal in 1966: ”If there is one thing in mathematics that fascinates me more
than anything else (and doubtless always has), it is neither number nor size, but
always form. And among the thousand-and-one faces whereby form chooses to
reveal itself to us, the one that fascinates me more than any other and continues
to fascinate me, is the structure hidden in mathematical things.”

A class of important structured matrices is the one of Toeplitz matrices,
characterized by the fact that their entries are invariant under shifts along the
main diagonal direction, are ubiquitous in applications and appear when some
sort of shift invariance property is satisfied by the mathematical objects involved
in the model. They are encountered in many different fields like probability,
statistics, signal processing, image restoration, polynomials and power series
computations, queueing models, stochastic processes, spline interpolation, and
more. We refer the reader to the book [25].



It is nice to discover that the basic polynomial computations like polynomial
multiplication, quotient and remainder, polynomial gcd, can be rephrased in
terms of Toeplitz matrix computation.

A wide literature exists concerning Toeplitz matrices. It covers problems
like the analysis of asymptotic spectral properties, where tools from functional
analysis and operator theory are used; the study of related matrix algebras and
fast discrete transforms; the analysis of preconditioners for the iterative solution
of Toeplitz systems; the analysis of displacement operators, which enable one
to represent the inverse of a Toeplitz matrix in a nice form; the analysis of fast
and superfast algorithms for solving Toeplitz and Toeplitz-like linear systems
with their interplay with Cauchy-like matrices.

Another interesting class of matrices is the class of quasi-separable matrices.
The interest in this class is mainly originated by the fact that the inverses
of banded matrices have this property. Informally speaking, a quasiseparable
matrix is a matrix where all its submatrices strictly contained in the upper
triangular part or in the lower triangular part have low rank. This structure is
more hidden and can be detected with more difficulty.

A wide literature exists concerning this class starting from the pioneering
work of Gantmacher and Krein [37], and arriving at the most recent algorithms
for processing quasiseparable matrices designed by the several research groups
working in this field. For a detailed commented reference list we refer to the
books [65], [66], [34] and to the paper [64].

It is nice to discover that all the companion matrices like Frobenius, colleague
and comrade matrices share this important property.

In this short course we provide an overview of structural and computational
properties of Toeplitz matrices, quasiseparable matrices and of related matrix
structures. Some example of their applications are given. Concerning Toeplitz
matrices we describe their asymptotic spectral properties, their interplay with
FFT and trigonometric matrix algebras including e-circulant and triangular
Toeplitz matrices, the concept of displacement rank, the Gohberg-Semencul-
Trench inversion formula, algorithms for solving Toeplitz systems, the interplay
between Toeplitz matrices and Laurent power series.

Applications are shown in the fields of polynomial computations, stochastic
models, image restoration, preconditioning, solving matrix equations. We also
describe a recent application to compute the exponential of a block triangular
block Toeplitz matrix.

Concerning quasiseparable matrices, we will recall the main properties, then
we focus the attention to companion - like matrices and present some recent
results concerning certain linearizations of matrix polynomials.

The spirit of this note is to give the flavor of the available results with
pointers to the literature.

Notations

Throughout, given a field F and positive integers m,n we denote by F"**™ the
linear space of m x n matrices with entries in F. The set F*! of m-dimensional



column vectors is denoted more simply by F”. For our purposes F is limited
to the real field R or to the complex field C. The symbol i isb the complex
unit such that i2 = —1. We denote AT the transpose matrix of A and A* the
transpose conjugate, where the conjugate of the complex number z = a + ib is
zZ =a — ib for a,b € R. The identity matrix is denoted by I; if the size n is not
clear from the context we use the symbol I,.

Moreover we use p(A) for the spectral radius of the matrix A, i.e., the maxi-
mum modulus of the eigenvalues of A, while ||z||cc = max |z;|, ||x]l2 = /D |z:|?
are the infinity norm and the 2-norm, respectively. The matrix operator norms
induced by the vector norms ||+ ||« and ||-||2 are given by || Al|cc = max; Zj la; 51,
lA]l2 = \/p(A*A), respectively.

We also denote by T = {z € C: |z| = 1} the unit circle in the complex
plane.

Given two matrices A = (a, ;) and B = (b; ;) we set C' = A® B for the block
matrix with blocks a; ; B. The symbol ® is called the Kronecker product.

Finally, given a function f : 7 — C, we define esssup f(x) the sup of f(x)
up to a set of measure zero. The same we do with essinf f(x).



Chapter 1

Toeplitz and Toeplitz-like
matrices

1.1 Introduction

Given the (2n + 1)-tuple (a—n,...,a0,...,ay,) the matrix T = (¢; ;) € F**7",
such that ¢; ; = a;_; for 4,5 = 1,...,n is said a Toeplitz matriz. A Toeplitz
matrix has equal entries along its diagonals. An example of Toeplitz matrix is
shown below

ao ay az as

a-1 Qo ap az

a_o9 a_1 ag aq

a_3 a—_o2 a_1 Qo

Given a formal Laurent series a(z) = Loioo a;z*, we may associate with
a(z) the sequence of nxn Toeplitz matrices {T}, },, such that T,, = (a;—;)s j=0,n—1-
This sequence is formed by the n x n leading principal submatrices of the semi-
infinite matrix T = (aj—i)i jen

The following classical result has been given by Otto Toeplitz (see Bottcher

and Grudsky [24])

Proposition 1. The semi-infinite matriz T defines a bounded operator in the
space (?(N) of semi-infinite sequences over F = C if and only if the numbers
ay, are the Fourier coefficients of some function a(z) : T — C such that a(z) €
L>°(T). The norm of the operator is

[T]loo = ess sup.erla(2)]

The function a(z) is called symbol.

1.1.1 Block matrices

For the sake of notational simplicity sometimes it is convenient to represent
matrices in terms of blocks. Given m x m matrices A;; = (a&fg”), i,j =



1,...,n we denote A = (A, ;) the mn x mn matrix whose entries are given by
Q= 1)mtr,(j—1)m+s = a&f’sj), where a&f’sj) denotes the entry of A7) in position
(r,s). For instance,

aii’ oy apy? el

Y {Am Am} I SRR PR e S
Az Azp af’l) afél)aff) aféz)
asi’ ags | afy? 0y

We say that A is an nxn block matrix with m xm blocks. Block matrices are
encountered in the mathematical models related to higher dimensional spaces.

Given the (2n+1)-tuple (A_,, ..., Ag, ..., A,) of m xm matrices the matrix
T € F**", T = (T;;) such that T; ; = A;_; for i,j = 1,...,n is said a Block
Toeplitz matriz.

Similarly to the case of Toeplitz matrices, a matrix valued function A(z) :
T — C™*™ such that A(2) = 3.7°° __ A;2" is its Fourier series defines an infinite
block Toeplitz matrix and a sequence {1, } of n x n block Toeplitz matrices with
m x m blocks.

If the blocks Ay, k € Z are Toeplitz matrices themselves, then the matrix
T = (Aj_;) is said a block Toeplitz matriz with Toeplitz blocks. A function
a(z,w) : T x T — C such that a(z,w) = S7° _S"F% 4, 2"w® is its Fourier
series, generates a semi-infinite block Toeplitz matrix with semi-infinite blocks
T = (Tj-i)ijen, Tr = (arj—i)ijen-

For any pair of positive integers (m,n) the n x n block Toeplitz matrix with
m X m blocks T}, ,, is derived from the symbol a(z, w).

For instance, the celebrated discrete Laplacian matrix

A I 4 -1
- A . -1 4

R I |
-1 A -1 4

is a block Toeplitz matrix with Toeplitz blocks associated with the symbol
a(z,w)=4—2z—2"t—w—wh

Similarly, we may inductively define multilevel Toeplitz matrices formed by
block Toeplitz matrices whose blocks are in turn multilevel block Toeplitz ma-
trices. This kind of matrices are encountered in the mathematical modeling of
multidimensional problems.

A function a : T — C having the Fourier expansion
—+o0

_ E o b2 0d

a(xlvx%“wxd) - a11712,--~,1dxi1xi2 xid

11,..0,8d=—00

defines a d-multilevel Toeplitz matrix: that is a block Toeplitz matrix with
blocks that are themselves (d — 1)-multilevel Toeplitz matrices



1.1.2 Banded matrices

A matrix A = (a; ;) is banded with bandwidth (h,k) if a;; = 0 for j —i > k
or i —j > h. A block matrix A = (4, ;) is banded with bandwidth (h, k) if
A;j=0for j—i>kandfori—j>h.

Observe that if the symbol a(z,w) is a Laurent polynomial, i.e., a(z,w) =
Efth Eq:ﬂ, arsz"w® for h,k,p,q > 0, then the associated block Toeplitz
matrix with Toeplitz blocks is block banded with banded blocks.

1.1.3 Toeplitz-like matrices

Let L; and U; be lower triangular and upper triangular n x n Toeplitz matrices,
respectively, where ¢ = 1,...,k and k is independent of n then

k
A=>"LU;
=1

is defined Toeplitz-like matrix.
In particular, if K = 2, Ly = I, Uy = I the above expression provides a
Toeplitz matrix.

1.2 Applications of Toeplitz matrices

In this section we briefly report on some applications of Toeplitz matrices. We
deal with polynomial arithmetic, queuing models, image restoration and the
numerical treatment of partial differential equations.

1.2.1 Polynomial arithmetic

Polynomial multiplication can be rephrased in terms of the product of a rect-
angular banded Toeplitz matrix and a vector as follows.

Let a(z) = Y iy a;z’, b(z) = Y7* bz, be two polynomials and let ¢(z) :=
a(x)b(x), c(z) = 3" ¢z’ be their product.

Relating the coefficients of a(x),b(x) and ¢(z) one finds that

co = agbo
c1 = agby + aiby
Cy = aobg + a1b1 + a2b0



which can be rewritten in matrix form as

Co ao
C1 ay ap
bo
b1
= |an aop .
aq bm
_cm+n i L a”n_

Similarly the computation of quotient and remainder of the division of two
polynomials can be rewritten in the form of Toeplitz matrices.

If a(z) = >0y aix’, b(z) = /%, bia?, by, # 0 are polynomials of degree n
and m, respectively where n > m, denoting g(x) the quotient of the division of
a(x) by b(x) and r(x) the remainder of this division, one has that the degree of
q(z) is n —m while the degree of r(z) is at most m — 1.

Rewriting the relation a(x) = b(x)q(x) + r(z) in matrix form yields

[ao ] [ bo | _ i
al bl bO ’]"0
: 90 :
q1
Wl = by, bol | Lo+
bl dn—m .
: | 0 |
Lan ] bon

Observe that the last n —m + 1 equations form an upper triangular Toeplitz
system
b7n

bm—l b2m—n

qo0 (€279
bm q1 Am+1
bm,—l
b qn—m Qp
Its solution provides the coefficients of the quotient.
The remainder can be computed as a difference:
o aop bo o
Tm—1 Gm—1 bmfl bO dn—m

For the sake of simplicity the above matrix has been written in the case where
n—m=m-—1



Also the polynomial greatest common divisor (ged) can be easily rewritten in
matrix form involving Toeplitz matrices. Recall that, by the Bézout identity, if
g(z) = ged(a(x), b(x)), deg(g(x)) = k, deg(a(z)) = n, deg(b(x)) = m then there
exist polynomials r(x), s(x) of degree at most m —k — 1, n — k — 1, respectively,
such that

9(w) = a()r(x) + b(x)s(x).

Rewriting this expression by rephrasing polynomial products in terms of
Toeplitz matrix-vector product, one finds the following (m+n—k) x (m+n—2k)
system

ao bo 1T To T 'go'
ai ap b1 bo 81 .
9k
. . Tm—k—1
Qn, T oap bm bO “ = 0
S0
aq . . . . bl S1
L Qn bm 1 LSn—k-1] - 0 -

The matrix described in this system is called Sylvester matriz
The last m 4+ n — 2k equations provide a linear system of the kind

where S is the (m+n —2k) x (m+n — 2k) submatrix formed by the m+n — 2k
rows of the above Sylvester matrix. This matrix is formed by two Toeplitz
matrices.

1.2.2 The Wiener-Hopf factorization: solving queueing
problems
Another interesting application concerns infinite Toeplitz matrices. Let a(x), b(x)

be polynomials of degree n, m with coefficients a; and b;, respectively. Define
the Laurent polynomial, that is a polynomial in  and in 2™, given by

clx) = Z cix’ = a(z)b(z™1).

i=—m
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Figure 1.1: The shortest queue problem

Then one can verify that the following infinite UL factorization holds

¢ c bm
o b b
ao . an m—1 'm
Co Cn
= ao an 3
Cem bo

where the first factor U is an infinite upper triangular Toeplitz matrix and the
second factor L is an infinite lower triangular Toeplitz matrix.

If the zeros of a(x) and of b(z) lie in the unit disk is called Wiener-Hopf
factorization. Wiener-Hopf factorizations are encountered in many applications,
see for instance [44], [16].

The Wiener-Hopf factorization can be defined for matrix-valued functions
O(x) = 3°°  Cya?, Oy € C™*™ in the Wiener class, i.e, such that 37> __||Cy|| <

00, provided that det C'(z) # 0 for |z| =1 [25].
A canonical Wiener-Hopf factorization takes the form

C(z)=A(@)B(z™"), A(x)=) a'A;, B(x)=) B’
=0

=0

where A(x) and B(x) have zeros in the open unit disk.
Its matrix representation provides a block UL factorization of the infinite
block Toeplitz matrix (C;_;)

Co O ... Ao A .. B,
C_l CO Cl = AO A1 B_l BO

Computing canonical Wiener-Hopf factorizations is fundamental in the so-
lution of many queuing models [16].

An example of application to queueing model is given by the shortest queue
problem.



The problem: There are m gates at an exit of a highway. Cars arrive, join
a line, pay the toll and exit the highway according to the following rules

e at each instant « cars arrive with a known distribution probability p(«)
e cach car follows the shortest line
e at each instant a car leaves the gate

The question is to determine the probability that there are ¢ cars in the line
waiting to be served. This model is close to the important model which defines
the wireless IEEE 802.11 protocol used in the wireless connections of a home
network.

Denoting p; ; the probability that after one instant of time the length of the
queue changes from ¢ to j then p; ; = a;_; if ¢ > m, that is if there are at least
m cars in the queue, where aj, is the probability that k£ + m cars arrive so that
0<ap<1,%5. ar=1 a;,=0fork<—m.

The problem turns into an infinite eigenvalue problem of the kind

TP =nxT,

7 € RV is a probability vector, i.e., S m; =1, m; > 0, and P = (ps;) is almost
Toeplitz in generalized upper Hessenberg form

bi1 big

bm,l bm,2
P=1q ar  az
ao ay

where b; ; are suitable boundary probabilities. This matrix can be partitioned
into m x m blocks as follows

By, B, By
A_l Ao Al
P =

0 A A

Removing the first block row and the first block column of the above matrix
yields the block Hessenberg block Toeplitz matrix

Ay A A
~ A1 Ao Ay
P =

0 A

10



The Wiener-Hopf factorization of P — I allows to solve easily the problem
7(P—1I) = 0 where 7 in turn is partitioned in subvectors 7O 7M. of length
m. In fact, assuming that 7(9) is known, then the computation of 7(9 for i > 0
is reduced to solving two block triangular Toeplitz systems. The computation
of 7 can be performed by using suitable formulas [16].

The Wiener-Hopf factorization of P — I takes the following form

Uy Uy ... I
N , -G I
P—I= Uy U - -G I

where G is the solution of the following matrix equation
“+o0
X=)> AX'
i=—1

having nonnegative entries and spectral radius p(X) = 1.
A way for solving this equation is to reduce it to the following infinite linear
block Toeplitz system

AO Al AQ G —A_l
Ay Ay A ] |G? 0

Ay Ay |G = 0

1.2.3 Image restoration

Another interesting application concerns blurring and deblurring models in dig-
ital image restoration. Here one assumes that the blur of a single point of an
image is independent of the location of the point, that is, it is shift invariant,
and is defined by the Point-Spread Function (PSF). This function has compact
support, in fact, a point is blurred into a small spot of light with dark (null
value of the function) everywhere except that in a small neighborhood of the
point.

The relation between the blurred and noisy image, stored as a vector b and
the real image, represented by a vector x has the form

Tx = b — noise

Due to the shift invariance of the PSF, T is block Toeplitz with Toeplitz
blocks. Due to the local effect of the blur, the PSF has compact support so that
T is block banded with banded blocks.

Typically, T is ill-conditioned so that solving the system Tx = b obtained
by ignoring the noise provides a highly perturbed solution

11



For instance the PSF which transforms a unit point of light into the 3 x 3

12 1
square {2 3 2} leads to the following block Toeplitz matrix

2 1
B A
A B A
ro L -
Bk S
A B A
A B
where
2 1 3 2
1 2 1 2 3 2
A: s B:
1 2 1 2 3 2
1 2 2 3

This way, restoring a blurred image is reduced to solving a block banded
block Toeplitz systems with banded Toeplitz blocks. According to the boundary
conditions assumed in the blurring model, the matrix can take additional specific
structures.

1.2.4 Differential equations

The numerical treatment of linear partial differential equations with constant
coefficients by means of the finite difference technique leads to linear systems
where the matrix is block Toeplitz with Toeplitz blocks

For instance the discretization of the Laplace operator Au(x,y) applied to
a function u(z,y) defined over [0,1] x [0,1]

62u 8211, 1 2
—Au(z,y) = *(@ + T?Jg) = ﬁ(‘lui,]’ = Uit1,j — Ui—1,j — Ui j+1, —Uij—1) + O(h%)

for x; = ih, y; = jh,i,j =1,n, h=1/(n+ 1), leads to the matrix

A -1 4 -1

- IR |
-1 A -1 4

that is a block Toeplitz matrix with Toeplitz blocks associated with the symbol

a(z,y) =@ —z—at—y—y ).

Similarly, the discretization of the three dimensional Laplacian g—g + g—Z + ?TZ
leads to a block tridiagonal block Toeplitz matrix whose diagonal blocks are
block tridiagonal block Toeplitz matrices with tridiagonal blocks.

12



1.3 Asymptotic spectral properties

Here we consider spectral properties of real symmetric (or complex Hermitian)
matrices defined by a symbol a(z) : T — F. For the sake of simplicity denote
z=2(0) = cosf +isinf € T so that we can view the symbol a(z) as a periodic
function of 6 defined over [0,27] by 6 — a(z(0)). With abuse of notation, we
write a(f) for a(z(0)).

Let f(z) : [0,27] — R be a Lebesgue integrable function. We say that a
sequence of sequences {)\En)}izl,n;neN € RY is distributed as f(z) if

) 1 n (n) B 1 27
Jm O = o | F@)a

for any continuous F'(z) with bounded support.

As an example, consider the sequence formed by the values of f(z) sampled
at equally spaced points in [0, 27] given by )\Z(.") = f(2ir/n), i =1,...,n, and
let n € N. Then it is easy to see that {/\gn)} is distributed as f(x).

The following result was given by Szegd [45] for functions in L and ex-
tended by Tyrtyshnikov and Zamarashkin in [61] to functions in L!([0,27]).
Throughout, essinf f(8) and esssup f(0) denote the essential inf and the essen-
tial sup of a function f(6), that is, the inf and the sup up to a zero measure
set.

Proposition 2. Let the symbol a(f) : [0 : 27] — R be a real valued function
belonging to L*([0,27]) and let T,, be the sequence of Toeplitz matrices associated
with a(f). Denote my = essinff(x), My = esssupf(z) and denote /\En) the
eigenvalues of T,, sorted in nondecreasing order. Then

1. T, is real symmetric;

2. ifny < My then )\gn) € (myg, My) for anyn and i =1,...,n; if my = My
then f(x) is constant and T, (f) = myl,;
(n)

3. limp oo AU = myp, limp oo AYY = My;

4. the eigenvalues sequence {)\gn), cee ,\;")} are distributed as a(6)

A suggestive interpretation of the above result is as follows: a suitable order-
ing of the eigenvalues /\g»n)7 j=1,...,n, can be seen as an approximation of the
function f(z) sampled on an equispaced grid on the domain [0, 27). Therefore,
it is evident that the symbol f(x) provides information on the definiteness of
the matrices of the matrix sequence, on their inertia (number of positive and
negative eigenvalues), on their conditioning.

In fact, as a consequence of the above results we find that

e essinfa(z) > 0 iff T,, is positive definite for all n € N

13



Figure 1.2: In this figure, the eigenvalues of the Toeplitz matrix T, associated with
the symbol f(0) = 2—2cos 6 — 5 cos(26) have been plotted (in red) for n = 10, n = 20,
together with the graph of the symbol (in blue). One can see that as n grows, the
values )\E") for i =1,...,n tend to be shaped as the graph of the symbol.

e if a(z) > 0 the condition number pu(™ = [T ||o|[(T™)~ || of T™ is
such that lim,, s u(™ = ess SUPgeo,2-1a(f)/ess infoejo ama(f)

e a(f) > 0 implies that 7 is uniformly well conditioned
e a(f) =0 for some € implies that lim,, o fn = 00

A similar property (Avram-Parter theorem [6], [55]) holds for singular values.
The requirement that f(z) is in L° given in the original result of [55] has been
relaxed by Tyrtyshnikov.

Proposition 3. If the symbol f(0) is L then the singular values of the complex
matrices T, are distributed as |f(9)].

The same asymptotic property holds true for
— block Toeplitz matrices generated by a matrix valued symbol A(9),
— block Toeplitz matrices with Toeplitz blocks generated by a bivariate symbol
a(ela 92)7

— multilevel block Toeplitz matrices generated by a multivariate symbol a(61, 6, . ..

— singular values of any of the above matrix classes

In particular the following result holds

Proposition 4. Let the symbol f(0) : [0 : 27]? = R, 0 = (04,...,04) be a real
valued function belonging to L'([0,27]%) and let T, be the sequence of multilevel

14
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Toeplitz matrices of size n := (ny,na,...,nq) associated with f(#). Denote
my = essinff(x), My = esssupf(x) and denote )\En), i=1,...,N(n)= Hle n;

the eigenvalues of T, sorted in mondecreasing order. Then

1. T, s real symmetric;

2. ifny < My then /\EH) € (myg, My) for any (n1,...,nq) andi=1,...,N(n);
if my = My then f(0) is constant and T, = msIy(n);

3. Timy, oo A = my, Timy, o ALY

o fori=1,...,d;

= My, where n — oo means that n; —

4. the eigenvalues )\(1n)7 ey )\g\?()n) are distributed as f(0) in the sense that

N(n) 2m 2m
. 1 Z (n) 1
Jj=1

for any continuous real function F(x) with bounded support.

The same results hold true for the product A4, = P, 'T,, where T}, and P,
are multilevel Toeplitz matrices of size n = (ny,...,nq) associated with symbols
a(9), p(0), respectively.

In particular the following result holds

Proposition 5. Let f(x) and p(x) be integrable functions in [0,27]¢, assume
that p(z) is nonnegative and not identically zero. let n = (nq,...,nq), N(n) =
H?Zl n;. Consider the sequence of multilevel Toeplitz matrices T,, and P, as-
sociated with f(x) and p(z), respectively, and denote /\;n) the eigenvalues of
G, = Pn_lTn sorted in non decreasing order. Let r and R be the essential
infimum and supremum of f(x)/p(x), respectively. Then

1. for r < R, )\gn) € (nR) for any n and j = 1,...,N(n); forr = R

2. limy 00 A™ =1, lim, 00 AU = R;
3. the eigenvalues )\(1”), cees )\S\T,L) are distributed as f(6)/g(0) in the sense that

N(n) o o
im P 1
1 Y = . F . e dfy.
nl—>oo N(n) Z (/\J ) (27T)d /O 0 (f(alv ,04))do; dfq

J=1

This property is crucial for preconditioning in order to reduce the condition
number of Toeplitz matrices. More precisely, given a(x) > 0 such that a(fp) = 0
for some 6, then according to the previous proposition the condition number
grows to infinity as n — co. However, if there exists a trigonometric polynomial
p(0) = E?szpk cos(kf) such that p(8) > 0, p(6y) = 0, and limg_,g, a(0)/p(6) #

15



0 then the function f(0) = a(6)/p(0) is such that essinf f(z) > 0 so that P, T,
has condition number uniformly bounded by a constant. This way the system
Ax = bwhich is ill conditioned, can be replaced by the equivalent preconditioned
system P, Az = b which is better conditioned.

Further properties concerning the behavior of the extreme eigenvalues can
be proved.

The above results hold true for multilevel Toeplitz matrices associated with
a symbol f(xq,...,24) : T = R.

1.4 Some matrix algebras

From the computational point of view, Toeplitz and block Toeplitz matrices are
easily manipulated by relying on certain matrix algebras and on their associated
trigonometric transforms.

We recall the main trigonometric transform related to Toeplitz computa-
tions.

1.4.1 Trigonometric transform

In the framework of trigonometric transforms the lion role is played by the Dis-
crete Fourier Transform (DFT) and by the fast algorithms for its computation
known as Fast Fourier Transform (FFT) algorithms.

Discrete Fourier Transform

Let w, = COS%7r + g'sin%r be a primitive nth root of 1, that is, such that
wl' =1and {1,w,,...,w? '} has cardinality n. Define the n x n matrix Q,, =
(wfj)m:o,n_l, F, = %Q From the properties of the nth roots, one can easily
deduce that FF, = I that is, F), is a unitary matrix.

We say that y is the DFT of a vector x € C" and write y = DFT(z) if
y =10 Since Q' = 1Q7 we also write z = IDFT(y) = Qy for the Inverse
Discrete Fourier Transform.

Since the matrix F, is unitary then ||F,|2 = ||F,f||2 = 1, that is, the condi-
tion number condy(F},) = ||F,|l2||F; |2 of F, is 1. This shows that the DFT
and IDFT are numerically well conditioned when the perturbation errors are
measured in the 2-norm.

If n is an integer power of 2 then the IDFT of a vector can be computed with
the cost of %nlogQ n arithmetic operations (ops) by using, say, the Coley-Tukey
or the Sandey-Tukey FFT algorithm. A similar complexity bound holds for the
DFT.

The Cooley-Tukey algorithm is backward numerically stable in the 2-norm.
That is, for x = IDFT(y), if T is the vector obtained by performing the Cooley-
Tukey algorithm in floating point arithmetic with precision p, then ||z — 7|2 <
pwy|lx||2 logy n for a moderate constant ~y [46].
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The norm-wise well conditioning of DFT and the norm-wise stability of FFT
algorithms make this tool very effective for most numerical computations.

Unfortunately, the norm-wise stability of FF'T does not imply the component-
wise stability. That is, the inequality |z; — ;| < pvy|z;|logs n is not generally
true for all the components x;.

This is a drawback of DFT and of FFT when numerically used for symbolic
computations since, in order to guarantee a sufficiently accurate relative preci-
sion in the result, one has to choose a suitable value of the machine precision
of the floating point arithmetic whose value depends on the ratio between the
maximum and the minimum absolute value of the output. This fact implies
that the complexity bounds are depending on this ratio. When using FFT in
this framework one should be aware of this fact.

There are algorithms for computing the DFT in O(nlogn) ops whatever is
the value of n.

The DFT and FFT can be defined over finite fields where there exists a
primitive root of 1. For instance, Z7 is a finite field and 3 is a primitive 16th
root of 1. DFT and FFT can be defined over certain rings.

Working with block matrices, it is useful to define the DFT and the IDFT of
block vectors. If Y, ..., Y, are m x m matrices, denoting y = (Y;) the nm x m
matrix (block column vector) formed by the blocks Y;, we write 2 = IDFT(y)
for o = (X;), Xi = Y125 wid V.

By using the Kronecker product notation, one has IDFT(y) = (2, ® I,,)z.
Similarly, one defines the DFT.

The sine transform

The n x n matrix S = (4/ n%rl sin 74} is orthogonal, that is STS = I. The sine

n+1
transform & — y = Sz can be computed in O(nlogn) ops if n+ 1 is an integer
power of 2.
There are 8 different types of sine transforms, see [32].

The cosine transforms

The n x n matrix C = (\/%cos %) is orthogonal, that is CTC = I
and defines the cosine transform x — y = Cz. There are 8 versions of cosine
transforms which can be computed with fast algorithms in O(nlogn) ops. For
more details see [32].

The Hartley transform

i i 22
xr — y = Hx is called Hartley transform. The Hartley transform can be com-
puted with O(nlogn) ops. For more details see [13].

The matrix H = ﬁ(cos )i,j=0,n—1 is orthogonal, the application
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1.4.2 Circulant matrices and FFT

Given the row vector [ag, a1, ...,a,—1], the n X n matrix
ag ai N Ap—1
ap—1 Qo
A= (aj—i mod n)i,j:l,n =
ai
ay Gp—1 Qg
is called the circulant matrix associated with [ag,a1,...,a,—1] and is denoted
by Circ(ag, ai, ..., an_1).
A circulant matrix is fully defined by its first row T = [ag, a1,...,a,_1] or

its first column ¢ = [ag,an_1,...,a1]T. Any other row or column is obtained
from the preceding one by applying a cyclic permutation to its elements: the last
element is moved to the first position and the remaining ones are shifted by one
position. With S denoting the circulant matrix associated with [0, 1,0, ..., 0],
ie.,

01 0 ...0
0 0 1
S = ol (1.1)
0 1
|1 0 ... 0 O]

it can easily be verified that
n—1
A=) a8 (1.2)
i=0

That is, any circulant matrix can be viewed as a polynomial in S.

Given polynomials a(z) = Z?:_Ol a;xt, b(x) = Z?:_Ol b;xt, define the circulant
matrices A = a(S), B = b(S) and set C = AB. Since the minimal polynomial
of S is ™ — 1, one finds that C = ¢(S) where ¢(z) = a(z)b(z) mod ™ — 1.
That is, circulant matrices form a commutative matrix algebra isomorphic to
the set of polynomials of degree less than n with the product modulo z™ — 1.

By direct inspection one finds that

SQ, = Q, Diag(1,@,,©2,...,0"1);

n

multiplying the latter expression on the left by %Qn yields
%Qnsﬁn = Diag(1,@,,@>2,..., @ b);

moreover, taking the conjugate transpose of both sides, we find
%QnSTﬁn = Diag(1,wn,w?, ..., w1,

since ), is symmetric. From the above two equations and (1.2) we deduce the
following property
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Proposition 6. If A is a circulant matriz with first row rT and first column c,
then

1
A = —Q, Diag(w)Qy,
n

where w = Q,¢c = Q,r.

An immediate corollary of the theorem above is that we can compute the
product Az of an n x m circulant matrix A and a vector x by means of two
IDFTs of length n and a DFT. In fact, the above result can be rephrased in the
form

Az = DFT, (IDFT,(c) * IDFT,(x)) (1.3)

where “x” denotes the Hadamard, or component-wise product of vectors.
From Proposition 6 we also find that the product of two circulant matrices

is still circulant and the inverse of a nonsingular circulant matrix is circulant.
The definition of circulant matrix is naturally extended to block matrices.

Definition 1. Given the block row vector [Ag, A1, ..., An—1] where A;, i =

0,...,n—1, are m x m matrices, the n x n block matrix
Ay A ... A,
A,1 A :
A= (Ajfi mod n)i,j:l,n - . ! 0
: - - Ay
Ay ... A1 A
is called the block circulant matriz associated with [Ag, A1, ..., An—1] and is
denoted by Circ(Ag, A1,,..., Apn_1).
Similarly to the scalar case we have
n—1 .
A=) "5"® A, (1.4)
i=0

and Proposition 6 is generalized to the following property

Proposition 7. If A is a block circulant matriz with first block row r™ and with
first block column ¢ we have

1
A=~ (@ ® L) Diag(Wh, ..., Wo) (20 @ L)

where
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Like circulant matrices, the class of block-circulant matrices is closed under
matrix multiplication and inversion.
Equation (1.3) becomes

Az = DFT, (IDFT,(c) * IDFT, (z)) (1.5)

where ¢ is the first block column of A, which shows that one can compute the
product Az of an n x n block circulant matrix A and a block vector & with block
components of size m X p by means of two block IDFTs and one block DFT of
length n, and n products of m X m times m X p matrices.

We synthesize (1.3) and (1.5) with Algorithm 1 for multiplying a block cir-
culant matrix and a block vector. For m = p = 1, the algorithm reduces to the
scalar case.

Algorithm 1 Block circulant matrix-vector product

INPUT: Positive integers m,n,p, where n = 2%, k a positive integer, the n-
dimensional block vector ¢ = (C;)i=0,n—1 With m x m block components which
is the first block column of the block circulant matrix A, and the n-dimensional
block vector x = (X;)i=0,n—1 With m x p block components.

OuTpUT: The block vector y = Az = (Y;)i=0,n—1-

COMPUTATION:
1. Compute w = (W;)i=o,n—1 = IDFT,,(c).
2. Compute v = (V;)i=0,n—1 = IDFT,,(x).
3. Compute the matrix products U; = W;V;, i =0,2,...,n— 1.

4. Compute y = DFT,,(u) for u = (U;)i=0,n—1-

The cost of computing y, given x and c is clearly O((m+ p)mn logn+nm?p)
ops. If the elements of ¢ are real, then it follows that W7 and W,, /5, are real
and that W; = W,,_;40, i = 2,...,n/2. The same property holds for the block
components V; of v if  is real. Thus, if both ¢ and x are real, then u also has this
property and the computation of U;, i = 1,2,...,n, is reduced to computing
two products of real matrices and n/2 — 1 products of complex matrices. Since
a product of complex matrices can be performed with three multiplications and
five additions of real matrices, the overall cost of stage 3 is 3(n/2 — 1) + 2 real
matrix multiplications between m x m and m x p matrices, n/2 — 1 additions
of m x m matrices, and 4(n/2 — 1) additions of m x p matrices. Therefore for
a real input the cost of Algorithm 1 is

n(3m?p +m(m + 3p)/2)) + g(m2 + 2mp)nlogn (1.6)

ops up to lower order terms. If m and p are large enough, the dominant part of
the complexity is 3m2np. By using the customary algorithm for a matrix-vector
product the cost would be 2m?2n2p ops.
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The inverse of a block circulant matrix A can be easily computed by means
of

? n—1

1 —
Al = ~ (@ ® Iy) Diag(Wy t, ., Wi (0 @ Iy).

In fact, it is enough to compute the first block column of A~! given by

. Wyt
Y ==-(Q,91,)
- :
w1

Algorithm 2 synthesizes this computation

Algorithm 2 Inversion of a block circulant matrix

INPUT: Positive integers m,n, where n = 2F, k a positive integer, the n-
dimensional block vector r = (A4;)i=0,n—1 with m xm block components defining
the first block row of the block circulant matrix A.

OuTpUT: The block column vector Y = (Y;) defining the first block column of
AL
COMPUTATION:

1. Compute w = (Wi)i:o,n—l = IDFTn(C), Cc = (CZ), CZ = An—i—l-

2. Compute V; =W, i=0,....,n—1.

3

3. Compute y= (n)i:o,n—l = DFTW(U)v U= (‘/7)

The cost of Algorithm is O(m?nlogn + nm?).

1.4.3 z-circulant matrices

A generalization of circulant matrices is provided by the class of z-circulant
matrices.

Definition 2. Given a scalar z # 0 and the row vector [ag,aq,...,an—1], the
n X n matric
aon aq N Ap—1
A Z20n—1 ag
ay
zZay Lo Z2Qp—1 ap
is called the z-circulant matriz associated with [ag, a1, ..., an—1].

Observe that a z-circulant matrix is fully defined by z and by the elements in

its first row rT = [ag, a1, . . ., @, _1] or in its first column ¢ = [ag, za,_1, ..., za1]T.
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We denote by S, the z-circulant matrix whose first row is [0, 1,0,...,0], i.e.,

01 0 ...0
0 0 1
S, = o0 |
0 . 0 1
Lz 0 ... 0 0|
and we easily verify that

n—1

A=>"a;S.. (1.7)
i=0

That is, any z-circulant matrix can be viewed as a polynomial in S, .
It is simple to verify that

S.n =2D,SD;', D, =Diag(l,z,2%,...,2""),

where S is the circulant matrix in (1.1). Therefore, if A is z™-circulant, from

(1.7) we deduce that
n—1
A=D, (Z aizi5i> D;l
i=0

where Z?;Ol a;2'S" is circulant. Whence, from Proposition 6 we obtain the
following

Proposition 8. If A is the 2z"-circulant matriz with first row r* and first
column c then

1
A= =D.Q, Diag(w)Q,D; !,
n
with w = Q,D,r = Q,D; c.

The above theorem states that, like circulant matrices, all the matrices in
the z-circulant class can be simultaneously diagonalized by means of a combi-
nation of DFT and diagonal scaling with the integer powers of z. Therefore,
for any given z, z-circulant matrices are closed under matrix multiplication and
inversion.

The extension to block matrices trivially applies to z-circulant matrices.

Definition 3. Given a scalar z # 0 and the block row vector [Ag, A1, ..., Apn_1],
the n x n matriz
A Ay . An_q
A= ZAn—l AO ;
. - . A1
ZA1 cee ZAn,1 AQ
is called the block z-circulant matriz associated with [Ag, A1, ..., An—1].
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The analog of Proposition 8 for block z-circulant matrices is stated below.

Proposition 9. If A is the block z™-circulant matriz with first block column c
and with first block row [Ag, A1, ..., An_1], then

1 — . _
A= E(Dz 02y Im)(Qn & Im) Dlag(w)(gn @ I’m)(Dz ! 02y Im);

where
Ao
w= (2, ®1,)(D, ® I, : = (0 @ L) (D' @ Iy e
An—l
Likewise the case of circulant matrices, the product of a z-circulant matrix
and a vector can be performed by means of FFT in O(nlogn) ops. Similarly,
the product of a block z-circulant matrix with m x m blocks and a block vectors

can be performed with O(m?nlogn + nm?) ops.
The inverse of a block z-circulant matrix A is given by

A1 = %(DZ © I0) (@, © I) Diag(@)(Q @ L) (D2 ® L),
w=Wh, w=W)

3

where w is defined in Proposition 9.
The first block column of A~ is given by

1 . e~ —~
(D2 @ L) © L), @ = (W), Wi =W,

This expression provides an algorithm for inverting a z-circulant matrix which
is reported in Algorithm 3

Algorithm 3 Inversion of a block z-circulant matrix

INPUT: Positive integers m,n, where n = 2% k a positive integer, the n-
dimensional block vector r = (A4;)i=0,n—1 With m xm block components defining
the first block row of the block z-circulant matrix A,

OuTpUT: The block column vector Y = (Y;) defining the first block column of
AL
COMPUTATION:

1. Compute w = (W;)i=o,n—1 = IDFT,(c), ¢ = (C;), C; = Ap—i—1.

2. Compute V; =W, 1, i=0,...,n—1.

K2

3. Compute y = (Yi)izo,m 1 = DFT,(v), v = (Vi).
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1.4.4 Embedding Toeplitz matrices into circulants

An nxn Toeplitz matrix A = (¢; ;), ti,; = a;j—;, can be embedded into the 2nx2n
circulant matrix B whose first row is [ag, a1, ..., @n—1,%,a—pt1,...,a_1], where
* denotes any number. We observe that the leading n x n submatrix of B
coincides with A. An example with n = 3 is shown below

aq ay ag * a_9 a_1
a_1 ()] ay ag * a_o
B— a_o Qa_1 ap ai a9 *
* a_o9 a_1 an aq a9
ag * a_9 | A_1 Qg aq
a1 a9 * a_o Qa_1 ap

More generally, an n x n Toeplitz matrix can be embedded into a ¢ X ¢
circulant matrix for any ¢ > 2n — 1: it is sufficient to replace * with ¢ —2n + 1
arbitrary elements. If ¢ = 2n — 1 there is no extra element. Similarly, an n X n
block Toeplitz matrix A with m x m blocks can be embedded into a g x ¢ block
circulant matrix B with m x m blocks for any ¢ > 2n — 1.

This embedding property allows one to compute the product y = Az of a
(block) Toeplitz matrix A and a (block) vector # by means of Algorithm 1 in the
following manner. First we embed A into a circulant matrix B. Second we define
the ¢g-dimensional block vector z = (Z;) obtained by filling up = with zeros, i.e.,
Z; = X;,i=1,2,...,n, Z; = 0 elsewhere. The first n block components of
the block vector w = Bz coincide with y. If ¢ is chosen as an integer power of
2, then the product Bz can be efficiently computed by means of Algorithm 1
which is based on the FFT.

We synthesize this computation in Algorithm 4 which includes the scalar
case when m =p = 1.

The complexity analysis of Algorithm 4 can be carried out similarly to the
case of Algorithm 1 and leads to the computational cost of

O((m + p)mnlogn 4+ nm?p)

ops.

If p = m = 1, that is, A is a Toeplitz matrix and x is a vector, then
the asymptotic cost reduces to O(nlogn) ops, versus the O(n?) cost of the
customary algorithm for matrix-vector multiplication. If m = p, the asymptotic
cost is O(m?nlogn+m3n) = O(m?n(logn+m)); thus, if m is large with respect
to logn, the cost of computing FFTs is negligible with respect to the cost of
computing the matrix products.

From the complexity bound (1.6) of the product of a circulant matrix and a
vector we deduce that for real input the complexity bound of the product of a
Toeplitz matrix and a vector is

a3+ m(n -+ 39)/2)) + - (m? + 2mp)glogq (1)

up to terms of lower order, where ¢ is the minimum integer power of 2 greater
than 2n — 1.

24



Algorithm 4 Block Toeplitz matrix-vector product

INpPUT: Positive integers m,n,p, the m x m matrices A;, i = —n+1,...,n —
1, which define the n x n block Toeplitz matrix A = (A;j_;)i j=1,n; the n-
dimensional block vector z = (X;);=1,, with m x p block components.

OutpUT: The block vector y = Az = (Y;)i=1.n-
COMPUTATION:

1. Compute the least integer k such that 2F > 2n; set g = 2*.

2. Define the ¢-dimensional block column vector v = (V;)i=1,4 such that
Vi=Ajgifi=1,...,n, Vopn=4;ifi=1,2,...,n—1,and V; =0
elsewhere, and define the g x ¢ block circulant matrix B having the first
block column v. The block Toeplitz matrix A is embedded in B.

3. Define the g-dimensional block column vector z = (Z;);=1,4 such that
Z;=X;ifi=1,...,n, X; =0 elsewhere.

4. Compute w = Bz = (W;);=1,4 by means of Algorithm 1.
5.8t Y =Wi,i=1,...,n.

1.4.5 Triangular Toeplitz matrices

Let Z = (2i,5)i,j=1,n be the n x n matrix

0 0
z=| ' 7 (1.9)
0 10
with 2411 =1fori=1,...,n—1, 2 ; = 0 elsewhere.
Clearly Z™ = 0, moreover, given the polynomial a(x) = E;‘:}} a;xt, the

matrix a(Z) = Z?;ol a;Z" is a lower triangular Toeplitz matrix defined by its
first column (ag,ay,...,a,_1)"

() 0
ai ao
a(Z) = .
(p—1 ar ap

The set of lower triangular Toeplitz matrices is closed under matrix mul-
tiplication. More precisely, if A = a(Z), B = b(Z) for two polynomials a(z),
b(x), then the matrix C' = ¢(Z), where ¢(x) = a(z)b(z) mod z", is such that
C = AB = BA.
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In other words, the set of lower triangular Toeplitz matrices is a matrix
algebra isomorphic to the set of polynomials with the product modulo x™.

Similarly, we can define the algebra of upper triangular Toeplitz matrices.

The definition of lower (upper) triangular Toeplitz matrix can be extended
to the case of block matrices.

Observe that by the Cayley—Hamilton theorem the inverse of any nonsingular
matrix A can be written as a polynomial in A, therefore T, ! is still a lower tri-
angular Toeplitz matrix and the computation of T}, ! is equivalent to computing
the elements in the first column of T, 1. Similarly, the class of block triangular
Toeplitz matrices is closed under matrix product and matrix inversion.

Now, assume n = 2h, h a positive integer, and partition 7}, into (n/2) x (n/2)
blocks, writing

T, O
T, = |: Wh Th :| )
where T}, W}, are h x h Toeplitz matrices and T}, is lower triangular. If T, is
nonsingular then 7}, also is nonsingular and

-1 { T, 0 ]
n -1 —1 —1 .
~TYW T T,

(1.10)

Thus, the first column v,, of T}, ! is given by

Y e Up, _ (%
Un _Tn = [ —T};lWh’l}h :l o |: —L('Uh)WhUh :| ’ (1.11)

where L(vy) =T, ! is the lower triangular Toeplitz matrix whose first column
is Vh -

The same relation holds if 7,, is block triangular Toeplitz. In this case, the
elements ag, ..., a,_1 are replaced with the m x m blocks Ag,...,A,_1 and v,
denotes the first block column of 7, 1.

The representation (1.11) of v,, leads to a recursive algorithm for its compu-
tation (Algorithm 5), which we describe for block triangular Toeplitz matrices
of block size n = 2F, for a positive integer k.

The computation of the block vector u at the ith step of Algorithm 5 requires
the computation of two products of a block Toeplitz matrix and a block vector.
Since this can be performed in O(2!m? + i2m?) ops by means of Algorithm 4,
the overall cost of Algorithm 5 is O(nm? + nm?logn). More precisely, if the
input is real, from the complexity estimate (1.8) with p = m, we deduce that the
complexity bounds of the ith stage reduce to 2(3m3q + 1—25m2q log g + 2m?q) for
g = 2'T1. Moreover, in this complexity estimate, we counted twice the cost of
the computation of the DFT of the vector vy, (filled with zeros) which appears in
both the Toeplitz matrix-vector products Wpvp, and L(vp,)w (see Steps 2 and 3 of
Algorithm 4). Taking this into consideration, the complexity bound is reduced
to 2m2hlog(h) + 6m3h + 4m>h. Therefore, since .1 21 = 2(2% — 1), the
overall cost is less than

25m?nlog(2n) + (12m* + 8m?*)n (1.12)
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Algorithm 5 Block lower triangular Toeplitz matrix inversion

INpUT: The positive integer k and the m X m block elements Ag,..., A,_1,
n = 2%, of the first block column of the block lower triangular Toeplitz matrix
T, where det Ay # 0.

OuTpUT: The first block column v,, of T; .

COMPUTATION:
1. Set v; = Ag*!
2. Fori=0,...,k—1, given vy, h = 2%

(a) Compute the block Toeplitz matrix-vector products w = Wy, and

u=—L(vy)w.

(b) Set
where we have bounded log 2* with log n.

The block triangular Toeplitz system T}, & = b can be solved in O(m?n logn+
m3n) ops, by first computing the inverse matrix T, ! by means of Algorithm 5
and then computing the product T, 1b by means of Algorithm 4.

Alternatively, the computation of the first block column of the inverse of
T, might be performed by using the customary approach, i.e, by inverting the
diagonal block Ay and by applying forward substitution. This amounts to com-
puting n(n + 1)/2 matrix products and n(n — 1)/2 matrix sums. The cost in
the case of real input is n?m3 ops, up to terms of lower order.

Algorithm 5 can be easily adjusted to invert a block upper triangular Toeplitz
matrix at the same cost. This is described as Algorithm 6.

Algorithm 6 Block upper triangular Toeplitz matrix inversion

INPUT: The positive integer k& and the m x m block elements Ag,..., A,_1,
n = 2%, of the first block row of the upper block triangular Toeplitz matrix T},,
where det Ay # 0.

OuTtPUT: The first block row v} of T); 1.
COMPUTATION:
1. Set Bi = AzT, 1= 0, ey — 1, and b = (Bifl)i:Ln-
2. Apply Algorithm 5 to the block lower triangular matrix L(b) = T,F and
compute the first block column v, of (T,F)~1.

T

n -

3. Output the block row vector v
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If T,, is block upper triangular Toeplitz, then the system T,x = b can be
solved in O(m?nlogn + m>n) ops, by first computing the inverse matrix 7},
by means of Algorithm 7 and then computing the product 7, 'z by means of
Algorithm 4.

1.4.6 Triangular Toeplitz and z-circulant matrices

Observe that a z-circulant matrix C, coincides with an upper triangular Toeplitz
matrix if z = 0. Moreover, if z # 0 and |z is small enough, then C, provides a
“good” approximation of Cy. By continuity, C ! provides a good approximation
to the inverse of an upper triangular Toeplitz matrix. Based on this observation,
we may construct an algorithm to approximate the inverse of an upper triangular
Toeplitz matrix up to any desired precision. The algorithm, which relies on
computing two IDFTs and one DFT plus some scalings, is reported in Algorithm
7.

Algorithm 7 Block upper triangular Toeplitz matrix inversion by means of
z-circulants

INpUT: The positive integer k and the m x m block elements Ag,..., A,_1,
n = 2%, of the first block row of the upper block triangular Toeplitz matrix T},,
where det Ag # 0; a real € > 0 and a number z € C such that |z| = e.

OUTPUT: An approximation to the first block row v} of T);L.
COMPUTATION:
1. Set B;=A},i=0,...,n—1,and b = (B;_1)i=1.n-
2. Apply Algorithm 5 to the block lower triangular matrix L(b) = T,F and

compute the first block column v, of (T.F)~1.

T

n-

3. Output the block row vector v

The execution of the above algorithm in floating point arithmetic provides an
approximation of the inverse where the error has two components: the analytic
error given by a function of €, and the roundoff error generated by the floating
point arithmetic. A suitable error analysis shows that the roundoff error is
proportional to p/e, where u is the machine precision, while the analytic error in
its linear part is proportional to €. The smaller €, the smaller the analytical error.
However, small values of € generate large numerical errors. Asymptotically
speaking when p — 0, the best choice of € is a value such that /e and € have
the same order of magnitude, that is € = O(,/z) so that the total error is O(/1z).

In this way, asymptotically, using this algorithm halves the number of correct
digits that one can get in the output. However, there are some tricks to improve
the precision.

A first possibility, introduced in [10] relies on the fact that the error is
a polynomial in z. The trick consists in making different computations with
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different values of z, say z1,..., 2, such that |z;| = € and then take a weighted
average of the different results in such a way that all the positive power of z
with exponent from 1 to k — 1, cancel out. For instance, choose z; = ew! and
then take the arithmetic mean of the computed values. In this case the analytic
error is O(€*) since all the terms z° for i = 1,...,k cancel out (if k& > n then
the analytic error of the computation is zero).

Thus, by equating the numerical error to the analytic error we get a larger
value of the optimal € which leads to a total error of O(,uk/(k"’l)). That is, the
loss of digits is O(1/(k+1)) and becomes negligible for large values of k. Indeed
the complexity of the computation grows by a factor of k. However, in a parallel
model of computation this growth is negligible since all the computations are
independent and can be performed in parallel.

Another technique to reduce the error, due to Nick Higham [1], works for
a real input and consists in choosing a pure imaginary value for z, that is,
z = ¢ei. In this way the analytic error affecting the real part is just O(e?). This
way we have a total error O(u?/3) with a loss of only 1/3 digits. The number of
operations are the same as before. The difference is that we have to use complex
arithmetic which is more expensive than real arithmetic.

It is possible to combine the two tricks in the following way. Choose z; =
€(1 +4)/v2 and 2z = —z;; apply the algorithm with z = 2z; and z = zy; take
the arithmetic mean of the results. The approximation error on the real part
turns out to be O(e*). The total error is O(u*/?). Only 1/5 of digits are lost.

In general choosing as z; the kth roots of ¢ and applying k times the algo-
rithms with these values we find that the real part of the output has an analytic
error O(p2F/ (E+1)Y e only 1/(2k + 1) of digits are lost

One other different technique, introduced by [50], consists in interpreting
triangular matrix inversion like a trigonometric interpolation problem.

1.4.7 The class 7

Recall that circulant matrices can be diagonalized by a similarity transformation
given by the unitary matrix F' which defines the DFT. We can define other
matrix classes relying on different discrete transform.

For instance, it is not complicated to show that the matrix

is such that ST HS = D is a diagonal matrix where S = (4 / n%rl sin Sfl) is the

orthogonal matrix associated with the discrete sine transform (DST).
It turns out that the all the polynomials in H form a matrix algebra diag-
onalizable by the DST. This algebra, called class 7 in [11] has very interesting

29



structural and computational properties, moreover it is effectively used as pre-
conditioner for the iterative solution of positive Toeplitz systems.

1.4.8 Other algebras

Other algebras can be constructed with the 8 cosine transforms and with the
other 7 sine transforms. In particular the algebra based on the discrete co-
sine transform has particular relevance in solving Toeplitz systems coming from
image processing.

A different algebra is related to the discrete Hartley transform. The dis-
crete Hartley transform is defined as ©+ — y = G where G = \/g(cos(ij%) +
isin(ijT)). The algebra associated with this transform has been studied in [13]
where in particular it is shown that the Hartley algebra contains symmetric
circulant matrices.

1.5 Displacement operators

In general, the inverse of a Toeplitz matrix is not Toeplitz as the following simple
example shows:

Example 1. Let n =4 and

O = O
— O = W
O = W N
=~ W N =

We have
65 —-50 5 5
11 12 56 —-48 5

T 9265 | —14 23 56 —50
~3 —14 12 65

However, it is possible to introduce a more general structure which is pre-
served under inversion. This structure relies on the concept of displacement
rank.

The concept of displacement operator and displacement rank is a powerful
tool for dealing with Toeplitz matrices.

Here, we recall the main results concerning displacement rank. Throughout
this section we refer to section 2.11 of [19].

Define the displacement operator

A(A) = AZ — ZA, (1.13)

applied to an n x n matrix A, where Z is the lower shift matrix of (1.9). Multi-
plying the matrix A on the left by Z shifts down each row of A by one position.
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Similarly, multiplying the matrix A on the right by Z shifts each column of A
by one position to the left. In particular, if A = (a;—;); j=1,» is Toeplitz then

a; a2 ... Qp—-1 ‘ 0

—0n-1
A(A) = 0 = elefAZ — ZAeneZ, (1.14)
—ay
—ay

where e; and e, denote the first and the last column of the n X n identity
matrix. Therefore, A(A) has at most rank 2. We say that a matrix A has
displacement rank (at most) k with respect to the operator A if rank A(A) = k
(rank A(A) < k). As a particular case, Toeplitz matrices have displacement
rank at most 2, so that the class of matrices with “low” displacement rank are
a generalization of Toeplitz matrices.

It is important to recall that an n x n matrix X has rank k if and only if
there exist n x k matrices V, W of full rank such that X = VIWT. Therefore, if
A(A) has rank k then there exist two n x k matrices V and W of full rank such
that A(A) = VWT and vice versa. Any pair (V, W) of such matrices is called
displacement generator of A with respect to the operator A. For instance, in
the case of (1.14) one has A(A) = VW™ where

1 0
v — 0] an T ay an_1 O
B : ’ Lo 0 -1
0 aq

Observe that we might have a pair of n x h matrices (V, W) such that h > k,
VWT = A(A) and rank(V) = rank(W) = rank A(A) = k. We call such a pair
a displacement generator of nonminimal rank of A. A generator of nonminimal
rank stores the information about A(A) in a redundant way. Using numerical
linear algebra tools like the singular value decomposition any generator can be
reduced to minimal rank.

The displacement generator of a matrix A, together with the first column of
A, contains all the information which allows one to represent all the elements
of A, as shown in the next theorem.

Proposition 10. Let A be an n X n matrixz having first column a and displace-
ment rank k. If (V,W) is a displacement generator of A, then

k
A=L(a)+ > Lw)U(w]Z")

i=1
where v; and w; are the ith column of V' and W, respectively.

Equivalent representations can be given in terms of different operators. Be-
sides the Sylvester type operator A we may consider operators of the Stein
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type like A(A) = A — ZAZT. More generally, we may consider operators like
AZy — ZyA or A — Z1AZ3 where Z; and Zy can be different, say z-circulant,
or (—z)-circulant. We refer the reader to [47], [48] and to [19, Section 2.11] for
more details on this regard.

A simple but important consequence of Proposition 10 is that any matrix
with displacement rank k£ can be decomposed as the sum of at most k£ + 1
matrices, each of them the product of a lower and an upper triangular Toeplitz
matrix. Therefore, the product y = Ax can be split into at most 2k + 1 products
of triangular Toeplitz matrices and vectors. Each one of these products can be
efficiently performed by using Algorithm 4 in O(nlogn) ops. The overall cost
of the algorithm for computing y in this way is O(knlogn).

Another nice consequence of Proposition 10 concerns the inverse matrix of
A. Observe that if A is nonsingular then pre- and post-multiplying (1.13) by
A~ yields the simple relation

AA™H = —ATTAA) AT, (1.15)

from which we conclude that the displacement ranks of A and of A~! coincide.
Moreover, given a displacement generator (V, W) of the nonsingular matrix A,
the pair (—A71V, (A71)TW) is a displacement generator for A~1. This allows
one to represent A~! in a compact way by means of Proposition 10 as

k
AT =L(A er) = Y LA ) U(wf AT ZT). (1.16)
i=1
Observe that even though the inverse of a Toeplitz matrix A is not generally
Toeplitz, its displacement rank is at most 2.

Example 2. For the Toeplitz matrix A of Example 1 we have A(A™!) = VIWT
where

—65 25
yo L |12 % Wt L [205 —15 —25 —25
265 14 15 ’ 265 3 14 -12 —-65 |°
3 =205

Computing the displacement representation of A~! is reduced to solving at
most 2k 4 1 linear systems. This is particularly convenient when k is small with
respect to n. Moreover, once A~! is represented by means of its displacement
generator, solving any additional system of the kind Az = b is reduced to
computing the product = A~1b, with the cost of O(knlogn) ops.

Displacement representations are also useful for computing products of ma-
trices with low displacement rank. It is a simple matter to prove that

A(AB) = AA(B) + A(A)B (1.17)

so that a displacement generator (possibly of nonminimal rank) of C' = AB is
given by (Vo, W) where

Ve=[AVs |Va ], We=[Ws|B™Wy4 |,
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and (V4,Wy) and (Vp,Wg) are displacement generators of A and B, respec-
tively. Therefore, to compute the displacement generator (possibly of nonmini-
mal rank) of the product AB given the displacement generators of A and B, one
only needs to compute the products AV and BTW 4, at the cost O(knlogn),
where k is the maximum displacement rank of A and B, if we use the displace-
ment representation of A and B and Algorithm 4.

The concept of displacement rank is easily extended to block matrices. Let
Z = Z ® I, where I is the m x m identity matrix, and consider the operator
A — AZ—Z A applied to an n xn block matrix with m xm blocks. Observe that
this operator coincides with A if m = 1. Therefore, for notational simplicity,
we will denote it with the same symbol and write that A(4) = AZ — ZA.

It is easy to see that, if A = (A;_;); j=1,» is block Toeplitz, then

A A A0
_An—l

A4) = 0 ;
—As
—A
=(ey@1)(e1 @ )TAZ — ZA(e, @ I)(en @ I)T.

We say that the block matrix A has block displacement rank k if k is the minimum
integer such that there exist n x k block matrices V and W with m x m blocks
satisfying A(A4) = VW™, Any such pair (V,W) is called a block displacement
generator of A. The representation theorem 10 still holds as well as equations
(1.15), (1.16) and (1.17) suitably adjusted to the block notation. We synthesize
these properties in the following

Proposition 11. Let A(A) = AZ — ZA. If A is nonsingular then
A(A™H) = —A7TAA) AT

Given matrices A, B,C such that A = BC' then
A(A) = BA(C) + A(B)C.

Moreover, if A(A) = VW™, where V and W are nx k block matrices with m xm
blocks, then

k
A=1L(a) + > L(v)U(w] 2"

where a is the first block column of A, v; and w; denote the ith block column of
V' and W, respectively, fori=1,... k. In particular, if A is nonsingular, then

k
ATt =L(a') =Y LA™ o)U(w] AT 2T)
i=1

where a’ is the first block column of A™1.
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It is interesting to point out that, A(A) = 0 if and only if A is block lower
triangular Toeplitz. Observe also that the “dual” operator Ay(A4) = AZT —
ZT A, which satisfies the same formal properties of A, is such that As(A) =0
if and only if A is block upper triangular Toeplitz.

We summarize the properties of Ay(A) in the following theorem.

Proposition 12. Let Ay(A) = AZT — ZTA. If A is nonsingular then
Ag(A™H) = —A7TA,(A)ATL.

Given matrices A, B,C such that A = BC then
Az(A) = BA3(C) + Ax(B)C.

Moreover, if Ay(A) = VW, where V. and W are n x k block matrices with

m x m blocks, then
k

A=U(a®) = 3T L(Zu)U(w])

where v; and w; denote the ith block column of V' and W, respectively, for

i=1,...,k, and a7 is the first block row of A. In particular, if A is nonsingular,
then
k
AT =U@") + Y L(ZA ) U (wf A7),
i=1

where o' is the first block row of A1,

Another interesting property which relates the operators A; = A and As is
expressed by the following

Proposition 13. If Aj(A) = AZ — ZA and Ag(A) = AZT — ZT A then
A1(A) = —ZA3(A)Z — ZAlen, @ D(ep @ DT + (e1 @ I)(e; @ I)TAZ.

The Toeplitz structure, and more generally, the displacement structure, can
be effectively used for computing matrix inverses. For solving general block
Toeplitz systems there are algorithms based on Schur complementation and
displacement rank.

An alternative to direct algorithms are iterative algorithms which provide
a sequence of successive approximations to the solution of the linear system
Az = b. For positive definite systems, particular attention is paid to conjugate
gradient iteration which provides the exact solution after mn steps, but which
may provide reasonable approximations after just a few iterations. Furthermore,
convergence can be accelerated by means of preconditioning techniques.

Each step of the conjugate gradient requires the multiplication of a Toeplitz
matrix and a vector. This computation is inexpensive if performed by means of
Algorithm 4. For nonsymmetric matrices, iterative algorithms like GMRES and
Arnoldi methods should be used. All these algorithms for Toeplitz inversion can
be extended to the case of matrices having a low displacement rank.
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1.5.1 The Gohberg-Semencul-Trench formula

Proposition 12 provides a representation of the inverse of a Toeplitz matrix as
the sum of two terms, each term is the product of a lower triangular Toeplitz
matrix and an upper triangular Toeplitz matrix. After some manipulations, this
expression can be written as

T = ;T) (L(x)L" (Jy) — L(Zy) LT (Z]x)),

z=T"ltey, y=T"'e,, J= [1 1}

which is known as the Gohberg-Semencul-Trench formula.

Observe that, once the vectors defining the four matrices have been com-
puted, the product between the inverse of a Toeplitz matrix and a vector costs
only O(nlogn) operations. On the other hand, these vectors can be obtained
by solving Toeplitz systems with suitable known term vector.

1.5.2 Other operators

Different operators can be defined by following the same line of displacement
operators. For instance, if D; and Dy are diagonal matrices with pairwise
different entries dz(-l)7 d§»2) respectively, and such that the diagonal entries of Dy
are different from those of D, then the operator X — A(X) = D1 X — XD,
is invertible. Moreover if A(X) = uv” for two vectors u = (u;) and v = (v;),

then z; ; = uivj/(dgl) . d;Q)). Similarly, if A(X) = Zle uMv™MT then x; ; =
SOk u(r)vj(-r)/(dl(-l) — d§-2)). Matrices with this structure are said Cauchy-like

r:} %
matrices.
A nice feature of Cauchy-like matrices is that their Schur complement is still
a Cauchy-like matrix [39]. For instance, in the case where k = 1 the Cauchy-like
matrix C' can be partitioned as

ULV U V2 Ul VUn

d(11)7d§2) d%l)fdf) e d(ll)fdgf)
U2V

dél)fd?)

C= .
: C

4D g

where C is still Cauchy-like matrix. Its Schur complement is given by

DT
d$ —af?
6 . : . ' dgl) - d?) [ Uy V2 Uy Vp }
: U U1 dy?) —dg? di —a?
Un V1
dsll)_dgg)
and has entries that can be written in the form
Wi R a —dn d® — a
—_— . U= U, U =V
(1) (2)’ v v (1) 2 J (1) (2)
d; —dj d;”’ —dy dy —dj
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This property can be exploited for designing an algorithm which computes
the LU factorization of a Cauchy-like matrix with a number of operations which
grows as O(n2k). The algorithm is due to Gohberg, Kailath and Olshevsky and
is known as GKO algorithm [39]. Modified and more efficient versions of this
algorithm have been devised [57]. Once the LU factorization is available, the
solution of a linear system with a Cauchy-like matrix can be computed in O(n?)
ops.

1.5.3 Algorithm for Toeplitz inversion

Algorithms for solving Toeplitz systems are usually classified in fast algorithms
if their complexity is O(n?) and superfast algorithms if their complexity is
O(nlog?).

Among the fast classical algorithms we recall Levinson, and Trench-Zohar
algorithms[60],[70]. A more recent fast algorithm is based on reducing a Toeplitz-
like matrix to a Cauchy-like matrix. The idea of the algorithm is simple.

Consider the operator A(A) = S1A — AS_; where S; is the unit circulant
matrix and S_1 is the unit —1-circulant matrix. Recall that S; = F* D, F where
F = ﬁ(w”) and D; = diag(1,&,,...,o" '), while Sy = DF*D_FD~!

where D = diag(1,d,...,6" 1), § = wi/? = woy, and D_, = 6D;.

We have already pointed out that if A is a Toeplitz matrix then A(A) has
rank at most 2. More generally, if A is Toeplitz-like the rank of A(A) is inde-
pendent of n, say k. On the other hand,

A(A)=S81A—AS_ | = F*D,FA— ADF*D_,FD*,

so that, multiplying the above expression to the left by F' and to the right by
DF* it turns out the the matrix B = FADF™ is such that

DyB—-BD_;

has rank at most 2. Thus, B is a Cauchy-like matrix of rank at most 2. This
way, the linear system Az = b can be transformed into

By =Fb
x=DF*y

and reduced to computing two DFTs and solving a Cauchy-like system for the
overall cost of O(n?k) ops by means of the GKO algorithm.

1.5.4 Divide and conquer techniques: superfast algorithms

Here we give an idea of super fast Toeplitz solvers. In particular, we provide
a general description of the classical approach that is the Bitmead-Anderson
algorithm.
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Other different approaches exist. Recently in [67] a superfast and stable
Toeplitz solver has been designed relying on the reduction to Cauchy matri-
ces described in the previous section and on the properties of rank structured
matrices.

Consider the operator Fly (A) = A — ZAZ" and partition the matrix A as

A1 Al
A= > ,
Az AQ,Q]
so that

I 0l 4 A B
e P B BV Y

A fundamental property is that the Schur complement B keeps the same
displacement rank as A, that is, rankF, (A) = rankF, (B); the other blocks of
the LU factorization have almost the same displacement rank of A.

Therefore, solving two systems with the matrix A, for computing the dis-
placement representation of A~1, is reduced to

— solving two systems with the matrix A;; for computing the displacement
representation of A;%

— solving two systems with the matrix B which has displacement rank 2, plus
performing some Toeplitz-vector products.

This way, the overall cost C(n) of this recursive step is given by C(n) =
2C(n/2) + O(nlogn) and this implies that C'(n) = O(nlog?n).

1.5.5 Trigonometric matrix algebras and preconditioning

The solution of large positive definite n x n Toeplitz system A,z = b can be
efficiently approximated with the Preconditioned Conjugate Gradient (PCG)
method [58].

It is known from the classical theory that the conjugate gradient method
applied to an n x n positive definite system Ax = b provides a sequence of ap-
proximations {x; }; to the solution  which converge to x after n steps. However,
the residual error || Ax; — b2 is bounded from above by 6%, where v is a positive
constant and 6 = (/i — 1)/(y/p + 1) where u = p(A) is the spectral condition
number of the matrix A. That is, u(A4) = max; \;(4)/ min; A;(A) where \;(A)
for i =1,...,n are the eigenvalues of A.

This way, if A has condition number close to 1 then after a few number
1 of iterations the vector z; provides a good approximation to the solution z.
The cost of each iteration is dominated by the computation of a matrix vector
product. If A is Toeplitz this cost amounts just to O(nlog, n) ops. Therefore
this iteration is very convenient for well conditioned Toeplitz systems.

On the other hand, if A is ill-conditioned then the conjugate gradient needs a
large number of iterations. In this case, the PCG method comes into help since
one has to find a good preconditioner P having the following three features
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1. the cost of computing the matrix-vector product Pv is comparable with
that of computing Av;

2. the matrix P is easily invertible;

3. the matrix P mimics the spectral properties of A in such a way that P~1 A
is “close” to the identity matrix.

The latter condition aims to realize the clustering of the spectrum of P~1A
around 1, in the sense that the condition number of P~ A is close to 1, so that
the CG iteration applied to P~'A converges quickly. This condition can be
relaxed thanks to the Axelsson-Lindskog theorem [7] that we report informally
below.

Informally speaking, the Axelsson-Lindskog theorem says that if A has all the
eigenvalues in the interval [a, 8] where 0 < @ < 1 < 8 except for ¢ eigenvalues
(outliers) which stay outside this interval and are greater than /3, then the resid-
ual error after ¢ > ¢ steps is bounded by 1607 ? for v1 = (/o1 — 1)/(v/p1 + 1),
for u; = B/a.

This way, no matter if the condition number of the matrix is large if this
largeness is due to a few outliers. In fact, it is enough to find a preconditioner
P for which the spectrum of P~'A is “mostly” clustered around 1.

Well, it is possible to show that choosing P in a suitable way inside any
trigonometric algebra described in Section 1.4, one can satisfy the three proper-
ties reported above, no matter if the symbol associated with the Toeplitz matrix
has some isolated zero. In fact, in this case, even though lim,, . p(4,) = o
since zero is an accumulation point for the set of eigenvalues of A,,, for the
preconditioned matrix P, A, the number of eigenvalues that do not lie in the
interval [1 — €, 1 + €] is negligible with respect to n.

This makes PCG a very effective method for the approximated solution of
large Toeplitz systems whose cost is O(nlogyn). In the case of n x n block
Toeplitz matrices with m x m blocks PCG can be used as well; the cost per step
is O(mnlogmn) ops, but unfortunately, if the bivariate symbol is zero in some
points of its domain, then the number of outliers for the preconditioned matrix
is O(m + n). This make this technique less effective for the multidimensional
case.

More information in this regard together with pointers to the literature can
be found in [32].

1.5.6 Wiener-Hopf factorization and matrix equation

Here we report the flavor of an algorithm for solving matrix equations through
the solution of an infinite Toeplitz system. For more details, we refer the reader
to the papers [17] and to the books [15], [16].

Consider the equations

BX?+AX+C=0, CY*+AY +B=0, (1.18)
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where we assume that A, B, C are n X n matrices and that there exist solutions
X,Y with spectral radius p(X) = n < 1, p(Y) = v < 1. In this case, the
matrix Laurent polynomial ¢(z) = 271C + A + 2B is invertible in the annulus
A={2ze€ C: n <|z|] < v} that is detp(z) # 0 for z € A, so that
¥(2) = p(2)~1 is analytic over A.

The two equations can be rewritten in terms of infinite block Toeplitz sys-
tems. For instance, the first equation takes the form

A B X —C
C A B X? 0
¢ A B X3 =10

Similarly we can do for the second equation.

This infinite system can be solved by means of the Cyclic Reduction (CR)
method introduced by Gene Golub (see [17] for bibliographic references and
for general properties of CR) for the numerical solution of the discrete Poisson
equation over a rectangle and here adjusted to the infinite block Toeplitz case.
The CR technique works this way:

e permute block rows and block columns in the above equation by writing
the even numbered ones first, followed by the odd numbered ones and get

the system
F 4 C B Trxx o
B A x|~ [-C
C B A X? 0
e climinate the unknowns X2, X%, ... by taking a Schur complement and

arrive at the system

A B X -C
C, A B X3 0

C, A B X% = 0

where
Ay = Ay — ByAy'Cy — CoA ' By
By = —ByA, ' By
C1 = —CoAy'Cy
A, = Ay — ByAg1Cy
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with Ag = A, By = B,Cy = C, Ay = A.

where we assume that A is nonsingular.

This latter system has almost the block Toeplitz structure of the original
one except that the (1,1) block is different from the remaining diagonal blocks.
Therefore we can repeat the same procedure by generating the sequence of block
triangular systems with blocks C;, A;, B; and A; such that

~ X

A; B; X2+ -C

Ci A B crra| |0
Ci Ai B X321 0

where
Aiy1 = A; — BiATCy — Ci AT B,
Biy1 = —BiA;'B;
Cit1 = —CiAT'C;
Ay = A — BiATIC

Here, we assume that all the blocks A; generated this way are nonsingular.
The first equation of this system takes the form

A, X 4+ B;X¥H = —C

and it is a nice surprise to find that ||B;| = O(v*') so that X; = 72;10
provides an approximation to the solution X with error O((vn)?"). This makes
CR one of the fastest algorithms to solve this kind of matrix equations.

Besides this formulation given in terms of Toeplitz matrices, there is a more
elegant formulation given in functional form which provides a generalization of
the Graeffe iteration. More precisely, define ¢(2) = 271C; + A; + zB; and find
that ¢;11(22) = @i(2)A; 'pi(—2), that is a generalization to the case of matrix
polynomials of the celebrated Graeffe-Lobachewsky-Dandelin iteration [53], [54].

Another nice interpretation of CR can be given in terms of the matrix func-
tions () = p;(2)~! defined for all the z € C where ¢;(2) is nonsingular. In
fact, one can easily verify that

R

Yo(2) = (27'1C+ A+ 2B)!

This formulation enables one to provide the proof of convergence properties
just by using the analytic properties of the involved functions. Moreover, the
same formulation allows to define the functions ;(z) in the cases where there
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is a break-down in the construction of the sequence ¢;(z) due to the singularity
of some A;.

The solutions G and R of the matrix equations in (1.18) provide the Wiener-
Hopf factorization of ¢(z)

o) =T - 2RW({I —27'G), W= A4+ AG

which in matrix form takes the following expression

B I —-R w
A

A
C B I -R w

A detailed treatment of this topic can be found in [17].
The same technique can be extended to matrix equations of the kind

iA,-XzO

i=—1

and to the computation of the Wiener-Hopf factorization of the function A(z) =
oo, 2" Ay, that is, the block UL factorization of the infinite block Toeplitz matrix
in block Hessenberg form associated with A(z).

1.6 An application to computing the exponen-
tial of a block triangular Toeplitz matrix

In the Erlangian approximation of Markovian fluid queues, one has to compute

where X is an (¢ + 1) x (£ 4+ 1) block triangular Block Toeplitz matrix with m x m
blocks having negative diagonal entries such that the sum of the entries in each row
is nonpositive.

Clearly, since block triangular Toeplitz form a matrix algebra then Y is still block
triangular Toeplitz. The question is: what is the most convenient way to compute Y
given X in terms of CPU time and error?

Let Xo, X1,...Xs be the blocks defining X. Embed X into an infinite block
triangular block Toeplitz matrix X, obtained by completing the sequence X; with
zeros, and denote Yy, Y1, ... the blocks defining Yoo = e¢*>. Then Y is the (£ 4+ 1) x
(¢ + 1) principal submatrix of Yo, we can prove the following decay property

1Yilloo < @ Vo™ Vo> 1

where o = max; (—(Xo);,;), 8= [[X1,..., Xe]l|oo-
This property is fundamental to prove error bounds of the following different al-
gorithms
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Figure 1.3: Norm-wise error, component-wise relative and absolute errors for
the solution obtained with the algorithm based on e-circulant matrices with
€ =10.

Using e-circulant matrices
Embed X into an e-circulant matrix X(© and approximate ¥ with V(9 = X9 We

can prove that
IY =Yl < elV” =1 = |e|8+ O(le)

and, if € is purely imaginary then

2
1Y =Yl < el =1 =1e[’8+O(le*)

Using circulant matrices
Embed X into a K x K block circulant matrix X for K > ¢ large, and approximate
Y with the K x K submatrix Y %) of eX.

We can prove the following bound

K424

K K ot=1-1y 0
1Yo = ¥, Ve = Yoo < (7 = e NI —5, o >1

Method based on Taylor expansion
The matrix Y is approximated by truncating the series expansion to r terms

Yy =3 Ly
i
=0

Denoting p the machine precision of the floating point computation, the roundoff
errors grow as € ' for the algorithm based on e-circulant and as €K for a suitable
¢ depending on m, « and B for the algorithm based on circulant embedding.

An experimental analysis shows that the method based on e-circulant is the fastest
one and the precision of the approximation is acceptable.

In Figure 1.6 we report the norm-wise error and the maximum component-wise
relative and absolute errors of the result obtained with the e-circulant technique applied
to a real problem where the size is £ = 512 and the block size is 2. In Figure 1.6 we
report the same errors for the embedding technique, while in Figure 1.6 we report the
CPU time.

There are some open issues. In particular, two questions are yet unanswered.
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Figure 1.4: Norm-wise error, component-wise relative and absolute errors for the
solution obtained with the algorithm based on circulant embedding for different

values of the embedding size K.
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Figure 1.5: CPU time of the Matlab function expm, and of the algorithms based
on e-circulant, circulant embedding, power series expansion.
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e Can we prove that the exponential of a general block Toeplitz matrix does not
differ much from a block Toeplitz matrix? Numerical experiments confirm this
fact but a proof is missing.

e Can we design effective ad hoc algorithms for the case of general block Toeplitz
matrices?
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Chapter 2

Rank structures

2.1 Introduction

Informally speaking, a rank-structured matrix is a matrix where its submatrices lo-
cated in some part of its support have low rank. An important example of rank
structured matrices is the class of quasiseparable matrices characterized by the prop-
erty that all the submatrices strictly contained in the lower triangular part as well as
all the submatrices strictly contained in the upper triangular part have rank at most
1. A simple and elementary example of matrices satisfying this property is the set of
tridiagonal matrices.

It is also interesting to observe that the inverse of an irreducible tridiagonal matrix
A is still quasiseparable. Indeed, this fact is less elementary to prove. Moreover, the up-
per triangular part of A~! coincides with the upper triangular part of a matrix of rank
1. The same property holds true for the lower triangular part of A~'. That is, there
exist vectors u,v,w, z such that tril(A7') = tril(uv?), triu(A™') = triu(wz?),
where tril and triu denote the lower and the upper triangular part, respectively of a
matrix. In this case we say that the quasiseparable matrix A~! has a generator given
by the vectors u, v, w, z. Observe that a tridiagonal matrix is quasiseparable but has
no generator.

In general, given a pair of integers (h,k) we say that the n x n matrix A is
(h, k)-quasiseparable, or quasiseparable of separability rank (h,k) if all its subma-
trices strictly contained in the lower triangular part have rank at most h, where at
least one submatrix reaches this rank, while all the submatrices strictly contained in
the upper triangular part have rank at most k£ and there exists at least a submatrix
with this rank.

Band matrices are an example of (h,k) quasiseparable matrices and it can be
proved that their inverses still share this property.

Rank structured matrices are investigated in different fields like integral equations,
statistics, vibrational analysis.

There is a very wide literature on this subject. We refer to the paper [64] for a
commented bibliography starting from the pioneering papers by Gantmaker and Krein
in 1937, and to the recent books [65], [66], [34] with the state of the art in this field.
The research activity on rank structured matrices is very intense, there are several
international groups which are very active and have produced interesting theoretical
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and algorithmic advances.

In this chapter, we limit ourselves to describe the problems related to linearizations
of polynomials and of matrix polynomials which lead to quasiseparable matrices where
recently there has been a growing interest.

2.2 Basic properties

First we recall, in terms of list, some of the main properties of quasiseparable matrices.
For more details we refer to the books [65], [66], [34] and to the current literature. For
the sake of simplicity we assume h = k, in this case we call the (h, k) quasiseparable
matrix A more simply k quasiseparable, or quasiseparable of rank k.
Let A be k quasiseparable. then
1. If A is invertible then A™! is k quasiseparable.
2. If A= LU is the LU factorization of A then L and U are quasiseparable of rank
(k,0) and (0, k), respectively
3. If A= QR is a QR factorization of A then @ is quasiseparable of rank k and
and U is quasiseparable of rank (0, 2k).
4. The matrices L;, U;, A; defined by the LR iteration A; =: L;U;, Aiyv1 = U;L;
are quasiseparable of rank (k,0), (0, k), k, respectively.
Moreover, there are algorithms for
1. computing A™" in O(nk?) ops;
2. solving the system Az = b in O(nk?) ops;
3. computing the LU and the QR factorization of A in O(nk?) ops;

2.3 Companion matrices

Let a(z) = 3! ,a:z’ be a monic polynomial, i.e., such that a, = 1, with real or
complex coefficients. A companion matrix associated with a(z) is a matrix A such
that det(zl — A) = a(x).

Among the most popular companion matrices we recall the first and second Frobe-
nius forms F; and F> given by ([29])

—Anp—-1 —Qn—2 . —agp
1 0
F = . : . B=F,

1 0
respectively. Both matrices are quasiseparable, F1 has a generator concerning the
upper triangular part given by the vectors (1,0,...,0) and (—an—1, —@n_2, ..., —ao),
while F> has a generator concerning the lower triangular part. Both matrices can

be written as an orthogonal (permutation) matrix, that is the unit circulant, plus a
correction of rank 1, that is,

0O ... 0 1

An_1 ... a1 1l-4+ao
- 0 ... 0 0
F = r- 0] - . . . = C—uv"
Lo 0 0 0
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The application of the QR iteration to F} generates a sequence of matrices A;,
1=0,1,2,..., where Ag = F1, Ait1 = Q7 A;Q;, with Q7 Q; = I, so that A; can be still
written as orthogonal plus rank 1. In fact, denoting w1 = u, v1 = v, U3y = C, so that
o =U; — u1v1T7 one has A; = U; — uiv,-T where U;+1 = Q;U;Q; is still orthogonal
and u;i+1 = Qiui, vi+1 = Qiv;. The same property holds true for F>. This and other
similar techniques have been used in [12], [26], [22], [63], [23], [69], [5], [36], [62], [4],
for designing effective algorithms for computing the roots of a given polynomial. In
fact with this strategy, it is possible to implement the QR step in O(n) ops so that
the overall execution of the QR iteration takes O(n?) ops and is competitive with the
classical LAPACK implementation already for small values of the size n.

Another companion matrix is the comrade matriz introduced by Barnett in 1975
[8]. Define the sequence of orthogonal polynomials satisfying the following three-term
recurrence

p()(x):l, pl(x):xibla

) (2.1)
pi+1(.’13) = (:L’ — bz+1)pz(l’) — cipi_l(x), 1= 1,2, e, — 1,

where ¢; > 0. Consider a monic polynomial p(x) represented in this orthogonal basis
as p(x) = Y1, dipi(z), where dn = 1. Then one can prove (see [28]) that p(z) =
det(zI — A), where

do

and Enfg = —dp—2+cn-1, Jn71 = —dp_1 + bn.

Also this matrix A has a quasiseparable structure with rank (1,2). This fact can
be exploited to implement a polynomial rootfinder for polynomials represented in an
orthogonal basis which relies on the QR iteration.

Another companion matrix is the colleague matriz (Good 1961 [43], Werner 1983
[68])

T1 —ao
1 i) —ail
C= 1
Tn—1 —Qan—2
1 Ty — An—1

This matrix provides the representation of a polynomial p(z) in the Newton basis.
More precisely, one can prove that

det(zl — C) =ao + a1(x — x1) + a2(z — x1)(x — x2) + - -

+an_1 (m—:cz)—l—H(m—:cz)

i=1 i=

=

Similarly, given a monic polynomial p(z) of degree n, choose n pairwise different
values o, x1,...,Tn—1 and consider the arrowhead companion pencil of size n + 1
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defined by xC1 — Co where

Zo Po
x1 P1
Co = , Cp=diag(1,1,...,1,0),
Tn—1 Pn—1
—lo —l1 ... —ln- 0

and £; =1/ H?:_1l,j;ei(xi — ;) and p; = p(z;).
Computing det(zC1 — Cpy) by means of the Laplace rule along the last column

provides the following expression

n n—1
det(zC1 — Co) = > piLi(z), Li(x)= [] (z—ay),
i=0 J=1, j#i

that is, the Lagrange representation of the polynomial p(x). Also the pencil xC1 — Cy
is quasiseparable of rank 1.

The Smith companion form given by Smith in 1970 [59] with the goal of locating
polynomial roots, and considered by Golub in 1973 [42], has the following form

S = diag(b1,...,bn) —ew’, e= (17...,1)T, w=(w;), w; = n%
Hj=1,j¢i(bi - bj)
where p(x) is a monic polynomial of degree n, and b1,...,b, are pairwise different
numbers.

It is easy to show that det(zI — S) = p(zx), that is, S is a companion matrix for
p(x). Also in this case, S is a quasiseparable matrix given in terms of a generator. In
fact S is expressed as a diagonal plus a rank 1 matrix.

In [59] the Gerschgorin theorem has been applied to A in order to locate the roots of
the polynomial p(z). This property was used in the package MPSolve of [14] to provide
guaranteed approximations to the zeros of a polynomial. In [20] this companion form
is used for providing a more efficient implementation of MPSolve and to prove that
the condition number of the eigenvalues of the Smith companion form converge to zero
as the knots b; converge to the roots of the polynomial, under suitable condition on
the type of convergence in case of multiple roots. In fact, from the Smith companion
form one can rewrite the condition p(z) = 0 in terms of the secular equation

n

qu“_”b —1=0.

=1

The closer the knots b1, ..., b, to the roots of the polynomial, the better conditioned
the roots of p(z) as functions of wy, ..., wy.

The above companion matrices enable one to reduce the polynomial root-finding
problem to a (generalized) eigenvalue problem for which matrix based technique can
be applied. We recall that the QR iteration is a reliable numerical technique for
computing the eigenvalue of a matrix A once A has been reduced to upper Hessenberg
form H = (h;,;) by means of an orthogonal transformation. We recall that an upper
Hessenberg matrix H is such that h; ; = 0if i > j + 1. Now, some of the companion
matrices that we have described (Frobenius and comrade), are already in Hessenberg
form so that one can apply directly the QR iteration to the matrix itself. However,
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the cost of the iteration step is O(n?) so that the overall cost of the QR iteration is
O(n®). This makes the matrix approach for computing the roots of a polynomial not
convenient for moderately large values of the degree n.

However, by exploiting the rank structure of the companion matrices, one can
provide implementation of the QR, or the QZ step in O(n) ops. This would provide
an algorithm for polynomial root-finding with the cost of O(n?) which in principle
could be competitive with the fixed point iteration techniques, like the Ehrlich-Aberth
iteration, which have the same asymptotic cost O(n?). It must be said that fastest
polynomial root-finding software currently available is MPSolve which relies on the
Ehrlich-Aberth iteration as the main engine for refining approximation to the roots.
As an example, this package enables one to compute roots of polynomials with degree
of the order of millions with a desktop computer in a reasonable time.

In principle, the Ehrlich-Aberth iteration could be replaced by a shifted QR itera-
tion based on the quasiseparable technology. At the moment, the available algorithms
for the QR computation do not seem to be still sufficiently effective to make structured
QR competitive with Ehrlich-Aberth iteration.

2.4 Extension to matrix polynomial

In the last decade, much interest has been focused on the properties of matrix polyno-
mials and on their linearizations. The motivations are given by the nice and interesting
theoretical properties and by the fact that linearizations of matrix polynomials are the
main tool for the numerical solution of the polynomial eigenvalue problems encoun-
tered in many applications.

Given m x m matrices A;, i = 0,..., An, with A, # 0, we call A(z) =31  z'A;
a matrix polynomial of degree n. The polynomial eigenvalue problem consists in
computing the solutions of the polynomial equation det A(z) = 0, given the matrix
coefficients of A(x). Throughout, we assume that A(z) is regular, that is det A(z) is
not constant.

In the previous section we have given examples of companion matrices which reduce
the polynomial root-finding problem to a matrix eigenvalue problem. Similarly, here
we show that we may associate with an m X m matrix polynomial A(z) of degree n
a linear matrix pencil A(x) = zA1 — Ao of size mn X mn whose eigenvalues are the
solutions of the polynomial eigenvalue problem, that is det A(z) = det A(x).

In fact, it is easy to show [40] that the generalization of the Frobenius matrix is
given by the pencil

1 _Anfl _A’IL72 e _AO
. 1 0
A(z) == " —

A, I 0
Observe that if A, is singular then det A(z) has degree less than mn and there
are less than mn eigenvalues counted with their multiplicity. For this reason we prefer
to say that even in the case where det A, = 0, the matrix polynomial, as well as the
matrix pencil, still has mn eigenvalues by adding some eigenvalues to the infinity.
This block companion pencil has the quasiseparable structure of rank m and some

methods for executing the QR iteration applied to the linear pencil in O(n?*m®) ops
have been designed by relying on the quasiseparable structure.
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Similarly, we can extend to matrix polynomials the colleague and the comrade
companion [28]. In fact the pencil

(x —z1)I Ao
—I (x —x2)I Ay
Alz) = —I :
(x —xn_1)I An—2
-1 (iE - xn)An + An_1

is such that det A(x) = det A(x), thus provides an extension of the colleague pencil to
matrix polynomials.

Similarly, representing A(x) in the basis formed by the orthogonal monic polyno-
mials p;(x), i = 0,...,n defined in (2.1), such that A(x) = 3.7 ) Dipi(x), then the
extension of the comrade pencil is

bll C1[ DO

A(x) = ading(I,.... I,Dn) — | T %1 +10,..,0,1] | p,_,
6”71] ﬁ'n,72

I bl b

where Dy, 1 = =Dy 1 4 by Dy, and Dy, = —Dy_5 + ¢n_2Dy, [28]. That is, one can
prove that det A(x) = det A(z).

Concerning the Smith companion, we report a recent result obtained in [21].

A first generalization of the Smith companion form, valid for polynomials with
scalar coefficients, relies on replacing the linear terms x — b; with higher degree poly-
nomials. More precisely, let b;(z) be polynomials of degree d; for i« = 1,...,k such
that Zle d; = n and ged(bi(z),b;(z)) = 1 for ¢ # j. Define

k

b(z) = [Jbi(z), cix)= J] bilx)

i=1 i=1,#i

so that, in view of the Chinese remainder theorem, there exists unique the decompo-
sition

pla) = b(@) + 3 wilw)en(a)

wi(z) = p(x)/ci(z) mod bi(z)

Consequently,

bl (.’E) 1
p(z) = det P(z), P(a) = - + {1 i (@), wn @)
bk ({E) 1
This way, the original problem of finding the roots of a polynomial has been reduced

to solving a polynomial eigenvalue problem for a k X k matrix polynomial. Moreover,
the coefficients of this polynomial are quasiseparable matrices.
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Observe that if k£ = n, then d; = 1, bij(x) = x — b; and we get the Smith com-
panion form. It is possible to provide an explicit expression of the left and the right
eigenvectors of this matrix polynomial.

A further extension concern the case where A(z) = " 2 A; is a nondegenerate
matrix polynomial of degree n. In this case, let us consider once again the pairwise
prime scalar polynomials b;(z), for ¢ = 1,...,k, which we assume monic, such that
their degrees d; sum up to n. Define B;(z) = b;i(x)I, for i = 1,...,k — 1, and set
By (z) = bi(z)I + sI where s € C is such that det Bi(x) # 0 when z is zero of any

Then there exists, unique, the decomposition

k
A(z) = B(z) + Z Wi(x)C; (z)

where B(z) = Hle Bi(z), Ci(z)= Hled#i Bj(z) and
A(I) —1 .
Wi(x) = ————————Bir(x mod b;(z), i=1,...,k—1
DT .
_ A S Wile)
Wi(z) = m — sl — sj:1 e mod by ()
Moreover
I
det A(z) = det A(z), A(x) = D(x)+ || [Wi(z),..., Wi(z)]
1
where
bl (a:)[
D(z) =
bk_1(1')1

b (.T)An + sl

This expression extends to the case of matrix polynomials the Smith companion
given in the generalized form in terms of the pairwise prime polynomials b;(z).
Let us comment on some features of this reduction. Assume for simplicity A, = I

and k = n, and choose b;(z) = = — w?,, where w, = cos %’“ + ¢sin 27" is a primitive nth
root of 1. Then, using the Fourier matrix F, = ﬁ(w;ﬂ)i’jzl’y“ one can verify that
the pencil

(FroDA)(F,@I) =z - C

where C' is the block Frobenius matrix associated with A(z). On the other hand,
by choosing b;(z) = x — aw?l, then we get a pencil which is unitarily similar to the
block companion matrix scaled with the diagonal matrix diag(1,c,...,a" )®I. This
means that the condition number of the eigenvalues of the extended Smith companion
matrix is not worse than that of the Frobenius, or that of the scaled Frobenius matrix.

The choice of suitable values of b; provides linearizations of the matrix polynomial
where the eigenvalues are much better conditioned. We will give numerical evidence
of this property in the next section where we report on the results of some numerical
experiments.
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This kind of reduction of an m x m polynomial eigenvalue problem of degree n to a
lower degree matrix polynomial, belongs to the so called class of ¢-ifications introduced
in [30]. That is, one can prove that there exist unimodular mk x mk matrix polynomial
E(x), F(x) such that

E(x)A(x)F(z) = Lnk—r D A(x).
MoreovAer, if di = -+ = di then there exist unimodular mk x mk matrix polynomial
E(z), F(z) such that

E(x)A* (2)F(2) = Lnk—i ® A% (2)

where A% (z) = Y7 | A,_;z" denotes the “reversed polynomial”.
That is, if the b;(x) have the same degree then A(z) is a strong (-ification of A(x)
in the sense of [30].
The eigenvectors of the matrix polynomial A(z) can be explicitly given. In fact,
if A(A)v =0, v # 0, then
II j#1 Bj(A)v

Hj;ék Bj(Mv
is a right eigenvector of A(z) corresponding to A. Moreover, If u” A(\) = 0 then
Wi BiN, - u" Wi [ BV
A1 itk

is a left eigenvector of A(x) corresponding to A.
I

It is interesting to observe that if L = | ' - then the matrix LA(z) takes
C i
the block Hessenberg form
B, (ZE) + W (.I) Wz(x) e Wk_1(£L') Wi (x)
—Bi(x) By (x)
LA(z) = —Bs(z)
Bk,1 (1’)

—Bk_l(x) Bk(:p)

2.5 Numerical properties

Here, we present some numerical experiments to show that in many interesting cases
a careful choice of the B;(x) can lead to linearizations where the eigenvalues are much
better conditioned than in the original problem.

2.5.1 Scalar polynomials

As a first example, consider a monic scalar polynomial p(z) = >0 pizt where the
coefficients p; have unbalanced moduli. In this case, we generate p; using the MATLAB
command p = exp(12 * randn(1,n+1)); p(n+1)=1;
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Figure 2.1: Conditioning of different linearizations of a scalar polynomial of degree
50 having random unbalanced coeflicients.

Then from p(x) we build the companion forms and compute the condition number
of the eigenvalues by means of the Matlab function condeig().
We have considered three different linearizations:

e The Frobenius linearization obtained by compan(p);

e the Smith companion matrix obtained by taking as b; some perturbed values of
the roots;

e the Smith companion with nodes given by the tropical roots of the polynomial
multiplied by unit complex numbers.

The results are displayed in Figure 2.5.1. On can see that in the first case the
condition numbers of the eigenvalues are much different from each other and can be
as large as 10" for the worst conditioned eigenvalue. In the second case the condition
number of all the eigenvalues is close to 1, while in the third linearization the condition
numbers are much smaller than those of the Frobenius linearization and have an almost
uniform distribution.

These experimental results are a direct verification of a conditioning result of [20,
Sect. 5.2] that is at the basis of the MPSolve algorithm presented in that paper.

2.5.2 The matrix case

Consider now a matrix polynomial P(z) = Y. P;z* where for simplicity we
assume P, = I. As a first example, consider the case where the coefficients P;
have unbalanced norms.

We can give reasonable estimates to the modulus of the eigenvalues using
the Pellet theorem or the tropical roots (see [18, 38, 56], for some insight on
these tools).

We have considered three linearizations: the standard Frobenius companion
matrix, and two versions of the extended Smith companion form. In the first
version the nodes b; are the mean of the moduli of set of eigenvalues with close
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Figure 2.2: Conditioning of different linearizations for some matrix polynomials with
random coefficients having unbalanced norms.

moduli multiplied by unitary complex numbers. In the second, the values of b;
are obtained by the Pellet estimates delivered by the tropical roots.

In Figure 2.2 we report the conditioning of the eigenvalues, measured with
Matlab’s condeig for all these linearizations.

It is interesting to note that the conditioning of the eigenvalues of the Smith
companion is, in every case, not exceeding 102. Moreover it can be observed
that no improvement is obtained on the conditioning of the eigenvalues that
are already well-conditioned. In contrast, there is a clear improvement on the
ill-conditioned ones. In this particular case, this class of linearizations seems to
give an almost uniform bound to the condition number of all the eigenvalues.

Further examples come from the NLEVP collection of [9] where we have
selected some problems that exhibit bad conditioning.

As a first example we consider the problem orr_sommerfeld. Using the
tropical roots we can find some values inside the unique annulus that is identified
by the Pellet theorem. In this example the values obtained only give a partial
picture of the eigenvalues distribution. The Pellet theorem gives about 1.65e-4
and 5.34 as lower and upper bound to the moduli of the eigenvalues, but the
tropical roots are rather small and near to the lower bound. More precisely, the
tropical roots are 1.4e-3 and 1.7e-4 with multiplicities 3 and 1, respectively.

This leads to a linearization A(z) that is well-conditioned for the smaller
eigenvalues but with a higher conditioning on the eigenvalues of bigger modulus
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Figure 2.3: On the left we report the conditioning of the Frobenius and of the Smith
companion matrices with the choices of b; as block mean of eigenvalues and as the
estimates given by the tropical roots. On the right the tropical roots are coupled with
estimates given by the Pellet theorem.

as can be seen in Figure 2.3 on the left (the eigenvalues are ordered in non-
increasing order with respect to their modulus). It can be seen, though, that
coupling the tropical roots with the standard Pellet theorem and altering the
b; by adding a value slightly smaller than the upper bound (in this example we
have chosen 5 but the result is not very sensitive to this choice) leads to a much
better result that is reported in Figure 2.3 on the right. In the right figure we
have used b = [ 1.7e-4, 1.4e-3, -1.4e-3, 5 ]. This seems to justify that
there exists a link between the quality of the approximations obtained through
the tropical roots and the conditioning properties of the Smith companion.

We analyzed another example problem from the NLEVP collection that is
called planar_waveguide. The results are shown in Figure 2.5.2. This problem
is a PEP of degree 4 with two tropical roots approximately equal to 127.9 and
1.24. Again, it can be seen that for the eigenvalues of smaller modulus (that
will be near the tropical root 1.24) the Frobenius and the Smith companion
behave in the same way, whilst for the bigger ones the Smith companion has
some advantage in the conditioning. This may be justified by the fact that the
Frobenius linearization is similar to the Smith companion on the roots of the
unity.

Note that in this case the information obtained by the tropical roots seems
more accurate than in the orr_sommerfeld case, so the Smith companion built
using the tropical roots and the one built using the block-mean of the eigenvalues
behave approximately in the same way.

As a last example, we have tried to find the eigenvalues of a matrix poly-
nomial defined by integer coefficients. We have used polyeig and the Smith
companion matrix (using the tropical roots as b;) and the QZ method. We have
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Figure 2.4: Conditioning of the eigenvalue problem for three different linearizations
on the planar_waveguide problem.

chosen the polynomial P(x) = Piia!! + Pyx® + Pya? + Py where

11 11 3 1 1
1 11 1 3 1 2
Py = L oql o P=10% T o | R =10, Py = 5
1 1 3 4

In this case the tropical roots are good estimates of the blocks of eigenvalues
of the matrix polynomial. We obtain the tropical roots 1.2664 - 10*, 0.9347 and
1.1786 - 10~ with multiplicities 2, 7 and 2, respectively. We have computed the
eigenvalues with a higher precision and we have compared them with the results
of polyeig and of eig applied to the Smith companion matrix. Here, the Smith
companion has been computed with the standard floating point arithmetic. As
shown in Figure 2.5 we have achieved much better accuracy with the latter
choice. The generalized Smith companion matrix has achieved a relative error
of the order of the machine precision on all the eigenvalues except the smaller
block (with modulus about 10~%). In that case the relative error is about 10712
but the absolute error is, again, of the order of the machine precision.
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Figure 2.5: The accuracy of the computed eigenvalues using polyeig and the extended
Smith companion matrix with the b; obtained through the computation of the tropical
roots.
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